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Summary The use of plasmonic nanoparticles for biomedical applications has been exten-
sively researched, yielding significant advancements in the construction of ultrasensitive
bioassays and effective therapy. The unique surface plasmon resonance phenomena of both
plasmonic films and nanoparticles with their exceptional absorption and scattering abilities
have much potential in revolutionising diagnosis, treatment and evaluation of diseases, in par-
ticular cancer. In this review, an overview of recent advancements of plasmonic nanoparticles
Drug delivery in the fields of bioassays and therapy is provided, with an emphasis on the mechanisms by which
the plasmonic nanoparticles can be employed to enhance or provide signals for the detection
of bioanalytes or to treat diseases.
© 2016 Elsevier Ltd. All rights reserved.
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etallic nanostructures have been of particular interest due
o their ability to interact with electromagnetic radiation,
aking them suitable for many biomedical applications,

ncluding diagnostics [1,2], therapeutics [3,4] and even the
lteration of gene expression [5,6]. The ability of metallic
anostructures to interact with electromagnetic radiation
tems from their confinement of electrons to produce quan-
um effects [7]. One of such effects is the surface plasmon
esonance phenomenon, whereby incident light striking thin

etal films or nanostructures causes the collective oscilla-

ion of electrons at a resonant frequency in these metal
lms or nanostructures [8]. This results in the intense
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bsorption or scattering of light by the metallic nanostruc-
ures, which when coupled to fluorophores or Raman-active
olecules, give rise to phenomena like metal-enhanced flu-

rescence [9] and surface-enhanced Raman scattering [10].
y increasing the intensities of existing signals of fluores-
ent or Raman labels, assays which employ these labels,
or example immunoassays and nucleic acid assays, can
ave greatly enhanced sensitivities should plasmonic films
r nanoparticles be introduced. In addition, plasmonic films
r nanostructures can themselves act as sensors by trans-
ucing changes in bulk or local refractive index into shifts of
heir plasmonic bands of absorption in their UV-visible spec-
ra [11]. Such an approach avoids the need for labelling of
arget analytes with fluorophores or Raman labels, of which
linking and bleaching are problems associated with the for-

er [12,13]. Intense absorption of near-infrared radiation
y the metallic nanostructures also causes photothermal
eating of their surroundings and the generation of radicals
hat can be used for therapeutic applications [14,15]. Noble
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Plasmonic nanoparticles in biomedicine

metal plasmonic nanostructures like gold and silver nanopar-
ticles are most commonly used due to their relative inertness
and visible and near-infrared absorption bands [16], with
gold nanoparticles popular for its biocompatibility while sil-
ver nanoparticles have larger molar extinction coefficients,
giving more sensitive assays [17]. This review focuses on
offering a broad perspective for the use of plasmonic plat-
forms in biomedicine like bioassays and therapy. In the
following sections, the plasmonic platforms are reviewed
with typical mechanisms for the plasmonic approach to
biomedical applications. We hope that this article will pro-
vide a comprehensive coverage of current standings of this
field and offer new perspectives into the development of
plasmonic materials for more effective bioassays and ther-
apy in biomedicine.

Bioassays

Metal-enhanced fluorescence

Plasmonic enhancement of fluorescence occurs due to the
coupling of fluorophores to the strongly confined electro-
magnetic fields of plasmonic nanoparticles or plasmonic
metal films [18]. These strongly confined electromagnetic
fields are generated as a result of interaction between light
and localised surface plasmons of plasmonic nanoparticles or
surface plasmon polaritons for films. The plasmonic materi-
als then relay the radiation outward, increasing the radiative
scattering efficiency of the fluorophores [19]. More recently,
interactions between plasmonic nanoparticles and fluo-
rophores were explained by the radiating plasmon model,
whereby the enhanced emissions and decreased lifetimes
of the fluorophores are due to the coupling of the fluo-
rophores at their excited states with surface plasmons of the
nanoparticles [18]. For the construction of metal-enhanced
fluorescence assays, the distance-dependence of metal-
enhanced fluorescence has been extensively employed.
To further improve the sensitivity of metal-enhanced flu-
orescence, different strategies targeting the individual
components of fluorescence assays have been developed.
Also, studies have also been done to improve the practicality
of such fluorescence assays.

Bioassays based on distance-dependence of
metal-enhanced fluorescence
The fluorescence enhancement by plasmonic nanoparticles
or plasmonic films has been shown to be dependent on the
distance between the fluorophore and the plasmonic nano-
structure [20]. Quenching occurs when the fluorophore is
close to the plasmonic surface, while fluorescence is greatly
enhanced when the distance between the fluorophore
and the plasmonic surface increases beyond the quench-
ing distance [21]. To study such distance-dependence,
numerous approaches have been proposed to control the
distance between the fluorophore and the plasmonic sur-
face [21—28]. These include the use of DNA spacers [22,23],
the layer-by-layer technique [27,28] and the deposition of

and SiO2 [28]. These approaches, however, are limited in
the control of the thickness of the spacers. Chi et al. used
the polymerisation of oligo(ethylene glycol)methacrylate to
deposit thin polymer films on gold, a highly controllable
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rocess, to study the distance-dependence of metal-
nhanced fluorescence of gold [29]. Fluorescence was found
o be quenched when the fluorophore and the gold sur-
ace were 15 nm apart, while fluorescence enhancement was
bserved with an increase in the polymer thickness beyond
he quenching range for films that are tens of nanometres
hick, with a maximum enhancement with a 39-nm thick
lm.

Two different approaches exist for the use of the
istance-dependent property of metal-enhanced fluores-
ence for bioassays, namely the quenching-to-coupling
pproach [22,30,31] and the signal enhancement approach
32,33]. The quenching-to-coupling approach refers to

‘molecular beacon-like’ approach whereby a single
olecule, usually DNA, conjugated to a fluorophore acts

ike a molecular beacon, with initial quenching of the flu-
rophore due to close proximity of the DNA—fluorophore
onjugate to the plasmonic nanostructure. Subsequently,
he molecule of interest binds, resulting in a change in
he configuration of the DNA holding the fluorophore and
he increase in distance between the fluorophore and
he plasmonic nanostructure, resulting in coupling and
ence de-quenching [22]. Some examples include that
eported by Peng et al. who demonstrated the use of

DNA hairpin probe conjugated to a fluorophore and
ound to silver nanoparticles immobilised on a glass slide
34]. The fluorophore was thus quenched in the absence
f the target DNA due to its close proximity to the sil-
er nanoparticles while fluorescence was restored with
he hybridisation of the target DNA as the hairpin DNA
hanged its configuration, moving the fluorophore away
rom the surface of the silver nanoparticles. Li et al.
eported the potential-dependence of the reorientation of
NA being investigated by metal-enhanced fluorescence
35]. Applying a positive potential caused the double-
tranded DNA conjugated to the fluorophore lying on the
lectrode surface, thus resulting in fluorescence quenching,
hereas, a negative potential resulted in the perpen-
icular arrangement of the DNA—fluorophore conjugate
nd the restoration of fluorescence. However, in addi-
ion to the large increase or decrease in fluorescence
ntensity, a slow relaxation process occurred whereby flu-
rescence intensities were restored to intermediate values
Fig. 1). Such findings may be able to facilitate advanced
lectrochemical detection of DNA in future. Moreover,
egliangeli reported the direct detection and quantifica-
ion of microRNA with a very low limit of detection of
.2 fmol without any target amplification [36]. This was
erformed using DNA probes conjugated to a fluorophore
hich were immobilised onto gold nanoparticles. In the
bsence of a target microRNA, the fluorophore remained
lose to the gold nanoparticles and its fluorescence was
uenched. In the presence of the target microRNA, the
NA-microRNA hetero-duplex was formed and cleaved off
he gold nanoparticles by the endonuclease duplex spe-
ific nuclease. Such cleavage resulted in the diffusion of
he fluorophore away from the gold nanoparticles, allowing
he fluorescence signal to be observed. Signal enhancement

