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The widespread use of gold nanoparticles (GNPs) as labels in diagnostics and detection is due to
a unique combination of chemical and physical properties that allow biological molecules to be
detected at low concentrations. In this critical review detection methods based on GNPs are
divided up and discussed based on the way in which signals are generated in response to specific
target molecules. Particular attention is devoted to methods that allow target molecules to be
detected with the unaided eye because these, more than any other, harness the full range of
properties that make GNPs unique. Methods that are discussed include those in which specific
target molecules induce a visible colour change, chromatographic methods that allow non-
specialized users to perform sophisticated tests without additional equipment and methods in
which trace amounts of GNPs are rendered visible to the unaided eye by catalytic deposition of a
metal such as silver. The use of metal deposition as a means of enhancing the signal for optical
and electrical detection is also reviewed. The other detection methods included in this review are
based on interactions between GNPs and molecules located in close proximity to their surface.
These include methods in which light emission from such molecules is enhanced (surface enhanced
Raman scattering) or quenched (fluorescence), and methods in which the accumulation of specific
target molecules induce subtle changes in the extinction spectra of GNPs that can be followed in

real time with inexpensive equipment (166 references).

Introduction

The practical use of colloidal gold as a pigment in glass dates
back to at least to the fourth century AD when it was used to
stain the Lycurgus cup, which is now housed in the British
Museum, but contrary to what has sometimes been written the
red colour of medieval stained glass is not due to the presence
of gold nanoparticles or any other form of gold. In Europe the
ability to make ruby glass (glass stained with gold nanoparti-
cles) was rediscovered by the German chemist Johann Kunkell
in the second half of the seventeenth century. His method
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involved adding gold nanoparticles precipitated from aqua
regia to molten glass. Gold nanoparticles precipitated in this
way are known as the Purple of Cassius after Andreas Cassius
the younger who described a method for their preparation in
his book De Auro, although a similar method had earlier been
described by the German chemist Johann Rudolph Gauber.
By the beginning of the eighteenth century, GNPs were also
being used as a pigment in the decoration of porcelain (Fig. 1)
and metalwork, and from Europe their use spread to China
where they were used in the characteristic pink glaze of
Famille- Rose porcelain during the Qing dynasty. Johan Kun-
kel is responsible for the first recorded speculation that the
individual particles in colloidal gold were so small as to be
invisible to the unaided eye, but it is unlikely that he ever
conceived of just how small they really were. Nor is it likely
that he ever imagined that the same thing that imparted such a
deep red colour to the products of his glass factory would one
day be used to diagnose all manner of diseases and help predict
their outcome. Like the Roman glassmaker who made the
Lycurgus cup, he would have known that only trace amounts
of gold were needed to impart this colour, and he would
have noticed that the glass looked different in reflected
and transmitted light, but he knew nothing about how the
gold interacted with light to produce the rich colours that he
and his customers so admired. In our own time this same
colour is seen by thousands of people every day when they
carry out simple diagnostic tests in which infinitesimal quan-
tities of unseen molecules are rendered visible to the unaided
eye by what we now know are nanometre sized particles of
gold.
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Fig. 1 Porcelain jug made at Meissen, Germany, in about 1740. The
red colour of the decoration is due the presence of gold nanoparticles
in the glaze. The same colour is seen every day by the users of
diagnostic tests in which gold nanoparticles render trace amounts of
target molecules visible to the naked eye. Picture courtesy of the
Victoria and Albert Museum, London.

Gold nanoparticles (GNPs) can be prepared in a broad
range of diameters (2 to 250 nm) with a high degree of
precision and accuracy. Once prepared, they are stable for
long periods, and because they are generally employed at very
low concentrations they are economic to use even though the
material from which they are made is proverbially expensive.
They are easily functionalized with recognition molecules
(antibodies, antigens, oligonucleotides, etc.) by methods that
lead to highly stable conjugates, and provided these are
properly blocked non-specific interactions with other surfaces
can be reduced almost to zero. Their intense red colour is due
to the interaction of incident light with a collective oscillation
of free electrons in the particles known as localized surface
plasmon resonance. The extinction cross-section of the parti-
cles, and the wavelengths at which they absorb and scatter
light, depends on their size and shape, the dielectric properties
(refractive index) of the surrounding medium and their inter-
actions with neighbouring particles. For spherical particles
with a diameter of 10 nm the colour seen in transmitted light is
due almost entirely to absorbance, but as the diameter in-
creases scattering becomes increasingly significant; the ratio of
scattering to absorbance for 100 nm particles is several hun-
dred times greater than for 10 nm particles. The increase in
diameter is also accompanied by an increase in the extinction
coefficient and a red shift in the plasmon band that eventually
moves into a region of the electromagnetic spectrum where the
human eye is less sensitive. The net result is that particles with
a diameter of around 80 nm are most visible to the human eye.
Particles with this diameter have an extinction coefficient of
around 5 x 10" M™' ecm™". This compares favourably with
the extinction coefficients of organic dyes that are typically
four or five orders of magnitude lower, but a more meaningful
comparison is with dyed latex microspheres of similar (slightly

larger) diameter. These have similar extinction coefficients to
GNPs, but they are more expensive to purchase, and more
difficult to make in-house and conjugate to recognition mole-
cules. The widespread use of GNPs in detection and diagnos-
tics is due to a combination of low cost, ease of conjugation
and unusual optical properties rather than the latter alone.
Unlike fluorescent dyes, their optical properties are not altered
by prolonged exposure to light, which allows results of diag-
nostic tests to be archived directly rather than in electronic
form.

The use of gold in healthcare dates back many centuries. In
medieval Europe aurum potabile (drinkable gold) was invested
with the power to cure a diverse range of diseases, but because
it was prepared by simply quenching a piece of the heated
metal in wine it is unlikely that it contained much if any gold.
It was not until the sixteenth century that European alchemists
began to use aqua regia as a means of dissolving gold, but even
then it was various forms of gold chloride rather that GNPs
that were used in medicine. By the eighteenth century, the use
of gold in medicine was generally frowned upon although its
use continued into the nineteenth century, most notably as a
treatment for syphilis, alcoholism and tuberculosis. Treatment
of the latter at least had some scientific foundation and,
although it never resulted in a cure for tuberculosis, it did
lead to the observation that gold compounds were effective in
the treatment of rheumatoid arthritis, a purpose for which
gold remains in use to the present day as the active ingredient
in the drug Aurofin. The first verifiable use of GNPs in
diagnostics did not occur until the early twentieth century
when Lange used a variation of the Zsigmondy flocculation
test to identify altered proteins in the cerebrospinal fluid of
patients with syphilis."> Later reports claimed that other
morbid conditions of the central nervous system could also
be diagnosed, but because of their unreliability none of these
tests are still in use today. More recently GNPs conjugated to
antibodies and other recognition molecules have been used as
labels in electron microscopy and,>* following the introduc-
tion of GNP catalysed silver enhancement, in light micro-
scopy.>® These developments have been dealt with elsewhere
and this review will focus primarily on the use of GNPs as
labels in diagnostics and detection.

Separation-free methods of detection

The sensitivity of any detection method is determined by the
lowest signal that can reproducibly be distinguished from the
background. Maximum sensitivity is achieved when all experi-
mental errors that contribute to unwanted variations in this
signal are eliminated. A major source of variation in any
detection scheme are the errors that accumulate during addi-
tion and separation steps, and therefore sensitivity can be
improved by reducing the number of these steps to a mini-
mum. This also facilitates automation and improves accessi-
bility to untrained users. These advantages have contributed
to the popularity of separation-free detection methods, but
sensitivity is often compromised by high background signals.
This is the case with GNPs where an inability to distinguish
small spectral shifts against a much larger background im-
poses a lower limit on sensitivity of around 0.2 nM on
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detection by the unaided eye, although this can be improved
by several orders of magnitude with instrumental detection.

Distance dependent detection of antigens

The mean distance between GNPs in a typical sol is greater
than 1000 nm. At this distance there is no significant overlap
between the dipoles of neighbouring particles, but when this
distance is reduced to less than the diameter of the particles
overlap induces colour changes as shown in Fig. 2A. These
distance dependent colour changes were first exploited for
detection by Leuvering and co-workers who developed a series
of sol particle immunoassays (SPIA’s) for target molecules in
urine and serum.*'® In the separation-free version of this
approach GNPs conjugated to antibodies are cross-linked
(agglutinated) by multivalent binding to target molecules
(Fig. 2B). At high concentrations of target molecule there is
a visible colour change from red to blue, but at lower
concentrations this change can only be detected with instru-
ments such as a spectrophotometer. Sensitivity has subse-
quently been improved by using more advanced instrumental
techniques such as hyper-Raleigh scattering (HRS) and differ-
ential light-scattering spectroscopy (DLSS),'"!? and the ap-
proach has been extended to monovalent molecules by
conjugating analogues of them to the GNPs, or a carrier
molecule such as BSA (bovine serum albumin).'* !> In their
original work Leuvering and co-workers observed a visible
colour change when they sandwiched high concentrations
(~0.1 nM) of low molecular weight target molecules
(37 kDa) between 60 nm GNPs conjugated to antibodies
because the distance between the particles (~25 nm) was
significantly less than their diameter. Fig. 2C shows the
relationship between GNP diameter and the size of some
common target molecules. The minimum distance between
two particles conjugated to antibodies with a molecule such as
ferritin sandwiched between them is about 45 nm and there-
fore only a small colour change is observed even when large
particles are used. For many years the sensitivity of SPIA’s in
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Fig. 2 (A) Effect of inter-particle distance in nanometres on the
colour of 15 nm GNPs seen in transmitted light; colours derived from
ref. 7, copyright American Chemical Society. (B) Schematic diagram
of distance dependent sandwich assay for high molecular weight
polyvalent antigen (green circles) leading to agglutination of GNPs
and a red shift in their extinction spectrum. (C) Graph of GNP
diameter versus molecular weight for a range of common antigens
(reprinted from ref. 16 with permission from Elsevier). The red circle
indicates the position of immunoglobulin-G antibodies that are com-
mon to all distance dependent methods of detecting antigens. The
identities of other molecules in this graph can be found in ref. 16.

undiluted serum or urine samples was compromised by ap-
parently random variations in the background signal,!” but
these were eventually traced to refractive index induced
changes in the extinction spectrum caused by non-specific
binding, which were then eliminated by better optimisation
of the conditions.'®!> More recently distance dependent im-
munoassays have been carried out with gold nanoshells. Each
nanoshell consists of a silica core surrounded by a thin shell of
gold. By tuning the relative dimensions of the core and shell
the extinction maximum can be systematically varied from
700-1300 nm. One advantage of this is that the extinction
maximum can be tuned to a wavelength at which interference
from absorbing molecules in blood and other matrices is
minimal. Hirsch and colleagues fabricated gold nanoshells
consisting of a 96 nm diameter core surrounded by a 22 nm
shell and used them to carry out distance dependent immu-
noassays in dilute serum.?

Distance dependent detection of nucleic acids

While many antigens are too large to produce a significant
change in the extinction spectrum when they are sandwiched
between GNPs, each base pair in double stranded DNA only
contributes a distance of 0.34 nm and therefore nucleic acids
are far more amenable to detection. Distance dependent
changes are the basis of the well-known colorimetric detection
of nucleic acids that was first reported by Mirkin and co-
workers.?!?? In this method single stranded target (linker)
sequences are sandwiched between GNPs conjugated to thio-
lated reporter oligonucleotides. This is accompanied by a
colour change from red to purple that is reversed on increasing
the temperature. The rate and extent of this colour change
depends on the length of the linker sequence, with longer
sequences inducing smaller shifts in the extinction spectrum
that take longer to appear.”® A visual record of the reverse
colour change can be obtained by removing aliquots and
spotting them onto a C18 reverse-phase thin-layer chromato-
graphy plate as the temperature is increased (Northwestern
spot test).”> For a given sequence, the temperature at which
the reverse colour change (melting) takes place depends pri-
marily on the salt concentration, but is also influenced by the
distance between the particles and the density of oligonucleo-
tides attached to them;>* it is always higher than the melting
temperature of the corresponding duplex without GNPs. The
exact temperature at which the colour change takes place is
thought to depend on a mechanism in which the melting of one
linker sequence promotes the melting of others.>* It has been
reported that this mechanism induces melting temperatures
that are substantially narrower than those observed in con-
ventional assays,?> 2’ but a comparison with high resolution
melting point curves based on fluorescent dyes?®-* shows that
this is not always correct. Murphy and Redmond have devel-
oped a compact instrument for melting curve analysis of GNP
conjugates in small volumes of sample,”® and Shen and co-
workers have used distance dependent detection to detect
single base polymorphisms (SNPs);*® SNPs are the most
abundant form of genetic mutation and their identification is
important in medical diagnostics, disease prevention and
prognosis. In the method reported by Shen, genomic target

2030 | Chem. Soc. Rev., 2008, 37, 2028-2045

This journal is © The Royal Society of Chemistry 2008



Match Mismatch

TAC GCCACCAGCTCC TAA TATGCC TEG AAGH, TAC GCCAGCAGE TCC TAA TAT GCC TCG AAG S, -

ATG CGG TGG TCG AGG ATT ATA CGG AGC TTC \6\ ATG CC-G TGG 166 nc ATA GGG AGC T‘rc '
lLigation

TAC GCCACCAGE TCE TAATAT GCC TCG AAG TAC GCCACC AGC 1C§ TAA TAT GCC TCG AAG

ATG CGG TGG TCG AGG ATT ATA CGG AGC 'I'HC ATG CGG TGG TCG AG ATA GGG AGG WE O(
lThermaI Denaturing

- ; TAA TAT GCC TCG ARG L
— 1 )#(mc GCC ACC AGC TeC [958 '

Fig. 3 Distance dependent detection of single base imperfections in
DNA. At low temperature the extinction spectra of GNPs linked by
matched and mismatched sequences are red-shifted, but only the
former are substrates for DNA ligase. The latter, because the target
sequence contains a single base mismatch (yellow circle), are not joined
by the enzyme and therefore the red-shift in their extinction spectrum
can be reversed by heating.

sequences were sandwiched between GNPs conjugated to
oligonucleotides and treated with a high fidelity DNA ligase
as shown in Fig. 3. When the target sequence was a perfect
match for the capture sequences the GNPs were covalently
linked together and the sol remained purple on heating, but
when there was a mismatch the colour changed to red. More
recently Qin and Yung have quantified SNPs using a combi-
nation of gel electrophoresis and GNPs conjugated to single
oligonucleotides.’! Distance dependent detection with GNPs
is not sensitive enough to detect nucleic acids at the concen-
trations that are normally present in biological matrices and
therefore it must be combined with some form of amplification
technique such as PCR (polymerase chain reaction) or silver
enhancement before it can be applied to real samples.

Distance dependent detection of amplified nucleic acids

PCR is the most widely used amplification technique in
molecular biology, but it has never been successfully combined
with GNPs for single-step separation-free detection. The
possibility of using oligonucleotides conjugated to GNPs as
primers has been demonstrated,>? but Taton and co-workers
have shown that monothiolated oligonucleotides dissociate
from GNPs and degrade at elevated temperature.®* At 95 °C
(a temperature often used to denature double stranded DNA
in PCR) around 35% of the oligonucleotides dissociated after
thirty minutes, but even when dissociation approaches 100%
the particles do not precipitate, probably because they are
stabilized by direct interaction with DNA bases. One solution
to thermal instability is to conjugate oligonucleotides to GNPs
by more than one anchoring thiol.** 3¢ This certainly enhances
stability, but as yet there is no report describing how these
improved conjugates perform under PCR conditions. An
alternative solution to the problem of thermal instability is
to perform the amplification at lower temperature. Isothermal
amplification methods avoid high temperature,®’ but on closer
inspection many of them are based on expensive cocktails of
enzymes and generate unsuitable products. Nucleic acid se-
quence-based amplification (NASBA), for example, requires
three enzymes and generates RNA products, which may
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Fig. 4 Simplified scheme of the EXPAR (exponential amplification
reaction) isothermal amplification method in which genomic target
sequences are reformatted onto short linker sequences and amplified at
a constant temperature of 55 °C. Northwestern spot tests (lower right
hand corner) show the effects of time and target concentration on the
colour of the GNPs; colours derived from ref. 38, Copyright American
Chemical Society, which should also be consulted for full details of
how exponential amplification is achieved.

contain secondary structures that interfere with hybridisation.
There is currently only one example of an isothermal nucleic
acid amplification technique that has been interfaced with
GNPs and distance dependent detection.®® In this method
(Fig. 4) a trigger sequence is exponentially amplified at
55 °C and reformatted onto a linker oligonucleotide that
agglutinates GNPs. The length and sequence of the linker
were chosen for maximum colour change. This protocol
achieves >10° fold amplification in under 5 min and allows
target concentrations down to100 fM to be detected with the
unaided eye. In recent work the trigger sequence was excised
from genomic DNA derived from herpes simplex virus.*

Distance dependent detection with aptamers

Aptamers are nucleic acid sequences that have been selected
from combinatorial libraries by the SELEX process.*’ Their
structural and chemical properties allow them to recognize
molecules other than nucleic acids in much the same way that
antibodies recognize antigens. They are easier to produce than
antibodies and more stable in the face of harsh conditions. For
some target molecules, especially those with a low molecular
weight, they are reported to perform as well as or better that
antibodies. The first report describing their combination with
GNPs was by Willner and co-workers who showed how
thrombin could be detected by sandwiching it between parti-
cles conjugated to thiolated aptamers.*' There was no colour
change, but agglutinated GNPs were selectively precipitated
with a centrifuge leading to a change in optical density
proportional to the amount of thrombin in the sample. Chang
and co-workers used a similar approach to detect platelet-
derived growth factor (PDGF), but they did observe a colour
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change.*> Methods based on aptamers conjugated directly to
GNPs can only detect target molecules that are able to
accommodate at least two aptamer binding sites. Liu and Lu
have reported a more general approach that is also suitable for
low molecular weight molecules with only one binding site.**
A suspension of GNPs conjugated to thiolated oligonucleo-
tides changes colour from red to purple when they are
agglutinated by aptamer sequences, but when target molecules
are added they bind to the aptamer and the colour change is
reversed as shown in Fig. 5.