an also occur as microRNA remains intact after cleavage
s shown by the attainment of the maximum fluorescence
ntensity whether microRNA was added in excess or in
efect. Given that the fluorescence maximum was reached
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Figure 1 (A) Potential waveform applied to a glassy carbon electrode (top) and the resulting fluorescence intensity (bottom) and
(B) the schematic of the optical and electrochemical cell with a model of the orientation of the double-stranded DNA.
Adapted from [35] with permission from American Chemical Society.
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Figure 2 Schematic representation of the aptamer-based
bioassay whereby strong plasmonic coupling occurs between
the silver nanoparticles and the gold film, inducing high fluo-
rescence emission.
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or all microRNA concentrations, the microRNA was quan-
ified by measuring the fluorescence intensity after 2 h. It
as thus possible to quantify microRNA down to 1 × 104

opies/ngRNA.
The second approach is the signal enhancement

pproach, whereby fluorophore-conjugated biomolecules
re immobilised onto the plasmonic surface through
ioaffinitive interactions such as antibody-antigen inter-
ction and nucleic acid base-pairing, resulting in the
nhancement of fluorescence. The most common appli-
ation of the signal enhancement approach is the use
f spacers to enhance fluorescence for improving the
ensitivity of bioassays [37,38]. More complicated arrange-
ents have since been devised, one of which was

tilised to investigate carbohydrate—lectin interactions
39]. Boronic acid tagged with a fluorophore interacts
ith gold nanoparticles encapsulated with carbohydrates

n the absence of lectin, quenching the fluorescence. In
he presence of carbohydrate-specific lectin, the boronic
cid—fluorophore conjugates are released and the fluo-
escence recovers. The limit of detection of the plant
ectin Concanavalin ensiformis was found to be 4.9 nM.
ptake of fluorescein—boronic acid attached to mannose-
odified gold nanoparticles by the cancer cells were also
emonstrated, while pure fluorescein—boronic acid was not
aken up by cancer cells, implying that the possibility
f the mannose-modified gold nanoparticles can be used
s a non-covalent drug carrier. The use of fluorophore-
onjugated biomolecules for the detection of proteins
y immunoassays through metal-enhanced fluorescence
as extensively explored. A variety of procedures were

eported to achieve different purposes, some of which
olely involved coupling between the fluorophore and plas-
onic nanoparticles, for example where the procedures

imilar to sandwich immunoassays and hybridisation-based
NA assays were reported by Lee et al. using quantum dots
nd gold nanoparticles on carbon nanotubes [40] or by Cao

t al. using silica nanoparticle-encapsulated fluorophores
o maximise distance-dependent coupling by occupying the
ntire coupling zone while avoiding fluorescence inten-
ity deviations due to different analytes or inhomogeneity

a
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a

dapted from [43] with permission from American Chemical
ociety.

f the nanoparticle surface [41]. The coupling between a
lasmonic film, plasmonic nanoparticles and a fluorophore
ere subsequently utilised, whereby the attachment of sil-
er nanoparticles to a gold film with the fluorophore results
n the turn-on of the fluorescence. This was both reported
sing a sandwich immunoassay configuration [42] and using
arget—aptamer interactions [43]. The latter used an ultra-
hin linker layer composed of a layer of cationic polymers
nd a layer of aptamers specific for thrombin deposited suc-
essively on a gold film coated with the fluorophore. Such
layer maximises the sensitivity of the bioassay. This sur-

ace was initially negatively charged due to the presence of
any negatively-charged aptamer strands. The negatively-

harged silver nanoparticles were thus unable to bind and
o fluorescence signal was detected as the fluorophore
s quenched. In the presence of thrombin however, the
ptamer binds to thrombin and consequently desorbed from

he gold film, leaving the gold film positively charged due to
he cationic polymers. The silver nanoparticles were hence
ble to bind, giving rise to enormous plasmonic coupling to
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Plasmonic nanoparticles in biomedicine

generate surface plasmon coupled emission (Fig. 2). Such a
surface plasmon coupled emission is directional, with the
emission of p-polarised light 46 degrees to the normal.

Improving sensitivity via other components of
fluorescent bioassays
Other than the distance-dependence of metal-enhanced flu-
orescence for sensitivity improvement, strategies targeting
the fluorophore, bioaffinitive agents, the antibody surface
as well as the type of plasmonic film have been explored.
Deng et al. proposed the use of lanthanide fluorophores like
europium with long fluorescence lifetimes such that a high
background rejection can be achieved [44]. By adding a
europium chelate into a silver/silica core—shell nanocom-
posite, a maximum fluorescence enhancement of 9.5-fold
was obtained. Despite a decrease in fluorescence lifetime
accompanying the increase in fluorescence enhancement of
the core/shell nanocomposite, the fluorescence lifetime of
the europium chelate doped nanocomposite was still found
to be much longer than that of cellular auto-fluorescence,
thus allowing for the use of such lanthanide-doped plas-
monic nanocomposites for cellular applications. In addition,
at high intensities of excitation light, fluorescence enhance-
ment factors significantly increased up to 146 folds for the
europium chelate doped nanocomposite due to the fluores-
cence saturation in control samples while no fluorescence
saturation was observed with the europium chelate doped
nanocomposite. This is because the decay rate was found to
be higher for the europium chelate doped nanocomposite
than that of its non-doped counterpart.

Similarly, a homogeneously and densely packed capture
antibody layer, which is often lacking in many immunoas-
says, can significantly improve the sensitivity of the assay
as shown by Tawa et al. with a bispecific antibody for a ZnO
film on one side and the analyte, epidermal growth factor
(EGFR), on the other [45]. The need for a blocking agent was
eliminated. Grating-coupled surface plasmon resonance was
utilised for the sensitive detection of EGFR by using a grat-
ing coated with chromium, silver, chromium and then ZnO
on the top layer. EGFR was then labelled with a fluorophore
Cy5. Reverse coupling between the plasmon polaritons and
Cy5 led to a fluorescence enhancement of up to 300 times
as compared to the ZnO film, due to the high density of
the bispecific antibody on the surface of the ZnO film, the
exact regularity in the repeated structure and the optimal
duty ratio. The limit of detection for EFGR was found to be
700 fM with a dynamic range between 10−13 and 10−8 M.

The use of different plasmonic films or nanoparticles
was also investigated to improve the sensitivity of metal-
enhanced fluorescence-based bioassays, for example with
plasmonic nanostructures of different materials like alu-
minium nanoparticles [46] and bimetallic nanoparticles [47].