Distance dependent detection of enzymatic reactions

Enzyme activity can be determined with substrates that lead to
aggregation or dissociation of GNPs. Scrimin and co-workers
reported a general method for measuring protease activity in
which GNPs are linked by a substrate peptide terminated at
either end with cysteine.** The peptide is incubated with the
sample and then the products are mixed with GNPs. Peptides
that have not been cut by a protease agglutinate the particles
leading to a colour change as shown in Fig. 6. The method has
been used to detect nanomolar concentrations of thrombin
and lethal factor Xa from Bacillus anthracis. Brust and co-
workers determined the activity of kinase enzymes using
GNPs capped with peptides.** Enzyme catalysed transfer of
biotin from y-biotin—ATP to the particles was indicated by a
colour change when streptavidin was added. The method was
used to estimate the ICsy values of three potential kinase
inhibitors in a multiwell plate. DNAzymes are catalytic nucleic
acid sequences that are obtained by selection from combina-
torial libraries.*® Liu and Lu used GNPs to detect the reaction
of a metal-dependent DNAzyme.*’ The particles were linked
by a substrate sequence that was cut by the DNAzyme when
Pb>" was added leading to a change in colour from blue to
red. Micromolar amounts of lead ions were detected in less
than 10 min. Li and co-workers developed an assay for alka-
line phosphatase activity based on the ability of adenosine
phosphate capping ligands to prevent salt induced flocculation
of GNPs.*® The stability of GNPs capped with these ligands
decreases in the order ATP > ADP > AMP and therefore the
activity of alkaline phosphatase acting on adenosine phos-
phates can be determined from the extent of the colour change
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Fig. 5 Distance dependent detection of adenosine with an adenosine
aptamer. In the absence of adenosine the extinction spectrum of the
GNPs is red-shifted (purple line of inset graph) due to cross-linking,
but on addition of adenosine this is reversed (red line of inset graph).
Graph reprinted from ref. 43, copyright Wiley-VCH Verlag
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Fig. 6 Distance dependent detection of proteolytic enzymes. (A) In
the absence of a substrate-specific protease (thrombin) GNPs are
agglutinated by bivalent cysteine terminated peptides leading to a
red-shift in their extinction spectrum. Cleavage of the peptide by
thrombin prevents this. (B) Colours of GNP suspensions after ex-
posure of the peptide substrate to the following cocktails of proteolytic
enzymes: (ia) chymotrypsin, plasmin factor Xa and thrombin; (ib)
chymotrypsin and thrombin; (ic) chymotrypsin, factor Xa and plas-
min; (iia) factor Xa and chymotrypsin; (iib) chymotrypsin; (iic) factor
Xa; (ilia) no enzymes; (iiib) thrombin; (iiic) plasmin; colours derived
from ref. 44, Copyright The National Academy of Sciences of The
United States of America.

from red to purple that occurs when citrate stabilised GNPs
are added to the products of the reaction.

Distance dependent detection without a linker

Maeda and co-workers found that GNPs conjugated to
thiolated oligonucleotides precipitated at high NaCl concen-
trations in the presence of complementary target sequences,
but that a single terminal base mismatch could prevent this.*’
Later they showed how this could be used to detect single base
polymorphisms (SNPs) that are important in the prognosis
and diagnosis of cancer.’® Genomic DNA was amplified by
PCR and then the purified products were interrogated with
base specific primers. The terminal base of PCR primers is
very sensitive to mismatches; primers that are not matched
have a much lower probability of being extended. In the
method developed by Maeda and co-workers,* mismatched
primers that were not extended had a one base overhang that
prevented precipitation of GNPs as shown in Fig. 7. Li and co-
workers found that GNPs conjugated to short (12-mer) single
stranded oligonucleotides became more resistant to salt-in-
duced flocculation when they were hybridised to 32-mer
adenosine-binding DNA aptamer.’! The addition of adeno-
sine led to dissociation of the aptamer from the particles and
induced a colour change that allowed low millimolar concen-
trations of adenosine to be detected in under 10 min. Thiolated
nucleic acids are expensive and the method for conjugating
them to GNPs requires a large excess of them beyond the
amount that actually becomes attached to the particles. Li and
Rothberg avoided this expense by detecting nucleic acids with
citrate-stabilized GNPs.>? First the sample was mixed with
single stranded reporter sequences and then citrate stabilized
GNPs were added. Single stranded nucleic acids prevent salt
induced flocculation of GNPs because their exposed bases
bind to the particles. In the absence of a complementary target
sequence therefore the GNPs remain red, but when target
sequences are present double stranded products are formed
and the particles aggregate. The presence of a target sequence
therefore is indicated by a colour change from red to blue. The
key problem is how to link this colour change to meaningful
nucleic acid detection. In later work Li and Rothberg

2032 | Chem. Soc. Rev., 2008, 37, 2028-2045

This journal is © The Royal Society of Chemistry 2008



5 PN N ¢ RN
TAC GCC ACC AGC TCC
A L _| Ll I_ & |
N PN [\ ﬂ} ¢ N [
3 PIRN [\ ] £ Y [

NaCl/m 0.1 025 05 1.0 25

TAC GCC ACC AGC TCC
(L) IR B RN EEN

B ATG CGG TGG TCG AGG

A
TAG ST ASTAGE TS
c ATG CGG T6G TCG AG,

Fig. 7 GNPs conjugated to single stranded oligonucleotides are
stable at high salt concentrations (A), but when they are hybridised
to a complementary sequence they precipitate (B). Because a single
base terminal mismatch is enough to prevent blunt end formation (C)
single nucleotide polymorphisms (SNPs) can be identified; colours of
GNP suspension derived from ref. 49, Copyright American Chemical
Society.

described a method in which reporter sequences were hybri-
dised to PCR amplicons,53 but it is not clear how interference
from the unextended primers was avoided. The authors say
that these were removed by annealing to amplified products,
but the concentrations of unextended single stranded primers
at the end of a typical PCR reaction is usually several orders of
magnitude higher than the concentration of amplified pro-
ducts so this would not normally be possible. More recently
the same authors have used their method to detect RNA
sequences,> but real samples contain many single stranded
sequences other than the target and presumably these would
prevent any colour change.

Size dependent detection of enzyme reactions

Enzymes that produce reducing agents can be detected by the
growth and formation of GNPs. Willner and co-workers
detected micromolar concentrations of glucose by enzyme
catalysed enlargement of small gold nanoparticles.”® The
oxidation of glucose by glucose oxidase produces equimolar
amounts of H,O,. The latter reduces AuCl*~ to Au® leading to
an increase in the size of the small GNP seeds and the
formation of new ones. This is accompanied by a measurable
change in the extinction spectrum proportional to the amount
of glucose in the sample (Fig. 8). A similar approach has been
used to detect micromolar amounts of neuro-transmitters>®
and inhibitors of acetylcholine esterase. In the latter example
inhibitors prevent the enzyme from producing a reducing
agent that catalyses the growth of GNPs.”’

Refractive index dependent detection

Surface plasmon resonance (SPR) occurs when light incident
on a metal surface excites surface electrons into a propagating
wave known as a surface plasmon polaritron. Instruments
using SPR to detect biomolecular interactions at planar
macroscopic gold surfaces were first introduced in the
1990s.8 In the configuration most often used for sensing, a
glass substrate coated with a thin film of gold (~50 nm) is
located at the interface between a prism and the sample as
shown in Fig. 9. Light reflected from the gold shows a sharp
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Fig.8 (A) Glucose oxidase produces stoichiometric amounts of H,O,
when it oxidizes glucose, and H,O, reduces gold cations to metallic
gold. Deposition of the latter on GNPs produces an increase in
extinction in proportion to the amount of glucose as shown in (B);
graph reprinted from ref. 55, Copyright American Chemical Society.

drop in intensity when it couples with conducting electrons in
the metal and sets up a strong evanescent wave that decays
exponentially into the sample. The wavelengh at which the
intensity drops to a minimum is highly sensitive to refractive
index changes in the region occupied by the evanescent wave.
These changes can be monitored by tracking the angle (0 in
Fig. 9A) that corresponds to the minimum intensity of re-
flected light. For sensing purposes the gold film in contact with
the sample is normally coated with capture molecules that
promote the accumulation of specific target molecules in the
region interrogated by the evanescent wave. Because this
region only extends to a maximum of about 200 nm into the
sample it can be monitored independently of the bulk solution.
This allows specific binding reactions taking place at the
surface to be followed in real-time without a separation step.
Most biological molecules have similar refractive indices and
therefore their effect on SPR is proportional to their mass. The
sensitivity of conventional SPR biosensors is limited to around
1 pg of biological molecules per square millimetre of the
sensing surface and therefore they are unable to detect low
concentrations of small molecules (sensitivity for 20 kDa
proteins is only about 1-10 nM). Sensitivity can be improved
by sandwiching the target molecules between the sensing sur-
face and a label that damps the surface plasmon wave. GNPs
have often been used for this purpose because they produce a
large change in the refractive index and couple with surface
plasmon polaritrons in the gold film. Natan and colleagues

A GNP Labels B

000000
ARRRR

Au Film

% Reflectance

T T T T 1
I 50 52 5 56 58
Angle © / degrees.

Fig. 9 (A) Conventional surface plasmon resonance (SPR) biosen-
sors are often based on a thin film (~50 nm) of gold located at the
interface between a prism and the sample. Low molecular weight
(MW) molecules such as oligonucleotides produce very small changes
in the deflection angle 0 when they bind to the sensing surface
(difference between the black and green lines in the graph (B)). When
low MW target molecules are sandwiched between the surface and
GNP labels much larger changes in the deflection angle are produced
(difference between the green and red lines in graph (B)), but this also
eliminates the key advantage of real-time label-free detection.
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showed how GNPs could be used to improve the sensitivity of
displacement assays for biotin,” and Keating and colleagues
demonstrated a 1000-fold improvement in sensitivity for oli-
gonucleotides,®® but the introduction of a label into SPR
eliminates its key advantage. Once this has been lost there
are alternative detection methods, which in many cases are
more sensitive and less expensive. The same is true of other
techniques (quartz-crystal microbalances®' and microcantile-
vers®?) where GNPs have been used to improve sensitivity at
the expense of label-free detection. Because the introduction of
labels into conventional SPR eliminates its key advantage
there are ongoing attempts to increase its sensitivity by other
means. A sensing surface containing embedded GNPs absorbs
light more efficiently that a surface composed entirely of gold
and sets up a more intense evanescent wave. Chen and
colleagues have exploited this to achieve a ten-fold increase
in sensitivity by substituting a sensing surface composed of
gold nanoclusters embedded in silica (SiO,) for the planar gold
film used in conventional SPR.%

The improved sensitivity of conventional SPR with GNP labels
was among the observations that prompted Englebienne to
investigate the possibility of using GNPs as the support in place
of a macroscopic surface.** He showed that when GNPs con-
jugated to antibodies were mixed with the corresponding antigen
there was a shift in the extinction spectrum that could be followed
in real time at 600 nm with an ordinary UV/Vis spectrometer as
shown in Fig. 10. This shift in the extinction spectrum is due to a
change in the refractive index at the surface of the particles rather
than overlapping dipoles, as was clearly demonstrated with GNPs
conjugated to antibodies that were unable to participate in cross-
linking. The absence of cross-linking eliminates interference from
precipitation that is often a problem in distance dependent
detection and the acquisition of results in real-time permits higher
sensitivity than is possible in end-point methods. Refractive index
dependent detection with GNPs is considerably less expensive
than conventional SPR and can be extended to low molecular
weight molecules such as polypeptides and haptens.®> Although
multi-channel instruments for conventional SPR have been made
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Fig. 10 (A) Scheme showing the effect of binding events on GNP
conjugates in refractive index dependent detection. There is no cross-
linking of the particles (compare with distance dependent detection in
Fig. 2B) and no visible red-shift in the extinction spectrum. (B)
Increases in extinction at 600 nm produced by (in order of increasing
extinction at 600 nm) 2.8, 5.6, 11.2, 28 and 56 pmol of theophylline.
Notice how small these increases are compared with those in distance
dependent detection (see the graph in Fig. 5 for example), but
sensitivity is high because the increase is followed in real time and
because there is no interference from precipitation, which is sometimes
a problem when particles are cross-linked. Graph reprinted from
ref. 19, with permission from IOS Press.
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they are too slow for high throughput applications such as lead
structure identification in drug development, but multiple binding
reactions are easily monitored in parallel with GNPs. Englebienne
and co-workers used a clinical analyzer to screen up to 72 samples
in parallel.®> The absorbance of each sample was measured at 25 s
intervals for a total of 20 min. Due to a high degree of automation
it was possible to screen up to 3000 samples per day and
potentially ten times this number could be screened with a more
sophisticated instrument. No matter how precisely a batch of
GNPs is synthesized the product will inevitably contain a range of
diameters that obscure the small changes in extinction spectrum
that occur in refractive index dependent detection and ultimately
limit its sensitivity. Gold nanorods are particles with an aspect
ratio (length divided by width) of greater than one. In addition to
an extinction peak at around 530 nm they have a more intense
peak at longer wavelengths arising from the plasmon oscillation
of electrons along their longitudinal axis. The position of this
peak can be shifted into the near infrared region by increasing the
aspect ratio of the particles. The advantage of using longer
wavelengths as a means of avoiding interference from absorbing
molecules in matrices such as whole blood and serum has already
been mentioned, but an additional advantage is that sensitivity to
changes in the refractive index of the surrounding medium
increases at longer wavelengths.%® Chilkoti and colleagues used
dark field microspectroscopy to track changes in scattering at
780 nm from a single nanorod in response to the binding of
nanomolar concentrations of streptavidin.®’ Single particle meth-
ods such as this may allow stochastic sensors to be developed
based on the detection of individual binding events in minute
volumes of sample.

Nath and Chilkoti have also developed a hybrid solid phase
version of refractive index based detection in which a mono-
layer of GNPs was immobilized on a glass substrate and
placed in contact with a liquid sample.®® Changes in the
extinction spectrum of the GNPs in response to changes in
the local refractive index were detected with an ordinary UV/
Vis spectrometer. In one example the binding and dissociation
of streptavidin to GNPs functionalized with biotin was fol-
lowed in real time by monitoring the increase in absorbance at
550 nm. Molecularly imprinted polymers (MIPs) are synthe-
sized by polymerization of appropriate monomers in the
presence of a target molecule that becomes embedded in the
matrix.® These embedded molecules are later released leaving
behind complementary cavities that can later re-bind to the
target molecule by a mechanism that resembles the binding of
antibodies to antigens. Sugimoto and colleagues synthesized a
MIP in the presence of 5 nm diameter GNPs and adrenaline
that became swollen on exposure to target molecules.”® This
led to an increase in inter-particle distance and a blue-shift in
the extinction spectrum. More recently the same group have
coated a similar MIP onto a conventional SPR chip and
demonstrated a tenfold increase in label-free sensitivity for
the low molecular weight neurotransmitter dopamine.”!

Fluorescence detection

Dual labeled oligonucleotides are widely used in real-time
PCR.” In these probes the fluorescence of an organic dye is
excited, or more often quenched, by close proximity to another
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dye or quencher. Fluorescent dyes are also quenched by close
proximity to GNPs. In recent work the quenching effect of
GNPs on cyanine dyes,”>’* and of gold (Nanogold) clusters on
quantum dots (QDs)”” at distances greater than 2 nm from the
surface of the gold has been described, while in previous work
the quenching effect at shorter distances has been reported.”
Fluorescence enhancement has been detected from fluoro-
phores placed at ~10 nm distances from a nanostructured
metal surfaces, but this effect has not so far been observed for
GNPs in suspension. Molecular beacons are dual-labeled
oligonucleotide probes that comprise a stem—loop structure
labeled at opposite ends with a fluorescent dye and a quencher
dye.”” On hybridization to a complementary nucleic acid
sequence the fluorescent dye and the quencher are forced apart
leading to an increase in fluorescence. Dubertret and collea-
gues replaced the quencher with a 1.4 nm diameter Nanogold
cluster.”” In the stem-loop configuration the dye was
quenched by close proximity to the gold, but on addition of
a complementary target sequence it was pushed away accom-
panied by an increase in fluorescence. The relative increase was
up to an order of magnitude more than observed for conven-
tional molecular beacons, but because Nanogold is not stable
at high temperature these probes are not suitable for use in
real-time PCR. Nanogold clusters have also been used as
quenchers for dual-labeled probes based on QDs, but here
they were reported to be no better than organic dyes.”® More
recently, however, Mattousssi and colleagues have investi-
gated the quenching effect of Nanogold on QDs in more detail
and shown that it operates over much longer distances than
FRET (Forster resonance quenching transfer) quenching be-
tween organic dyes.”® This potentially allows the development
of dual labeled sensors for large molecules such as proteins.
GNPs have also been used to quench QDs”® and fluorescent
dyes in displacement assays for proteins.®® Rotello and collea-
gues prepared six sets of GNPs functionalized with a different
inner-shell of hydrophobic, aromatic and polar groups and
coated them with an outer layer of fluorescent polymer.5!
Because the distance between the polymer and the particles
was very short fluorescence was strongly quenched. The GNPs
were used to construct a two-dimensional sensing array in
which each set of particles was confined to a different location
in a multiwell plate (Fig. 11). When the array was contacted
with protein solutions the extent to which the polymer was
displaced depended on the affinity of a given protein for the
inner shell. Thus each protein of the seven that were investi-
gated produced a different pattern of increased fluorescence
that was later used to decode the response produced by
nanomolar concentrations of unknown proteins.

Methods of detection that involve separtion steps

Separation steps are carried out in a detection method to
improve sensitivity. They are usually assisted by performing
recognition reactions on some form of support that allows the
products to easily be separated from unbound molecules and
excess label. In the case of GNPs, a particular reason for
performing a separation step to remove excess label is due to
the poor ability of the human eye to distinguish between red
and blue.® The effect of this on sensitivity is exasperated by
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Fig. 11 (A) The displacement of fluorescent polymers from functio-
nalized GNPs by protein molecules (dark green circles) leads to an
increase in fluorescence. (B) Two-dimensional sensing arrays can be
constructed by organizing sets of GNPs in a multiwell plate. Each row
(1-4) contains a different set of GNPs, and each column (A-G)
contains a different protein. Because the pattern of increased fluores-
cence is diagnostic of the protein it can be used to identify that protein
in uncharacterised samples.

the lower extinction coefficients of agglutinated GNPs com-
pared to those that are fully dispersed. Removal of excess
unbound GNPs also allows the remaining bound particles to
be enhanced by metal deposition. The most widely used metal
deposition technique is silver enhancement.®* Two solutions,
one containing a silver salt such as silver nitrate and the other
containing a reducing agent such as hydroquinone, are mixed
and immediately applied to the GNPs. Metallic silver is
preferentially deposited on the particles leading to an increase
in their size and extinction that allows the products to be
detected with relatively inexpensive imaging equipment, and in
many cases to be seen with the unaided eye. Silver staining is a
chemical amplification technique that in some respects resem-
bles enzyme amplification. It is faster and more robust, but
high quality results are only obtained when care is exercised to
maintain clean solid supports and exert tight control over
conditions such as time, temperature, pH and the concentra-
tions of the staining reagents. Silver is precipitated by chloride
ions and therefore these must be removed before silver en-
hancement, but washing with water is unsatisfactory because it
leads to dehybridization of double stranded nucleic acids.
Washing with sodium nitrate solutions containing sodium
dodecyl sulfate (SDS) works well. Less well known, but
reported to be superior, is enhancement by deposition of
metallic gold on GNPs from solutions containing a gold salt
(HAuCly) and hydroxylamine.84