Practicality of metal-enhanced fluorescence assays
The practicality of metal-enhanced fluorescence to widen
bioassay applications was improved, for example flow
cytometry, whereby the analytes need not be immobilised

onto the plasmonic film or nanoparticles as reported by
Chowdhury et al. [48] and Deng et al. [49] or for the sim-
pler fabrication of plasmonic film for the enhancement of
fluorescence as shown by Szmacinski et al. [50].
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urface plasmon resonance and localised surface
lasmon resonance assays

urface plasmons refer to the coherent oscillations of con-
uction electrons on a metal surface when excited by
lectromagnetic radiation at the interface between a metal
nd a dielectric [51,52]. Two surface plasmon modes are
sually employed: propagating surface plasmon resonance
PSPR) at flat smooth metal—dielectric interfaces [53] and
ocalised surface plasmon resonance (LSPR) when surface
lasmons are confined on either periodic [54], colloidal
55] or other nano-systems [56]. PSPR-based bioassays work
y coupling a metallic thin film to a prism or a grating
51]. Surface plasmon polaritons excited by electromag-
etic radiation then propagate along the metal surface
ith an electric field that decays exponentially from the
etal—dielectric interface. Refractive index changes above

he metal film alter the plasmon resonance condition, which
an be measured as changes in intensity, wavelength or
ngle [57]. Like PSPR, LSPR detects refractive index changes
n the plasmonic surface. However, the electromagnetic
eld in LSPR is confined to the nanostructures or nanopar-
icles. Therefore, despite having a lower sensitivity to
efractive index changes than PSPR, the strongly confined
eld of LSPR leads to comparable signals generated. Also,
SPR is not coupled to prisms or polarisers and thus it is
ore popular due to its simplicity and high miniaturisation

58]. The sensitivity of the LSPR-based bioassays depends
n the shape of the nanoparticles, which are typically
nisotropic nanoparticles such as nanorods, nanoshells and
anoprisms.

SPR-based bioassays

o improve the sensitivity of PSPR-based bioassays, the sens-
ng of the unique properties of the PSPR film other than the
SPR shift and the coupling of other plasmonic nanostruc-
ures to modify the field have been investigated like the
ork done by Yu and colleagues [59]. They studied the sen-

itivity of both the extraordinary emission and the surface
lasmon resonance of corrugated gold films fabricated by
anoimprint lithography to refractive index changes. Two
urface plasmon resonance bands were observed for the
orrugated gold films: one between the gold film and the
olycarbonate film that the gold was deposited on and the
econd between the gold film and the superstrate applied on
t. The intensity of the extraordinary transmission was found
o be dependent on the refractive index of the superstrate
pplied on the corrugated gold film, with a greater intensity
bserved as the refractive indexes of the polycarbonate film
nd the superstrate got closer to each other. The change in
ntensity of the extraordinary was found to have a sensitivity
f up to 8.96 a.u./RIU, while the sensitivity of the redshift
n the surface transmission plasmon band for the plasmon
ode between the gold film and the superstrate was found

o have a sensitivity of up to 812 nm/RIU. The latter was
sed for the quantification of cysteine.
Also, Feng et al. reported a nanoscale plasmonic interfer-
meter synthesised by a slit between two grooves, whereby
he grooves scatter the light beam striking into multi-
requency surface plasmon polaritons, which interfere with
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Figure 3 (A) Scheme showing the interference of surface plasmon polaritons on the transmittance of light through the slit and
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B) relative intensity change with respect to wavelength in the
dapted from [60] with permission American Chemical Society.

he field at the slit and thus the transmittance of light
hrough the slit [60]. This enabled generated surface plas-
on polaritons to detect refractive indexes of solutions

urrounding them. Depending on the wavelength of incident
ight, the light intensity transmitted through the interfer-
meter can be increased or decreased (Fig. 3A). This paper
hus showed the possibility of generating surface plasmon
olaritons of all wavelengths with the groove at a fixed
ngle of incidence. Furthermore, this interferometer was
sed to sense glucose by patterning the interferometer into
DMS and then observing the intensity change at a fixed
roove-slit length. The addition of glucose caused both
n intensity change and a wavelength shift (Fig. 3B). The
ntensity change could be used to determine glucose con-
entration in a wider range (0.1—14,000 mg/dL) than that
btained with the wavelength shift (500—14,000 mg/dL). In
ddition, Zuccon et al. showed the inverse surface plasmon
esonance with a palladium film which can be functionalised
or bioassays with thiols or graphene [61].

The coupling of other plasmonic nanostructures has been
hown by Law and colleagues [62]. To improve the sensitiv-
ty of the PSPR bioassay, they showed the effect of coupling

gold sensing film with gold nanorods to alter the evanes-
ent electromagnetic field of the gold nanorods to achieve
n enhanced SPR signal. Simulations indicated that without
he gold nanorods, the field is weak and decreases expo-
entially with the distance from the film. The field is also
onfined within about 150 nm from the gold film. However,
he evanescent field coupling between the sensing film and
he gold nanorods placed within 150 nm of the gold film
esulted in a very large enhancement in the electromag-
etic field at the tips of the gold nanorods, with the largest
ncrease in field when the gold nanorods and the gold film
re 5 nm apart. The hypothesis was then tested out experi-
entally with a sandwich immunoassay for the detection of

umour necrosis factor alpha (TNF-�), whereby the sensing
lm was functionalised with TNF-� capture antibody while
he gold nanorods were conjugated to TNF-� detection anti-

ody. The use of gold nanorod detection antibody conjugates
s amplifiers resulted in a 40-fold increase in sensitivity with
he lowest detectable concentration of TNF-� being 0.03 pM.

t
t
t

ence of glucose.

SPR-based bioassays
ypes of LSPR-based bioassays include those that measure
he extent of the LSPR shift as well as those that use
olourimetric detection, detecting a change in colour in the
resence of a bio-analyte.

Of those that measure the extent of LSPR shift, differ-
nt methods have been employed to increase the LSPR shift
or more sensitive detection of bioanalytes. The morphol-
gy of the nanostructures was found to greatly affect the
xtent of LSPR shift, and the nanostructure morphologies
ave been modified differently for periodic nanoarrays as
ell as nanoparticles in solution.

Periodic nanoarrays are commonly used for bioassays due
o their high sensitivity in local refractive index changes as
ompared to PSPR. Also, they do not require excitation using
prism or a grating. The possibility of modifying individual

anostructures of the periodic nanoarray offers opportu-
ities for the enhancement of sensitivity for LSPR-based
ioassays. These include nanohole arrays [34—36,63—65]
anoring arrays [66], nanoparticles assembled in a periodic
anner on glass slides [67,68], nanoprisms [40—42,69—71]

nd other unique nanoarrays [72].
Gold nanohole arrays were reported to give high sen-

itivity, as shown by Niu et al. who carried out a large
cale fabrication of gold nanohole arrays by nanosphere
ithography and then used them for the detection of strep-
avidin through specific biotin-streptavidin interaction [63].
inding of streptavidin gave an 8-nm redshift, which was

ncreased by four folds to 30 nm with the conjugation of
dSe/ZnS core—shell quantum dots to streptavidin for the
mplification of the signal. The amplification as a result
f the attachment of the quantum dots was attributed to
wo reasons: firstly the increase in the number of sites for
treptavidin binding, whereby carboxyl sites on the quan-
um dots allowed more streptavidin-capturing biotin to be
mmobilised and secondly, the partial overlap of the SPR
and of the gold nanoholes with the absorption and emis-
ion spectra of the quantum dots, allowing the energy from

he excited state of the quantum dots to be transferred
o the gold nanoholes and coupled with the SPR mode of
he gold nanoholes via a nano-metal surface energy transfer
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Plasmonic nanoparticles in biomedicine