Microsphere assays

The most accessible class of solid supports is microspheres.
These are available in a wide range of sizes and surface
chemistries from a variety of commercial sources. Minute
amounts of GNPs bound to white microspheres are easily
seen with the unaided eye by spotting them onto porous white
supports or transferring them to a multi-well plate. The
simplicity of microsphere assays and the ease with which high
quality results can be obtained are important advantages, but
because relatively large amounts of microspheres are required
to produce a visible colour they can be also be expensive. The
cost can be kept to a minimum by using microspheres with a
large ratio of surface area to volume, but the diameter must be
large enough to allow efficient separation. Polystyrene micro-
spheres with diameters of 0.5 micrometres are a good choice
because they have a high ratio of surface area to volume but
are easily separated from unbound 10nm GNPs by filtration
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or centrifugal precipitation. Letsinger and co-workers detected
picomolar amounts of DNA by sandwiching it between cap-
ture oligonucleotides conjugated to white latex microspheres
and reporter oligonucleotides conjugated to GNPs.3® Results
were visualized on a white porous support that was permeable
to the GNPs, but retained the microspheres (Fig. 12). Micro-
sphere assays for biotin and oligonucleotides in which the
microspheres were visualized in a multiwell plate have also
been reported.®*®® The sensitivity of microsphere assays can
be enhanced by silver staining GNPs retained on filters.® This
allows nanogram amounts of specific genomic DNA to be
detected without PCR. GNPs bound to magnetic micro-
spheres are not visible against the brown background of the
microspheres, but GNPs bound to them are easily removed
from solution by magnetic separation thereby producing a
change in the optical density proportional to the amount of
target molecule.”

Planar supports

In solution phase assays with GNPs as the indicator it is not
practical to detect more than one target molecule at the same
time. To achieve this each test must be confined to a separate
location that can be distinguished with the unaided eye or
some form of imaging equipment. This can be done by
organizing the tests into one- or two-dimensional arrays on
a planar support. The planar supports most widely used with
GNPs are glass, nitrocellulose, nylon and polyvinylidine di-
fluoride. At high concentrations of target molecule, GNPs
bound to glass supports are sometimes visible to the unaided
eye, but for sub-nanomolar sensitivity the particles must be
silver enhanced.’! Sensitivity is improved by using glass sup-
ports coated with hydrogel surfaces such as CodeLink (GE
Healthcare) and Nexterion™ slide H (Schott). Materials such
as nitrocellulose are porous membranes. Capture molecules
such as antibodies and oligonucleotides are easily attached to
these, and because they are white in colour and porous in
structure they provide an ideal background for the visual
detection of GNPs. Particles are visible to a depth of several
micrometres and therefore minute amounts are capable of
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Fig. 12 Colorimetric microsphere assay with GNPs. (A) In the
absence of target molecules white microspheres are retained on the
filter and GNPs pass through. (B) In the presence of target molecule
GNPs are bound to the microspheres, which then appear red when
they are retained on the filter.

producing intense red spots or bands. Membranes that are
more than a few microns thick are inefficient because GNPs
beneath this depth are not visible. Glass slides coated with thin
layers of nitrocellulose that eliminated this dead volume are
now available from companies such as Whatman (FAST
slides) and Schott (Nexterion®™ slide N). Metal deposition
can also been used to enhance the signal from GNPs on
porous membranes.>*>

Lateral flow devices and immunoassays

Lateral flow devices (Fig. 13A) are one of the most important
products of the diagnostics industry. They are easy to develop
and inexpensive to manufacture in high volumes. Their popu-
larity with users stems from their low cost and simplicity that
allows non-specialized users to perform complicated tests at
the point of need without additional equipment. Because they
are supplied in dry form they can be stored at ambient
temperature for long periods. In their most common form
they consist of a porous white membrane striped with a line of
antibodies or antigens, and interfaced with antibodies con-
jugated to a label that can be seen with the unaided eye. Most
often that label is GNPs, but surprisingly, given their huge
economic importance, very little of the research effort that has
been devoted to GNPs has had any impact on these devices.
There are a few reports describing lateral devices based on
GNPs conjugated to oligonucleotides by one of the more
recent methods,”>> but the vast majority of these devices
are still based on GNPs conjugated to antibodies by a method
that was first reported in 1979.% In this method, GNPs are
mixed with an excess of antibodies, some of which then
become attached (conjugated) to the particles by a poorly
understood process that is believed to involve a combination
of electrostatic, covalent and hydrophobic interactions. GNP
conjugates produced in this way are generally quite stable, but
there have been reports describing subsequent desorption of
the antibodies,”®*” and it is widely known that certain types of
monoclonal antibody are not amenable to conjugation in the
first place. Most of the detection methods that are currently
carried out with lateral flow devices are immunoassays that
depend on the recognition properties of antibodies. Competi-
tive immunoassays are usually performed with the aim of
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Fig. 13 (A) Design of a lateral flow device showing how the four
main components (sample pad, conjugate pad, nitrocellulose mem-
brane and wick) are interfaced by lamination. TL = test line and
CL = control line. (B) Result of competitive assay with no target
molecule in the sample and (C) result of competitive immunoassay
with ng amounts of target molecule in the sample; in both cases colour
development at the control line (CL) confirms correct operation of the
device.
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detecting low molecular weight (MW) target molecules that
can only accommodate one antibody binding site. Examples of
low MW target molecules that have been detected in compe-
titive lateral flow immunoassays are pesticides, hormones and
drugs.”® %! These immunoassays were carried out on nitro-
cellulose membranes striped with a test line of haptens (low
MW antigens attached to a carrier molecule) and GNPs
conjugated to reporter antibodies. When a device is inserted
into the sample, liquid migrates along the strip releasing the
GNPs from the conjugate pad. As they migrate towards the
test line antibodies conjugated to the GNPs bind to target
molecules. In the absence of any target molecules none of the
antibody binding sites are occupied and GNPs bind to the test
line as shown in Fig. 13B, but as the number of target
molecules increases antibody binding sites are occupied and
colour development decreases, until eventually the test line
became colourless as shown in Fig. 13C. Recently, Wilson and
colleagues have reported a new form of lateral flow device
based on GNPs conjugated to antigens instead of antibodies,
and showed how sensitivity can be increased beyond what is
possible with traditional devices by tuning the number of
recognition molecules per particle to the tipping point.'%
Non-competitive immunoassays are used to detect high MW
target molecules that can accommodate at least two antibody
binding sites. Examples of high MW target molecules that
have been detected with lateral flow devices are prostate
specific antigen,'® ricin,'** and Staphylococcus aureus.'*®
These immunoassays were carried out on membranes striped
with a test line of detector antibodies and GNPs conjugated to
reporter antibodies. When a device is inserted into the sample
GNPs are released into suspension. As the particles migrate
towards the test line antibodies conjugated to them bind to
target molecules. On reaching the test line target molecules
bound to the particles are sandwiched between them and the
detector antibodies leading to a visible increase in colour.
Typical times from start to finish in both types of lateral flow
assay are less than 10 min, and typical sensitivities are
nanomolar for competitive immunoassays and picomolar for
non-competitive.

Nucleic acid lateral flow devices

Most lateral flow devices are designed to detect antigens, but
new knowledge emerging from the Human Genome Project and
related programmes has emphasized the potential advantages of
detecting nucleic acids. This has prompted a growing number of
research groups and companies to embark on the development
of nucleic acid lateral flow (NALF) devices. Most of these
devices are based on a combination of PCR and the existing
antibody-hapten technology that is used in lateral flow immu-
noassays. Hasegawa and co-workers amplified 83 base sequence
from Mycobacterium tuberculosis with primers terminating in
fluorescein and biotin, and applied the products to lateral flow
devices striped with anti-fluorescein antibodies.!®® Double
stranded products were sandwiched between GNPs conjugated
to streptavidin and the antibodies as shown in Fig. 14A. There
are many minor variations on this approach, but all of them are
limited by the number of antibody-hapten combinations that
are available for use with PCR. In practice this limits the number
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Fig. 14 (A) Section through test line (TL) of a nucleic acid lateral
flow device based on antibodies and haptens (green circles). (B)
Section through test line of antibody-free lateral flow device. Figure
reprinted from ref. 95 by permission of The Royal Society of Chem-
istry (http://dx.doi.org/10.1039/b708859k).

of target molecules that can be detected with the same device to
only one, at a time when there is increasing demand for devices
that can detect multiple targets in the same sample.'®”-1%®
Various strategies have been adopted in accommodating this
limitation such as the interrogation of each sample with multiple
single analyte devices, ! but the only approach that does not
lead to an increase in complexity is the elimination of antibodies
and haptens from these devices altogether. Wilson and co-
workers demonstrated how this can be done and detected
unlabeled PCR products with an antibody-free lateral flow
device that was inserted directly into these products at room
temperature.”® Target sequences were sandwiched between
GNPs conjugated directly to reporter oligonucleotides and
capture oligonucleotides anchored to the test line without an
intervening protein anchor as shown in Fig. 14B. This approach
has the potential to detect multiple target sequences on the same
device, but because double stranded PCR products do not
hybridise in the rapid flow environment of lateral flow devices
it was necessary to interface the devices with an asymmetric
PCR protocol that generated an excess of single stranded
products. Unfortunately asymmetric PCR is difficult to optimise
for multiple target sequences in the same sample, so the problem
of how to detect multiple targets on the same lateral flow device
has not been solved.