mechanism. Im et al., too, used a periodic nanohole array
for the sensing of exosomes but measuring the transmis-
sion of light through the nanoholes instead of total internal
reflection allowing for the miniaturisation of the array and
the fabrication of more densely packed arrays [64]. For
exosome sensing, the nanoholes were functionalised with
antibodies against exosome proteins. Specific binding of
the exosomes to the array changed the local refractive
index, which was monitored by wavelength shifts in a light
spectrum or intensity changes at a fixed wavelength. A
limit of detection was established to be ∼3000 exosomes
while additional gold nanospheres and gold nanostars with
conjugated antibodies targeted to the exosomal proteins
further amplified the signal by 20% and 300%, respectively.
This array-based exosome detection was also proven to be
faster, more sensitive and required smaller volumes of sam-
ple than enzyme-linked immunosorbent assay. Furthermore,
both grating and nanohole arrays were studied by Oh et al.
who reported the co-localisation of the localised evanescent
field of a metal film and the interaction between com-
plementary DNA strands in a plasmonic nanogap array for
the detection of DNA [65]. This was done using oblique
evaporation of a dielectric film on top of the grating or
nanohole arrays with respective circular and triangular pat-
terns, resulting in nanogaps at the bottom edge of the
nanoholes. DNA was then co-localised in the nanogaps where
the electromagnetic hotspots were. Large SPR angle shifts
were observed with a large angle of oblique evaporation due
to the large nanogaps synthesised. The relative angle shift,
which is indicative of the overlap between the field and the
localisation of the DNA, was found to be the highest at an
oblique angle of 60◦, 200 times that of the non-co-localised
DNA in the same gaps. The detection sensitivity in terms of
binding capacity was found to be 1.6 fg/mm2.

Nanoprisms immobilised on glass substrates in a peri-
odic manner were commonly used in bioassays [73]. For
instance, Hall et al. reported the first conformational
change of an unlabelled protein—calmodulin detected by
LSPR [70]. This was performed using functionalised surface-
confined antigen nanoprisms on a glass surface. A redshift
of 0.96 ± 0.06 nm was then observed when calmodulin
switched from its rigid dumbbell-like structure when bound
to calcium to its more flexible structure when not bound to
calcium. A reverse blueshift was observed for the closing
of calmodulin. This was then used to detect calcium with a
limit of detection of 23 �M. Joshi et al., on the other hand,
fabricated a bioassay based on gold nanoprisms function-
alised with single-stranded DNA probes for the detection of
microRNA, with the nanoprisms immobilised on a glass slide
[71]. A large redshift of 20.5 ± 3.2 nm was induced upon the
binding of 100 nM of microRNA 21 due to the strong elec-
tromagnetic field of the gold nanoprisms and the significant
change in refractive index with the formation of the DNA-
microRNA duplex. The limit of detection was found to be
between 23 and 35 fM for microRNA 21 depending on the
media that the microRNA was dissolved in.

A unique gold mushroom array was fabricated by Shen
et al. which gave a figure of merit of 108, comparable to

the theoretical predicted upper limit for PSPR even though
PSPR tends to have a higher figure of merit than that of
LSPR [72]. The gold mushroom structures, which consisted
of a gold cap on a photoresist pillar grounded in a hole in the
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old film (Fig. 4), showed the coupling of LSPR with Wood’s
nomaly. This resulted in a low full width half maximum
10 nm) and a high refractive index sensitivity (1010 RIU−1)
ue to the raised gold caps. The gold mushroom array was
hen used as a plasmonic bioassay, giving very low limits of
etection for cytochrome c and �-fetoprotein of 200 pM and
5 ng mL−1, respectively.

For nanostructures that are not constructed in a periodic
anner, but rather dissolved in solution, the potential for

reating different nanoparticle morphologies is even larger.
he morphology of the nanoparticles, together with their
omposition, size and local dielectric environment affects
heir absorption and scattering spectra, especially at the
avelength they absorb maximally. Thus, different sensi-

ivities to local refractive index are expected for different
anoparticle morphologies. Two types of detection modes
re typically performed: direct analyte detection, whereby
shift is detected when the analyte binds, and colourimetric
etection, whereby the solution undergoes a colour change
hen the analyte is present.

For the direct detection of an analyte through the shift
n the plasmonic band when the analyte binds, two main
hreads of research were taken. The first involves the
earch for unique morphologies of nanostructures which
an give larger LSPR shifts than common nanospheres. Gold
anocages are hollow plasmonic nanostructures which have
ighly tuneable plasmonic nanostructures into the near
nfrared region and being hollow, give higher refractive
ndex sensitivities than solid ones. Tian et al. reported
he higher refractive index sensitivity of gold nanocages
f 327.3 nm RIU−1 as compared to nanorods (207 nm RIU−1)
r nanoparticles [74]. The narrow plasmonic band of the
old nanocages gave a high figure of merit of 2.7. The gold
anocages were also more sensitive to local refractive index
hanges than the gold nanorods, with a higher electromag-
etic decay length of 10.0 nm. The gold nanocages were
hus employed in the detection of neutrophil gelatinase-
ssociated lipocalin, capable of detecting lipocalin at
5 ng mL−1. The use of multi-block gold-silver nanorods
nstead of pure nanorods for dopamine detection was inves-
igated by Choi et al. [75]. The multi-block nanorods gave
larger shift in response to dopamine binding than that of

ure gold nanorods. The binding of dopamine onto the pure
old nanorods that were coated with dopamine antibodies
ave shifts of 10 nm and 16 nm in the quadrupole longitudinal
ode for the 200 nm and 596 nm long nanorods, respectively.
he triblock gold-silver-gold nanorods, however, gave larger
hifts of 21 nm and 36 nm for total nanorod lengths of 546 nm
nd 589 nm, respectively, with larger shifts observed with an
ncrease in the proportional length of silver. This is because
ilver has a higher optical sensitivity to a change in refrac-
ive index of the surroundings than gold. The number of
unctions was found to have a greater effect on the redshift
f the longitudinal surface plasmon band than the propor-
ional length of the silver because surface plasmon coupling
etween the silver and gold portions would be affected by
olecular interactions. With the increase in the number of

unctions, coherent oscillation of electrons would thus be

ore disturbed by molecular adsorption.
The second thread is the advent of the single nanoparti-

le plasmonic bioassay as described by Seo et al. [76] and Hu
t al. [77]. Seo et al. reported the monitoring of the catalytic
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Figure 4 (A) Schematic illustration of the formation of the gold mushroom array (IL stands for interference lithography, gold caps
are raised by dielectric pillars with low refractive index) and (B) scanning electron microscope image of the gold mushroom array.
Adapted from [72] with permission from Nature Publishing Group.

Figure 5 (A) Schematic illustration of the formation of AuPt/CdS cubes, (B) schematic of the formation of Au@Pt/CdS nanoparticle,
(C) plasmon band shift of the AuPt/CdS cube upon hydrogen generation and (D) plasmon band shift of the Au@Pt/CdS nanoparticle
u
A ciety.
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pon hydrogen generation.
dapted from [76] with permission from American Chemical So

ydrogen generation process [76]. To probe the reaction,
wo methods were used: the first was to locate gold domains
ear a platinum catalyst site by using gold-platinum/CdS
ollow cube (AuPt/CdS) (Fig. 5A) while the second was to
rap a gold nanoparticle in a Pt/CdS cube (Au@Pt/CdS)
Fig. 5B). The former could result in interference of the plat-

num catalyst while the latter could not. The photocatalytic
ecomposition of lactic acid was monitored using dark-
eld microscopy of the single nanoparticles, which gave a
4-nm blueshift for the AuPt/CdS nanoparticles (Fig. 5C) and

T
t
n
t

4.6-nm shift for the Au@Pt/CdS nanoparticles (Fig. 5D)
ue to the generation of hydrogen gas. As expected, the
maller shift of the Au@Pt/CdS nanoparticles is a result of
he larger distance between the gold nanoparticles and the
t/CdS nanocubes. Redshifts, however, were observed for
ome cubes due to the trapping of hydrogen gas in the cube.

his was temporal as the accumulation of hydrogen gas led
o its escape and the system returned to equilibrium. Single
anoparticle bioassays were also reported by Hu et al. for
he detection of DNA and microRNA [77]. Hairpin DNAs were
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first conjugated on the surface of single gold nanoparticles,
after which the binding of target DNA or microRNA led to
the breaking of the hairpin structure, resulting in a redshift
in the LSPR spectrum. The limits of detection for both DNA
and microRNA were found to be 3 nM. The bioassay was also
found to be highly specific to target microRNA.