Flow through devices

In their most simple embodiment flow-through devices consist
of a white porous membrane spotted with capture reagents
overlying an absorbent pad as shown in Fig. 15. When a sample
is applied to the device it migrates through the membrane where
target molecules bind to the capture reagents and into an
underlying absorbent pad. This is usually followed by a wash
step and the application of labeled reporter molecules that bind
to captured target molecules. In early versions the label was
often an enzyme, but nowadays the most common label is
GNPs.!'"112 Flow-through devices based on GNPs have been
used to detect antibodies. They are often more sensitive than
lateral flow devices and they are more easily adapted for the
detection of multiple targets organized into two-dimensional
arrays, but they are less popular than lateral flow devices
because they place a greater skill-burden on the user.

Blots and arrays

Blots can be divided into those in which the sample is first
resolved into its components by electrophoresis before being
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Fig. 15 (A) Schematic section through a flow through device showing
locations of the test spot (TS) and control spot (CS) relative to the
absorbent wick. (B) Plan view of actual device showing positive result
in a non-competitive immunoassay.

blotted onto a membrane (Southern, Northern and Western
blotting) and dot-blots in which the sample is spotted onto the
membrane without prior separation by electrophoresis. In both
types of assay the membrane is then interrogated with labeled
reporter molecules, which in many cases have been GNPs
conjugated to antibodies.”>!!*!1* Blots are one of the precursor
technologies of modern arrays. The difference is that for arrays
the sample is applied to a two-dimensional grid of probe
molecules instead of the other way round. For results to be
easily identifiable by the unaided human eye each spot must
have at least millimetre dimensions. This creates problems
because the volume of sample required to irrigate an array
increases in proportion to its size, whereas PCR products have
volumes of around 25 microlitres and the trend here and in other
techniques is to decrease this. The most common solution to this
problem has been to decrease the size of the array and detect the
results with some form of imaging equipment. Fritzsche and co-
workers showed that arrays of 30 nm GNPs conjugated to
thiolated oligonucleotides hybridised to capture probes (spot
size¢ 50 um) on a glass substrate could be imaged with an
ordinary light-microscope interfaced with a CCD camera.'"
The imaging method is relatively simple, but the sensitivity is less
than obtained with fluorescence dyes. Christensen and co-work-
ers also found lower sensitivity than fluorescence when they used
arrays of haptens and GNPs conjugated to antibodies to per-
form competitive immunoassays for pesticides, and imaged the
results with a document scanner.!'® Lahiri and co-workers used
a white light CCD imaging system to detect size dependent
scattering (resonance light scattering; RLS) from 80 nm
GNPs.!'7 Biotinylated cDNA sequences derived from human
lung mRNA were sandwiched between high density arrays of
capture oligonucleotides and GNPs conjugated to anti-biotin.
Because the target sequences were also labeled with Cy3 it was
possible to demonstrate the superiority of scattering from GNPs
by direct comparison with fluorescence on the same array. The
same system was also used to interrogate total (unamplified)
RNA for microbial pathogens where once again its superior
sensitivity (> 50-fold) to fluorescence was demonstrated.''®

Silver enhanced arrays

Mirkin and co-workers improved the sensitivity of arrayed
detection of nucleic acids by silver enhancement.®* Nucleic acid

target sequence (corresponding to anthrax lethal factor) were
sandwiched between GNPs conjugated to thiolated oligonucleo-
tides and an array of capture probes covalently anchored to a
glass substrate. After silver enhancement the arrays (spot size
after enhancement 200 micrometres) were imaged with an
ordinary document scanner (600 dots per inch) and analyzed
with standard imaging software (Adobe Photoshop). Sensitivity
was greater than when a fluorescent dye (Cy3) was used as the
label, and when hybridisation was carried out at the highest
stringency temperature of 50 °C selectivity for perfectly matched
sequences over single base mismatches was also better. More
recently the sensitivity of this approach has been improved even
further by workers at Nanosphere Inc (Northbrook, IL) by
automating the silver enhancement, and replacing the document
scanner with an imaging system in which evanescent light from
the array substrate is scattered by the silver enhanced GNPs and
captured with a CCD camera.’"*'*!?° This allows unamplified
DNA and RNA target sequences to be detected in the presence
of genomic DNA. In a typical genotyping assay genomic DNA
is sheared into 300-500 base fragments and hybridised to an
array of allele specific capture oligonucleotides before being
labeled with GNPs conjugated to thiolated oligonucleotides as
shown in Fig. 16. After washing away unbound GNPs the signal
is enhanced by silver staining and then light scattering excited by
evanescent coupling from the substrate interfaced with red light-
emitting diodes (An.x 630 nm) is quantified with a proprietary
reader (Verigene ID™). Each array is scanned multiple times at
various exposure times. This system can genotype multiple genes
in the same sample in approximately 1 h with as little as 500 ng
of input genomic DNA (the amount present in a single drop of
blood). The combination of GNPs, arrays and silver staining has
also been used with the ArrayTube technology developed by
Clondiag Chip Technologies GmbH (Jena, Germany). Monecke
and co-workers used their array-in-a-tube system to screen for
antibiotic resistance in Staphylococcus aureus.'*' Microbial
DNA was enzymatically amplified and labeled with biotin,
and then hybridised to an array of specific capture oligonucleo-
tides. Hybridisation products were labeled in situ with GNPs
conjugated to streptavidin and then the signal was enhanced by
silver staining and imaged with a proprietary CCD reader. Silver
stained GNPs and arrays have also been used to detect microbial
pathogens,'?* proteins (hepatitis B antibodies),'** and to inves-
tigate the substrate specificity of kinase enzymes.'** In the latter
report arrays of peptides were contacted with a solution of the
kinase and a biotinylated derivative of ATP. Biotin was trans-
ferred to peptides when they were phosphorylated and subse-
quently labeled with GNPs conjugated to streptavidin and silver
enhanced. The silver stained arrays described above were imaged
with a relatively inexpensive CCD, but this limits the size of the
array spots that can be resolved and hence the number of tests
that can be performed on the same chip. Much higher resolu-
tions are possible with a confocal microarray scanner, but the
cost is much higher. Bernard and colleagues got round this
problem by spotting arrays of antibodies onto a disc and reading
the results with a modified CD player (Fig. 17)."* In a conven-
tional CD player information is extracted by focussing laser light
onto a disc and measuring the intensity of light reflected from a
series of pits encoded into a spiral metal track as it rotates. In the
modified version a similar set up was used to read information
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Fig. 16 (A) Schematic protocol for SNP identification in Nano-
sphere’s Verigene system. Genomic DNA is contacted with an array
of allele-specific capture probes. After removing unbound DNA,
hybridization products are labelled with GNPs, and after removing
unbound GNPs the array is silver enhanced and imaged in the
Verigene ID imaging system. (B) 16-bit greyscale image created by
the Verigene ID imaging system after genomic DNA samples of
known genotype ((I) heterozygous, (II) homozygous wild-type, (III)
homozygous mutant) were subjected to a 1 h assay. Array image
reprinted from ref. 119 by permission of Oxford University Press.

from a series of metal spots formed by silver enhancement of
antigens sandwiched between capture antibodies and reporter
antibodies conjugated to GNPs. This approach combines low
cost with high resolution and could be used with lab-on-a disc
technology.'?

Universal labelling systems for blots and arrays

Universal labelling systems allow arrays to be labeled without
preparing a different label for each target sequence. Because
the label is added after binding of the reporter molecule to the
target it does not interfere with the molecular recognition
events that confer specificity. Universal labels based on GNPs
conjugated to recognition molecules such as streptavidin are
widely used but expensive. Several companies supply universal
labelling systems that stain all proteins on an array or blot.
Examples are Protogold (BBInternational, Cardiff, UK) and
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Fig. 17 Section through pick-up head and part of the disc of a CD
player modified for biological detection. Light from a laser diode is
directed onto the disc as it rotates and light scattered back from silver
enhanced array spots is detected with a photodiode.

Colloidal Gold Total Protein Stain (BioRad, Hercules, CA)
both of which bind to proteins by a combination of electro-
static and hydrophobic interactions.'?” Golovlev and co-work-
ers have reported a universal labelling system based on
electrostatic attraction between positively charged GNPs and
the negatively charged backbone of double stranded
DNA. 28129 The formation of double stranded products pro-
motes strong interactions between the phosphate backbone
and 250 nm GNPs coated with a positively charged polymer.
This labelling system is currently being developed by Sci-Tec
(Knoxville, TN) as part of the Aurogen personalized micro-
array system that also includes a high performance flatbed
scanner for array imaging. Mehrabi and Wilson have reported
a universal labelling system for double stranded hybridisation
products based on GNPs conjugated to intercalating mole-
cules that insert specifically between the bases of double
stranded nucleic acids.®® This is less prone to interference than
methods based on non-specific interactions, but low cost is
retained.