Colourimetric detections of bioanalytes are also possi-
ble, which can be done without the need for expensive
and bulky instruments. Selective removal [78], synthesis
[79], aggregation [50—57,80—88], etching [58—61,89—92]
and coating of plasmonic nanostructures [62—64,93—95]
have been proven to be viable strategies of achieving a
colour change through changing the morphology of the plas-
monic nanoparticles.

Many bioassays use the redshift of gold nanoparticles dur-
ing aggregation for the detection of biomolecules. Such a
redshift has been found to be due to the coupling of the sur-
face plasmonic resonance bands of the gold nanoparticles
as they aggregate. However, to prevent nonspecific binding
of biomolecules, the gold nanoparticles are often coated
with a silica shell. The effect of the thickness of the silica
shells on the redshift upon aggregation was thus studied by
Vanderkooy et al. who synthesised silica shells of different
thickness using tetraethylorthosilicate or diglyceroxysilane
[80]. Thin silica shells on the gold nanoparticles were found
to give a large redshift of the nanoparticles during aggre-
gation, while thick silica shells led to a small redshift
of the nanoparticles. Aggregation of plasmonic nanopar-
ticles for colourimetric detection is often catalysed by
enzymes. For example, Nie et al. reported the ultrasensitive
detection of Treponema pallidum using a plasmonic enzyme-
linked immunosorbent assay [81]. This was performed using
biotinylated acetylcholinesterase which was immobilised on
the well in the presence of the Treponema pallidum antigen.
Acetylcholinesterase catalysed the conversion of acetylthio-
choline to thiocholine. The thiol group on thiocholine then
facilitated its binding to the surface of the gold nanoparti-
cles. This caused some positive charges to be generated on
the surface of the gold nanoparticles, resulting in attraction
and the coupling of the localised surface plasmon reso-
nance bands between the gold nanoparticles. A redshift from
520 nm to 700 nm thus occurred, causing the solution to
change from red to blue. The limit of detection of the bioas-
say was found to be 0.98 pg/mL. Moreover, de la Rica et al.
reported a red to blue colour change using a similar sandwich
immunoassay for the detection of prostate-specific antigen
and human immunodeficiency virus capsid antigen p24, but
with a different mechanism [82]. In the absence of the anti-
gen, it was found that hydrogen peroxide effectively pre-
vents the aggregation of the gold nanoparticles. Upon anti-
gen binding to the capture antibody in the well, catalase-
conjugated streptavidin, was then immobilised on the well,
catalysing the disproportionation of hydrogen peroxide, thus
causing the aggregation of the gold nanoparticles. The limits
of detection of both prostate-specific antigen and p24 were
found to be 10−18 g mL−1. Not only can nanoparticle aggrega-
tion be controlled by enzymes, but also enzyme mimics like
horseradish peroxidase-mimicking DNAzyme can be used, as

shown by Niazov-Elkan et al. whereby L-cysteine, the ana-
lyte, is able to cause aggregation of the gold nanoparticles
in the absence of the DNAzyme, while in the presence of
the DNAzyme, aerobic oxidation of L-cysteine to cysteine
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nhibits aggregation [83]. The detection of target DNA was
erformed by constructing a hairpin DNA consisting of the
nclosed and inactive configuration of the G-quadruplex,
art of the DNAzyme, and the complementary DNA sequence
o the target. The binding of the target DNA opened the hair-
in DNA, allowing the self-assembly of the G-quadruplex and
inding of hemin to form the DNAzyme and thus inhibit-
ng aggregation. Aggregation can also be enzyme-free as
emonstrated by Wang et al. [84] and Guo et al. [85]. Wang
t al. used an aptamer for the detection of ATP, whereby
he aptamer specific for ATP was bound to its complemen-
ary strand in the absence of ATP, leading to the aggregation
f the gold nanoparticles [84]. The presence of ATP frees the
ptamer from its complementary strand, causing the single-
tranded complementary DNA to bind to the gold nanoparti-
les and stabilise them, hence preventing their aggregation.
or aggregation-based bioassays, however, the sensitivity,
ynamic range and stability are usually limited by the for-
ation of large nanoparticle aggregates. Guo et al. thus
emonstrated the specific generation of nanoparticle dimers
pon target DNA binding [85]. A Y-shaped duplex was gen-
rated when the detection probe and capture probe, each
ound to an asymmetrically polyethylene glycol-modified
old nanoparticle, binds to the target DNA (Fig. 6A). The
symmetrical PEG-modified gold nanoparticles result in only
imer formation, ensuring the stability and a wide dynamic
ange, whereby the dynamic range of the bioassay was from
.0 pM to 10 nM as compared to 10 nM to 300 nM for the con-
entional bioassays. Such a duplex also minimises the inter-
article distance of the two gold nanoparticles, maximising
he LSPR shift and the plasmonic coupling of the two gold
anoparticles, which was demonstrated by the appearance
f a second peak at about 600 nm (Fig. 6B). The absorbance
f the sharp peak at 600 nm increased with increasing con-
entration of the target DNA, also leading to a colour
hange from red to blue. The limit of detection obtained
or such a bioassay was 10,000 times lower than those of
onventional bioassays utilising gold nanoparticles symmet-
ically modified with probe molecules. Similarly, Shen and
o-workers reported a colourimetric bioassay for ultrasensi-
ive detection of DNA [87]. Leveraging on the amplification
ower of ligation chain reaction (LCR) and its ability to join
wo DNA strands together, gold nanoparticles coated with
ligonucleotides complementary to a target DNA were suc-
essfully ligated together during the LCR, thus leading to a
ignificant redshift. A detection limit of 20 aM with a selec-
ivity factor of 1000 was achieved after 30 cycles of the
CR.

Colourimetric detection could also be performed by etch-
ng of existing nanoparticles to generate a colour change.
n two recent studies [89,92], Yang et al. demonstrated the
tching of triangular silver nanoprisms [92]. In the first study,
tching of silver nanoprisms was performed by hydrogen sul-
hide which was also the analyte, whereby the increase
n hydrogen sulphide concentration resulted in a decrease
n absorbance and a redshift of the SPR peak of the sil-
er nanoprisms as they were etched. The second study
howed enzyme-assisted etching for the detection of DNA

t concentrations as low as 6.0 fM [89]. As shown in Fig. 7,
NA hybridisation chain reaction was performed with two
airpin DNA strands — H1 and H2. H1 was biotinylated and
2 was not biotinylated. In the presence of a target DNA,
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Figure 6 (A) Schematic representation of the formation of nanoparticle dimers upon target DNA binding using the asymmetrical
polyethylene glycol-modified gold nanoparticles and (B) photograph and optical absorption spectra of the asymmetrically-modified
gold nanoparticles at increasing concentrations of target DNA.
Adapted from [85] with permission from American Chemical Society.

Figure 7 Schematic illustration of the construction of an
etching assay for the detection of target DNA.
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of the gold nanorods [94]. Yang achieved a 104-fold improve-
dapted from [89] with permission from American Chemical
ociety.

1 was opened when the target DNA displaced the double-
tranded part of the hairpin and H2, containing a blocked
NA sequence, was then opened triggered by the release
f the single strand in H1, resulting in nicked, linear and
ong double-stranded DNA strands with numerous repeated
nits which were biotinylated. Streptavidin-coated mag-
etic beads were then used to isolate these DNA strands
nd streptavidin-tagged glucose oxidase interacted with the

est of the biotin sites. In the presence of glucose, molecular
xygen was converted to hydrogen peroxide. Hydrogen per-
xide was then used to etch the triangular silver nanoprisms

m
t
O

nto smaller spherical silver nanoparticles, which exhibited
significant blueshift in SPR peak (Fig. 7). It was observed

hat the magnitude of the blueshift is directly associated
ith the concentration of the target DNS.

Malile et al. also demonstrated the analyte-induced etch-
ng of silver nanoparticles for the colourimetric detection
f bioanalytes but employing a gated mechanism for the
tching of the silver nanoparticles [90]. This was conducted
ith a polyelectrolyte film containing DNA aptamer coated
n top of gold-coated silver nanoprisms on a glass substrate.
inding of the analyte, sulforhodamine B, a fluorescent dye,
o its aptamer on the polyelectrolyte film led to a change
n the conformation of the aptamer and a change in the
lectrostatic balance of the polyelectrolyte film, causing
he permeability of the polyelectrolyte film to increase and
llowing the etching agent to enter. The etching of the
anoprisms caused a significant redshift of 84 nm in the pres-
nce of only 10 �M sulforhodamine B.

Additionally, coating of plasmonic nanostructures has
lso been shown to be a viable approach for colourimetric
etection. Unlike aggregation-based assays, which are often
ffected by the ionic strength and impurities in complicated
atrices, the enzymatic coating of plasmonic nanoparticles

s less affected by the matrices of real-world samples. This
as separately confirmed by Zhou et al. [93], Yang et al. [94]
nd Rodriguez-Lorenzo et al. [95]. Both Zhou [93] and Yang
94] reported the detection of antigen with p-aminophenyl
hosphate and alkaline phosphatase for the silver coating
f gold nanostructures. The former using gold nanoparticles
hile the latter using gold nanorods. Zhou used the increase

n absorbance at 370 nm to quantify avian influenza viruses
93], while Yang reported the sensing of prostate-specific
ntigen using the blueshift of the longitudinal plasmon band
ent in sensitivity for prostate-specific antigen as compared
o conventional enzyme-linked immunosorbent assay [94].
n the other hand, Rodriguez-Lorenzo et al. employed sil-
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ver coating of gold nanostars to construct a colourimetric
bioassay for prostate-specific antigen [95]. In the presence
of low concentrations of prostate-specific antigen, low con-
centrations of glucose oxidase were immobilised, resulting
in low concentrations of hydrogen peroxide generated. With
low concentrations of hydrogen peroxide, silver ions were
reduced to metallic silver and coated the gold nanostars,
resulting in a large shift in the LSPR band of the gold nanos-
tars. With high concentrations of prostate-specific antigen,
however, the high concentrations of hydrogen peroxide gen-
erated triggered the excessive reduction of silver ions into
metallic silver to form free-standing silver nanoparticles,
thereby resulting in a small shift in the LSPR band of the gold
nanostars. As a result, a limit of detection of 10−18 g mL−1

was achieved.
While much effort has been devoted to increasing

the sensitivity of LSPR bioassays, some have also investi-
gated the practicality of such LSPR bioassays, such as its
implementation in microfluidic devices for high through-
put applications as shown by Sadabadi and colleagues [96].
They investigated the in situ synthesis and immobilisation
of gold nanoparticles in polydimethylsiloxane (PDMS) chan-
nels of a lab-on-a-chip device such that the LSPR properties
of the gold nanoparticles could be used in biosensing in
microfluidic devices. The reaction time for such a reaction,
however, was long, with the saturation phase reached only
after 5 days due to the slow migration time of the reducing
agent for the reduction of gold (III) ions, which was also the
crosslinking agent in the PDMS network. The gold nanoparti-
cles synthesised in the microfluidic environment were found
to have more uniform size than those synthesised in a macro-
environment. This gave sharper gold LSPR bands and more
even coating of the antibodies onto the gold nanoparticles,
which could improve the sensitivity of the bioassay. A detec-
tion limit of 3.7 ng/mL was found when using the bioassay
to detect bovine growth hormone.

The use of natural antibodies conjugated to plasmonic
nanoparticles for immunoassays can be a problem due to
their extremely high cost and poor stability. Balamurugan
et al. [97] suggested the use of aptamers to overcome
this problem while Abbas et al. [98] proposed the imprint-
ing of artificial antibodies using organosiloxane monomers
trimethoxypropylsilane and (3-aminopropyl) trimethoxysi-
lane in the presence of a target molecule. This was
performed by modifying gold nanorod surface using p-
aminothiophenol and glutaraldehyde to attach the target
molecule. The organosiloxane monomers were then copoly-
merised onto the gold nanorod surface, followed by the
removal of the target molecule. The sensitivity was further
enhanced by the imprinting and hence the binding of the
analyte at the plasmonic hotspots of the nanorods, which
was favoured due to less coverage of the surfactant. The
linear range of the bioassay was found to be between 1
and 6 �M of neutrophil gelatinase-associated lipocalin with
a detection limit of 13 nM.

Plasmonic nanoparticles can also offer the capabilities
of manipulating and sensing biomolecules like proteins and
nucleic acids, opening up a completely new avenue for the
development of biosensing platforms. Being comparable in

size to the proteins and nucleic acids, changes in plas-
monic properties of single nanoparticles may be monitored
at single molecule level. The first attempt biosensing using
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ingle nanoparticles was reported in 2003 [99]. It was shown
hat binding of streptavidin onto biotinylated single gold
anoparticles in induced a detectable spectral shift of plas-
on resonance. Later, another report demonstrated that the
lasmon resonance Rayleigh scattering (PRRS) of individual
anoparticles are highly sensitive to changes in refractive
ndex changes, thus resulting in measurable shifts in PRRS
100]. It was further demonstrated that both antibody-
ntigen interaction can be monitored in real time at single
anoparticle level. Later, several groups reported the detec-
ion of pathogen using gold nanoparticles [101], microRNA
ith silver nanocubes [102], and protein with gold nanorods

103]. For example, Ament et al. showed that single gold
anorods can be utilised to detect proteins label-freely with
xtremely high temporal resolution [103]. The high sensi-
ivity and temporal resolution paves the way to study the
ynamic evolution of biomolecule interactions on single gold
anorod surface at single molecule level.

urface enhanced Raman scattering (SERS)

aman scattering refers to the scattering of photons that
re higher or lower in frequency as compared to the inci-
ent photon that strikes an analyte due to the vibrations
nd rotations of an analyte. A Raman spectrum is unique
o the analyte and can be used for its identification, imag-
ng and quantification. However, Raman signals are very
eak due to the extremely small scattering cross-sections
f Raman active molecules. SERS thus enhances the sensi-
ivity of Raman bioassays for qualitative and quantitative
etection of bioanalytes. Two mechanisms for the surface
nhancement of Raman scattering by plasmonic nanos-
ructures have been proposed, with the electromagnetic
nhancement being more widely accepted as the one with
he greater effect. Electromagnetic enhancement occurs
ue to LSPR of the nanoparticles concentrating the incident
ight, creating an intense local electromagnetic field. SERS
ignals are further increased when ‘‘hotspots’’ are formed,
ue to LSPR coupling of multiple nanoparticles. SERS can
e performed with or without Raman labels, with the latter
nhancing the intrinsic Raman signal of an analyte.