Bio-barcode assays

The bio-barcode approach as first reported by Mirkin and co-
workers'3*13! has subsequently been presented in several
different formats. In one of its most recent versions the
protocol is carried out in a disposable chip as shown in
Fig. 18A."*> Magnetic microspheres conjugated to capture
antibodies are mixed with the sample and loaded onto the
chip. Following an incubation period for capture of target
molecules a magnet is applied under the chip to retain the
microspheres while the remainder of the sample is washed
away. Next GNPs conjugated to detector antibodies and
double stranded oligonucleotide barcodes are flowed through
the chip such that target molecules are sandwiched between
the microspheres and the GNPs. After washing away unbound
GNPs, DNA barcodes are released (dehybridized) by running
deionised water through the chip, and then the released
barcodes are sandwiched between immobilized capture oligo-
nucleotides and reporter oligonucleotides conjugated to
GNPs; note that these are not the same GNPs that were
bound to the magnetic microspheres in the earlier part of the
protocol. After washing away unbound GNPs the signal is
enhanced by silver staining and imaged with the Verigene ID
scanning system developed by Nanosphere. Attomolar con-
centrations of antigens can be detected, which compares
favourably with fluorescence and enzyme-based detection,
and approaches the sensitivity of immuno-PCR."** The main
source of signal amplification is silver enhancement rather
than the small (~2 orders of magnitude) increase that occurs
when target molecules are reformatted onto DNA barcodes.
Groves and co-workers increased the amount of amplification
without silver enhancement by using the volume of porous
silica microspheres rather than surface of GNPs as a reposi-
tory for the barcodes. This allows distance dependent detec-
tion of attomolar concentrations of target molecule by the
unaided eye.'** Bio-barcode assays have also been used to
detect multiple target molecules in the same sample. The way
in which this is achieved is shown schematically in Fig. 18B.
Target molecules are sandwiched between sets of magnetic
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Fig. 18 (A) Biobarcode assay on a microfluidic chip. In step 1 the
sample (green circles) is mixed with magnetic beads conjugated to
antibodies and introduced into the separation area of the chip. In step
2 the magnetic beads are retained in the separation area by applying a
magnet under the chip and unreacted sample is flowed to waste. In step
3 GNPs conjugated to antibodies and double stranded DNA barcodes
are introduced into the chip and mixed with the magnetic beads.
Bound target molecules are sandwiched between the magnetic beads
and GNPs, and unbound GNPs are flowed to waste. In step 4 the
magnetic beads are retained in the separation area and DNA barcodes
are dehybridised from them by running water through the chip. In step
5 released barcodes are sandwiched between GNPs and immobilized
capture probes and silver enhanced. The base of the chip is then
physically separated from the fluidics and imaged. (B) Multiplexed
biobarcode assays are similar to single analyte assays except that the
DNA barcodes are resolved with a two-dimensional array of capture
probes before silver enhancement and detection.

microspheres and GNPs encoded with barcodes, and released
barcodes are resolved by hybridisation to an array of capture
probes and detected after silver enhancement. For this ap-
proach to be sensitive there must be no exchange of DNA
barcodes between different sets of GNPs, because this would
lead to high background signals such as have in fact been
detected in assays for oligonucleotides'** and protein cancer
markers.'*® The origin of these non-specific signals has not
been identified, but they must be eliminated if the multiplexed
biobarcode assays are to achieve the same sensitivity as the
single analyte assays.

Electrical detection

The success of amperometric biosensors has demonstrated
that methods based on the detection of an electric current
are more suitable than any other for the acquisition of
quantitative information in point-of-need applications. If

molecules in a narrow gap between two electrodes are labeled
with GNPs and then interconnected by deposition of metallic
silver, there is a decrease in resistance that can be measured
with simple and inexpensive equipment. The use of this
approach for biological detection was first described in patents
assigned to Mroczkowski and colleagues,'?” and later in a
publication by Velev and Kaler who carried out non-compe-
titive immunoassays for antibodies in a flow-cell overlying
electrodes separated by micrometre-sized gaps.'*® A dense
layer of latex microspheres coated with protein A was depos-
ited in the gap by application of an alternating electric field
and then target molecules were sandwiched between it and
reporter antibodies conjugated to 5 nm GNPs. Bound particles
were then enlarged and fused by catalytic deposition of silver
leading to a time-dependent drop in electrical resistance in
proportion to the amount of target molecule in the sample.
This method of detection was later used in a fully automated
platform for food-borne pathogens (Fig. 19) developed by
Molecular Circuitry (King of Prussia, PA)'* and for the
arrayed detection of nucleic acids.'*'*? In one of these later
reports Mirkin and colleagues demonstrated high discrimina-
tion for (10°:1) SNPs,"** and in another Fritzsche and col-
leagues showed how multiple nuclei acid sequences could be
detected in parallel in a way that was potentially suitable for
point-of-need applications.'** The main problem with these
nucleic acid sensors was that high sensitivity and broad
dynamic range was only achieved by multiple cycles of silver
deposition, washing, drying and measurement (10—-15 cycles in
the method reported by Mirkin'#’), but more recently Diessel
and colleagues have shown how this can be avoided by
monitoring the resistance drop in real-time.'*’ Ideally the
requirement for metal deposition would be eliminated alto-
gether, but GNPs that have not been interconnected do not
permit the passage of an electric current because they are not
close enough together, and because they are surrounded by an
insulating shell of biological molecules. Pack and colleagues
attempted to overcome this by coating GNPs conjugated to
antibodies with a conducting polymer that extended into the
surrounding solution.'** Particles prepared in this way were
used in lateral flow devices that incorporated two interdigi-
tated electrodes printed directly onto the chromatographic
strip. Diagrams published in their report show the conducting
polymer in electrical contact with the metallic gold of neigh-
bouring particles, but antibodies conjugated to GNPs by non-
specific adsorption are believed to occupy a closely packed
shell surrounding the gold core that would not normally be
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Fig. 19 (A) Antibodies immobilized in the gap between two gold
electrodes capture target molecules (green circles)—electrical resis-
tance between the electrodes is high. (B) Target molecules are sand-
wiched between the capture surface and reporter antibodies
conjugated to GNPs—resistance is still high. (C) Catalytic deposition
of metallic silver around the GNPs bridges the gap between the gold
electrodes—resistance is low.
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breached in this way. In addition, the polymer that was used
(polyaniline) is not normally conducting at the pH that
obtains in lateral flow immunoassays.

Surface-enhanced Raman scattering

Raman scattering occurs when an incoming photon enters into
a virtual state with an absorbing molecule. The wavelength of
the incoming photon need not correspond to an energy
transition in the molecule, but when the virtual state collapses
a new photon is emitted (inelastically scattered) that has a
different wavelength to the original; this difference is due to an
exchange of energy with a vibrational transition in the mole-
cule. For incoming photons of a given wavelength the emission
spectrum of scattered photons is highly characteristic of the
absorbing molecule. Raman scattering on its own is too weak
to be useful in detection, but in 1974 Fleischmann and
colleagues observed enormous enhancements (10°-10%) from
pyridine molecules adsorbed on a silver electrode that had
previously been roughened by successive cycles of oxidation
and reduction.'*® This surface-enhanced Raman scattering
(SERS) is now known to occur when Raman active molecules
are located in very close proximity to certain metal surfaces
(gold and silver are the most often used) with roughness on a
scale of 10-100 nm.'"*® Enhancements of up to 10'* over
unenhanced molecules have been reported, but these depend
strongly on the local geometry and decrease rapidly as the
distance from the metal increases; signal reductions of 90% for
distance increases of only a few nanometres have been re-
ported. Under optimum conditions sensitivity is reported to be
two to three orders of magnitude better than fluorescence, but
in order to achieve this interference from other molecules and
ambient conditions must be eliminated. Background signals
from water are very low and photobleaching is not a problem.

The two main strategies for using SERS in detection are
direct identification of Raman active molecules located in
close proximity to a nanostructured metal surface, and indirect
detection of Raman reporter molecules that have been incor-
porated into a biospecific label. Often the easiest way to obtain
a Raman spectrum is to adsorb the molecular species of
interest onto GNPs, but although spectra produced in this
way can provide useful information about molecular structure
they are not particularly useful for detecting specific molecules
in complex solutions, due to interference from competing
adsorbates and hypersensitivity to ambient conditions. If
interference from other adsorbates can be eliminated, sensi-
tivity to ambient conditions can sometimes be exploited to
monitor localized changes in the surrounding medium. Halas
and colleagues assembled a monolayer of mercaptobenzoic
acid on gold nanoshells and monitored changes in the Raman
spectrum induced by protonation and deprotonation of the
exposed carboxylic groups (Fig. 20Ai).'*7 Excitation and
emission were in the near infrared region where blood and
tissue are least absorbing, and pH was measurable over a
range that would allow discrimination between acidic cancer
and healthy untransformed cells. It was suggested that nano-
sensors with this design could be embedded in plant and
animal tissues to monitor changes in cellular or sub-cellular
conditions, but improvements in design would be required to
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Fig. 20 (A) The evolving use of GNPs and SERS in detection:
(i) Gold nanoshell functionalized with mercaptobenzoic acid for direct
monitoring of pH; (ii) biospecific label with inner shell of Raman
reporter molecules and outer shell of antibodies; (iii) label with GNP
core, inner shell of Raman reporter molecules embedded in metallic
silver and outer shell of antibodies; (iv) label with GNP core, inner
shell of Raman reporter molecules encapsulated in silica and outer
shell of antibodies. (B) Emission spectra of (top) CdSe/ZnS QDs and
(bottom) six Raman reporter molecules used in Nanoplex biotags.
QDs have been used to create up to 100 resolvable signatures, but an
upper limit of only 20 has been predicted for signatures based on
SERS."”’

prevent displacement of mercaptobenzoic acid by high intra-
cellular (millimolar) concentrations of glutathione, and inter-
ference from the electrostatic binding of proteins and other
molecules to the exposed carboxylic acids.