ERS with Raman labels
or effective enhancement of Raman signals, the control
f the size of the nanogaps in which Raman labels reside
s extremely crucial. Different methods were developed for
his purpose, for example Chen et al. using high pressure
puttering to form a silver nanoparticle film with highly
ense sub-10 nm gaps to which Raman-active molecules can
ind for the enhancement of their Raman signals [104]. The
ub-10 nm gaps were also found to be essential for the SERS
nhancement due to the roughness of the surface provid-
ng a component of the SPR such that it is perpendicular
o the surface for scattering, giving an enhancement factor
f 1000 times that of a smooth Ag surface. Taylor et al.,
n the other hand, employed the gaps between dispersed
old nanoparticles [105]. To ensure the reproducibility of
nalyte molecules precisely in these gaps of high enhance-
ent of Raman signals, Taylor used cucurbit[n]urils, a
aman-active host molecule with sub-nanometre dimension,
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Figure 8 (A) Schematic illustration of the core—shell gold nanoparticle with the nanogap and (B) enhancement in Raman signals
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or the detection of MCF-7 breast cancer cells.
dapted from [106] with permission from American Chemical S

ggregated with gold nanoparticles to give a repeatable and
xed 0.9 nm separation. Huge Raman enhancement factors
f up to 1011 were obtained. Most uniquely, Song et al.
eported the synthesis of core—shell gold nanoparticles
ith a nanoparticle-templated self-assembly of amphiphilic
lock copolymers, whereby the hydrophobic portion was
agged with a Raman label, while the hydrophilic portion
onsisting of redox active phenol groups, which subse-
uently reduces the gold precursor to form a shell (Fig. 8A)
106]. The nanogap in the sub-2 nm region can be customised
hile the confinement of the Raman reporter between the
ore and the shell instead of conjugating it to the outer
urface of the nanoparticle prevents the loss of the Raman
abel’s signal. The coupling between the core and the shell
nabled high sensitivity for SERS imaging and detection with
oncentrations as low as 30 cells/mL of MCF-7 breast cancer
ells detectable (Fig. 8B).

While Chen et al. [104], Taylor et al. [105] and Song et al.
106] reported short-range plasmonic coupling, long-range
lasmonic coupling was studied by Qian and co-workers with
aps of up to 60 nm between gold nanoparticles for target
NA hybridisation [107]. By functionalising gold nanopar-
icles with malachite green, the reporter molecule, and
hen capture probes, SERS contrast ratios of 40—50 can be
chieved. This suggests that SERS can be used in future to
etect large molecules given than plasmonic coupling is not
imited to short-range.

Manipulating the morphologies of plasmonic nanoparti-
les was also found to be a common strategy for enhancing
ERS intensities, as investigated by Li et al. for both silver
108] and gold nanoparticles [109]. In the latter approach,
old nanospheres and gold nanostars were each covered
ith a layer of malachite green isothiocyanate and a layer
f silicon dioxide. The modified gold nanospheres were

espectively coupled with a planar gold film and a gold tri-
ngle nanoarray while the modified gold nanostars were
oupled with a gold triangle nanoarray. Immunoglobulin G
as then detected using a sandwich immunoassay involving

a
t
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y.

he coupling of the gold nanoparticles and gold nanos-
ructures, with the modified nanoparticles conjugated to
he detection antibody while the nanostructure array was
onjugated to the capture antibody. The modified gold
anostars on the gold triangle array showed the strongest
ERS intensity, largely due to the increased probability of
SPR coupling. Such a bioassay gave a wide linear range from
.1 pg/mL to 10 ng/mL and a low detection limit of 7 fg/mL
or Immunoglobulin G. Furthermore, unique morphologies
f silver nanoparticles were created by anisotropic etching
f octahedral silver nanoparticles as reported by Mulvihill
t al. [110]. Etching occurs largely in the (100) faces to form
tched octahedral structures at low etchant concentrations
nd octapod structures at higher etchant concentrations
Fig. 9A). The etched octahedral structures gave the best
nhancement at 633 nm excitation for single particle SERS
pectroscopy, resulting in 5- to 50-fold increases in the
ERS intensity of benzenethiol for the etched octahedral
tructures as compared to the parent octahedral structures
Fig. 9B). This was attributed to the unique interparti-
le gaps created upon etching, which allowed the etched
anoparticles, comprising of the etched octahedral and
ctapod structures, to perform as single nanoparticle SERS
ubstrates.

On the other hand, stimuli-responsive SERS was found
o be extremely important in bioassays applications. Stim-
li includes both the responsivity of the bioassay to pH, as
hown by Qian et al. [111], as well as to the analyte, whereby
aman enhancement was turned off and on as shown by Fab-
is et al. [112]. Qian fabricated a SERS bioassay whereby
he Raman signals were stimuli-responsive, specifically pH-
esponsive [111]. Thiolated block copolymers made up of

pH-responsive segment of polymethacrylic acid (PMAA),
n amphiphilic segment of polyethylene glycol and a lipoic

cid for binding to gold nanoparticles were conjugated onto
he gold nanoparticles with Raman reporters attached. At
H above 3, the copolymers were expanded due to their
egatively charged carboxylic groups, causing PMAA to be
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Figure 9 (A) Scanning electron microscopy images of octahedral silver nanoparticles (left), etched octahedral nanoparticles
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(middle) and octapod structures (right) and (B) the enhanceme
Adapted from [110] with permission from American Chemical So

hydrophilic. However, at pH below 3, the PMAA groups
become neutral, slightly hydrophobic and condensed. The
amphiphilic polyethylene glycol groups were able to interact
with the PMAA groups, further condensing the copolymer.
The nanoparticles were thus closely aggregated, resulting
in greatly enhanced SERS intensities by 30 to 35 times.

A turn-on/turn-off bioassay was fabricated by Fabris
et al. using a PNA-based SERS method for the detection of
complementary DNA [112]. Such a bioassay did not require
the prefabrication of metallic nanostructures. In the pres-
ence of target DNA complementary to the PNA immobilised
on a glass slide, target DNA hybridises, creating a net neg-
ative charge layer on the slide. Positively charged silver
nanoparticles coated with dimethylaminopyridine then bind
preferentially to the negatively charged slide, followed by
the soaking of the slide in a Raman reporter solution. Raman
enhancement was thus observed only in the presence of the
target DNA, as the PNA slide without the target DNA is neu-
tral and does not bind the silver nanoparticles. Excellent
differentiation between the slide containing the target DNA
and the slide without the target DNA was obtained.