Problems with interference from competing adsorbates and
ambient conditions have motivated a move away from direct
identification to the use of Raman active molecules as repor-
ters in biospecific labels. Lipert and colleagues prepared labels
consisting of 30 nm GNP cores surrounded by an inner shell of
thiolated nitroaromatic molecules that were covalently at-
tached to an outer shell of antibodies."*® This design
(Fig. 20Aii) locates a large number (10°~10%) of Raman active
molecules in close proximity to each GNP and separates them
from the recognition function provided by the antibodies.
Labels with this design were used in immunoassays in which
prostate specific antigen was sandwiched between them and a
macroscopic gold sensing surface; picomolar concentrations
were detected. Although the Raman reporters in these labels
are separated from the surrounding solution by the outer shell
of antibodies this probably does not isolate them from all
variations in ambient conditions. Mirkin and colleagues lo-
cated Raman reporters in close proximity to a metal surface by
silver enhancement of GNPs.'*® Oligonucleotide target se-
quences were sandwiched between arrays of capture probes,
and reporter probes labeled with GNPs and a Raman active
organic dye such as Cy3. Before silver enhancement no Raman
scattering could be detected, but after enhancement intense
signals were detected due to deposition of silver around the
dye molecules. Because the Raman spectrum derived mainly
from the dye it could be used as a fingerprint to identify
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different Raman reporters in the same array spot. The same
group has used a similar approach to detect low molecular
weight antigens,'*® and more recently two groups have devel-
oped biospecific labels that are conceptually similar except
that silver is deposited around the reporter molecules before
they are used for detection (Fig. 20Aiii).'*!*!% Metallic silver is
a good enhancer of SERS, but it does not provide a good
surface for the conjugation of recognition molecules. Mulva-
ney and colleagues encapsulated GNPs and Raman reporter
molecules in an outer shell of silica rather than silver
(Fig. 20Aiv).'>® The silica shell entraps the molecules in close
proximity to the gold and provides a versatile surface for the
conjugation of recognition molecules. A similar approach was
reported by Doering and Nie,'** and more recently labels with
this design have been commercialized by Oxonica (Oxford,
UK). Their Nanoplex biotags comprise a 50-90 nm GNP core
surrounded by a 20-50 nm thick shell of silica with entrapped
reporter molecules. They produce reproducible Raman spectra
in all conditions that might be encountered in biomolecular
assays.

Because the Raman spectra of many different molecules can
be excited at the same wavelength, and because each spectrum
is unique, they can be used as signatures in multiplexed
detection.'® Each spectrum is composed of multiple bands
that are individually much narrower than those of fluorescent
dyes or quantum dots (QDs), but the latter usually have a
single distinct emission peak. This difference (Fig. 20B) deter-
mines how they are used as signatures in multiplexed detec-
tion. Fluorescent dyes or QD signatures are prepared by
encoding with different colours at different intensities. The
total number of signatures that can be created is given by the
formula C = N — | where C = the number of codes, N =
the number of resolvable intensity levels and m = the number
of resolvable colours). It is very difficult to prepare Raman
signatures in this way because the emission peak of one
molecular species almost always overlaps with the peaks of
other species excited at the same wavelength. As a result
Raman signatures are normally prepared by encoding each
label with only one reporter molecule per signature. This limits
the number of signatures that can be resolved in multiplexed
detection to no more than a few dozen compared with at least
100 when QDs are used.'*® This may not be a major limitation
because in many cases multiplexed detection involves the
interrogation of medium sized panels of target molecules
rather than large numbers. A number of companies now
market portable (and in some cases handheld) Raman detec-
tors, and these are predicted to shrink to credit card-sized in
the near future. Oxonica is developing such instrumentation
for use with its Nanoplex biotags and a lateral flow device that
detects up to three respiratory viruses in the same sample.'’
This device is different to existing multiplexed devices that
have one test line for each target molecule because it has a
single line striped with three different antibodies. The sample
pad contains three different biotags each conjugated to a
different anti-viral antibody. If one or more of the target
viruses is present in the sample colour is seen to be developed
at the test line in the normal way because biotags have a GNP
core, but if the test line is then interrogated with a SERS
reader the viruses can also be identified and quantified.

|IG

Fig. 21 Fingerprint on polypropylene stained with gold enhanced
GNPs, and imaged with an office document scanner. Image courtesy
of The School of Criminal Sciences, University of Lausanne,
Switzerland.

Fingerprint detection

Forensic researchers are continually trying to develop new and
improved methods for detecting fingerprints on a variety of
substrates. Staining with GNPs followed by catalytic enhance-
ment with a metal offers a number of advantages in that it is
very sensitive and efficient on a large number of substrates,
including some that may present difficulties for other techni-
ques such as polystrene packaging, thermal paper and wetted
surfaces. The use of GNPs for fingerprint detection was
introduced by Saunders,'”® and later improved by Schnetz
and Margot.'>® When a substrate bearing a latent fingerprint is
immersed in colloidal gold at low pH the particles become
bound to the print by a mechanism that is believed to involve
electrostatic attraction. Bound particles are then enhanced by
catalytic deposition of metallic silver. Recently Stauffer and
co-workers have further simplified the method and reduced the
cost by enhancing the bound particles with gold instead of
silver (Fig. 21),'®" and Becue and co-workers have shown how
prints can be stained with coloured dyes hosted by GNPs
conjugated to cyclodextrins.'®!

Golden future

Although GNPs continue to be one of the most widely used
labels in diagnostics, the level of sensitivity that is desirable in
many diagnostic tests is greater than the sensitivity with which
GNPs can be detected by the unaided eye. This has prompted
the introduction of alternative labels,'®>!%* but because these
require expensive detection equipment they relinquish one of
the key advantages that have made GNPs so successful. The
minimum number of GNPs that can be detected with the
unaided eye on a white background is around 1 x 10'°. If each
particle in this amount corresponds to one molecule the
amount of target molecule that can be detected is 10 femto-
moles, but the amount likely to be present in a typical biopsy
sample is one million times less than this. There is therefore, a
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Fig. 22 Multiplexed lateral flow devices based on GNPs. (A) Serial
detection of up to four cardiac markers; courtesy of BioAssay Works,
Ijamsville, MD. (B) Parallel detection of up to five threat agents;
courtesy of Advnt Biotechnologies, Phoenix, AZ. (C) Serial detection
of up to six amplified nucleic acid targets; courtesy of BBInternational,
Cardiff, UK.

significant gap between what can be detected and what
actually needs to be detected in real samples. This gap can
be bridged by combining GNPs with some form of amplifica-
tion technique such as PCR or metal enhancement. PCR can
amplify the amount of nucleic acid target molecules in a
biopsy sample to nanomolar concentrations, which is well
within the detection range of GNPs, but not of most other
labels that can be seen with the unaided eye. This property of
being able to reach down and render visible the products of
amplification techniques such as PCR is why GNPs are likely
to remain important in diagnostics and detection for the
foreseeable future. The amplification method need not be
PCR: several research group have reported alternative techni-
ques, including Groves and co-workers who have shown how
a combination of barcoded amplification and distance depen-
dent detection permits attomole amounts of cytokines to be
detected with the unaided eye.'** The main disadvantage of
these alternatives in their current embodiments is their inabil-
ity to detect more than one target molecule at a time when
information emerging from the Human Genome Project and
related programmes is emphasizing the advantages of being
able to detect multiple targets in the same sample. In response
to this trend a number of research groups have investigated the
combination of silver enhancement and arrayed detection,
most notably workers at Northwestern University, and their
spin-off company Nanosphere, which has combined it with a
relatively inexpensive imaging platform. The genetic tests sold
by this company are the first major diagnostic products to
emerge from the heightened interest in GNPs that began in the
middle of the last decade. Lateral flow detection has responded
to demands for higher levels of multiplexing by introducing
devices that can detect multiple targets in the same sample as
shown in Fig. 22. This trend is likely to continue with devices
that combine the serial and parallel formats shown in this
figure being used to interrogate medium sized panels of several
dozen targets molecules such as are important in the diagnosis
and prognosis of disease, and in the administration of targeted
therapies. Multiple nucleic acid targets can be detected
by interfacing lateral flow devices with nucleic acid
amplification techniques as shown in Fig. 22C, but protein
targets are more difficult because they are less amenable to
amplification. Sensitivity can be increased by post-lateral flow

silver-enhancement'® and other strategies,'®® but because

these involve additional steps that must be performed by the
user they depart form the model that has made lateral flow
devices so successful. Mirkin and co-workers have shown how
attomole amounts of non-nucleic acid targets can be detected
in a microfluidic device by barcoded detection and silver
enhancement,'* and potentially this approach could be ex-
tended to multiple protein and nucleic acid targets, but there
are continuing doubts about the affordability of microfluidic
devices, especially in settings such as developing countries
where they are most needed.'®® During the last decade re-
searchers have harnessed the unique properties of GNPs for an
ever increasing diversity of detection methods. The challenge
now is to transform these methods into inexpensive tests that
allow untrained users to detect low concentrations of multiple
targets in real samples.
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