Label-free SERS
Opto-fluidic chips have been used for the label-free detec-
tion of biomolecules. The intense SERS properties of
plasmonic nanoparticles make them attractive for the mod-
ification of such opto-fluidic chips. However, the addition of
plasmonic nanoparticles into the flow with the biomolecules
lowers the reproducibility of the method due to the non-
uniform spacing or the aggregation of the nanoparticles.
Oh et al. thus reported the simple fabrication of sil-
ver coated micro-channel by evaporating silver onto the
entire microchip surface, before removing those outside
the microfluidic channels with adhesive tape [113]. The
uncoated PDMS surface then facilitates the binding of the

channel onto the glass plate by oxygen plasma, with the
oxygen plasma also converting the silver film to silver
nano-probes, increasing the roughness and thus increas-
ing the intensity of SERS. Such a bioassay allowed the

L

a
L

SERS intensities in etched octahedral and octapod structures.
y.

uantitation of dopamine by SERS. Kumar et al. reported
he opto-fluidic sensing of 4-mercaptopyridine using peri-
dic suspended Ag nanohole arrays (Fig. 10A), achieving
aman enhancement factors of up to 107 for the sens-

ng of 4-mercaptopyridine and benzenethiol [114]. To tune
he surface plasmon resonance for maximum enhance-
ent of Raman signals, sucrose solution of an appropriate

oncentration was applied such that the SPR peak was
hifted to 785 nm, which is equal to the frequency of
he laser applied. The application of hydrophilic silica
n one side of the chip allowed the solution to flow
hrough the nanoholes (Fig. 10B), which could be applied
or even more sensitive detection of 4-mercaptopyridine
s 4-mercaptopyridine contains a thiol group, allowing it
o be covalently immobilised or physically adsorbed on the
lasmonic hotspots. This gave a very low detection limit of
72 amol.

In the targeting and sensing of biomolecules in solution,
ne important challenge would be to enable two distinct
nd powerful capabilities to operate with the same plas-
onic particles, whereby the combination of LSPR with

omplementary molecular identification through SERS and
ther identification techniques would increase the reliabil-
ty of the bioassays. Potara et al. reported the simultaneous
se of both LSPR and SERS using chitosan-coated trian-
ular silver nanoparticles [115]. Such nanoparticles were
sed to detect both adenine and para-aminothiophenol (p-
TP) via LSPR and SERS. The improvement in stability of
he triangular silver nanoparticles due to the deposition
f chitosan was shown by the lack of aggregation and the
etectable redshift of the triangular silver nanoparticles
n the in-plane dipolar plasmonic band after p-ATP was
dded. The triangular silver nanoparticles without chitosan
oating, however, immediately aggregated after the addi-
ion of p-ATP. Binding of adenine also led to a redshift in the

SPR band.

Joshi et al. investigated the photo-isomerisation of
zobenzenes attached on gold nanoprisms with both
SPR and SERS [116]. The photo-reversible cis to trans-
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Figure 10 (A) The principal steps of the fabrication of silver nanohole arrays and (B) application of hydrophilic silica on one side
for flow through of solution through nanoholes.
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somerisation of attached azobenzene molecules resulted
n a 0.6 nm increase in the thickness of the dielectric
ayer, which was amplified to produce an unprecedented
arge LSPR wavelength shift of up to 21 nm. Such a large
hift was due to the high sensitivity of the nanoprisms to
hanges in thickness of the local dielectric layer. Plasmonic
nergy transfer between the nanoprisms and azobenzene
olecules also contributed to the LSPR shift. SERS was used

o investigate the effect of the azobenzene molecule’s con-
ormational change and its photo-reversibility. The SERS
ntensity of the cis conformation was found to be higher
han that of the trans-conformation which could be due
o the stronger electromagnetic interaction between the
anoprisms and azobenzene molecules in the cis conforma-
ion as the cis isomer is 0.6 nm closer to the surface than
he trans-isomer.

Being characteristic of molecules, Raman spectra can
erve as fingerprints of many molecules since they origi-
ated from a wide range of vibration modes. Unfortunately,
he low intensities of Raman signals largely deter Raman
pectroscopy to be in biomedicine. The discovery of SERS
n the 1970 has offered a good opportunity to significantly
nhance the sensitivity of Raman spectroscopy. For SERS fin-
erprinting, plasmonic nanoparticles and nanostructures are
ften used because hot spots can be conveniently and repro-
ucibly produced [117]. Recently, Casella et al. presented a
ilver nanoparticle-based SERS procedure for fingerprinting
arotene and haemoglobin in whole blood [118]. Repre-
entative SERS features of carotene and haemoglobin were
dentified. In addition, the oxygenation state of haemoglobin
as also identified, demonstrating the potential of fin-
erprinting biomolecules in a whole blood with no or
ittle sample pre-treatment. In another report, a one-pot
ynthetic procedure for the preparation of noble metal
anoparticles@mesoporous silica SERS substrate was pre-
ared which was then applied to fingerprint bacteria [119].
n the other hand, SERS was utilised to probe unlabelled
ucleic acids with silver nanoparticles as SERS substrates

n microfluidic platforms [120]. Micro-molars of nucleic
cids in microliters was unambitiously identified. Likewise,
microfluidic platform in conjunction with silver nanopar-

icles was proposed for sensitive, real-time fingerprint

r
o
i
i

y.

etection of Carbofuran and Alachlor at concentrations as
ow as 5 ppb [121].

Bioassays utilised plasmonic nanoparticles offer possibili-
ies to improve the sensitivity, opening up new prospects for
olecular diagnostics. In all cases, the plasmonic nanopar-

icles are the most critical component in these assays.
imple and robust synthetic procedures that are capa-
le of reproducibly producing plasmonic nanoparticles with
recisely define composition and dimension remain to be
ully realised. Although some plasmonic nanoparticles have
ingle-molecule sensitivity, the requirement of sophisticated
nd bulky instruments primarily limits their applications
n centralised laboratories. In this regard, point-of-care
pplications of plasmonic nanoparticle-based bioassays will
robably be dominated by colorimetric methods in the com-
ng years. However, it is expected that automation and the
ntegration of plasmonic nanoparticle-based bioassays with
icrofluidic platforms and portable optical technologies will

ventually revolutionise healthcare industry.

herapy

any therapeutic applications of plasmonic nanoparticles
ave been proposed such as photothermal therapy, photody-
amic therapy, drug delivery, diagnosis and even alter gene
xpression. The following section will review the progress
f plasmonic nanoparticles in therapy with representative
xamples illustrating their operating principles.

hotothermal therapy

hotothermal therapy is the most common application of
lasmonic nanoparticles for therapy. Photothermal ther-
py refers to the irradiation of cells containing plasmonic
anoparticles with near-infrared radiation, whereby the
bsorbance of such radiation by the plasmonic nanoparti-
les with surface plasmon resonance in the near-infrared

egion leads to nanoscale heating of the environment as the
scillations of the nanoparticles decay [122,123]. Such heat-
ng is particularly effective for cancer cells due to their
ncreased susceptibility of tumour vascular structures to
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increased temperatures of between 40 and 44 ◦C due to
low pH and different environmental conditions of tumour
cells, for example low oxygen conditions. Gold nanorods are
especially suitable for photothermal therapy due to their
tuneable longitudinal plasmon band which is in the near-
infrared region [124]. The use of the gold nanorods for
photothermal therapy has thus been extensively researched,
with the most effective length of the gold nanorods deter-
mined [125]. However, photothermal reshaping of the gold
nanorods occurs at high temperatures according to the
curvature-induced surface diffusion model as reported by
Taylor et al. [126]. Experimentally, the gold nanorods with
higher aspect ratios were observed to undergo greater
extent of reshaping due to their decreased thermodynamic
stability, with the gold nanorods of higher aspect ratios
reshaping at temperatures below the bulk melting temper-
ature. Research has thus been done to generate alternative
nanostructures as well as improve both the photother-
mal conversion efficiency of the gold nanostructures and
the uptake of these gold nanostructures by the cancer
cells.

Improving the photothermal conversion efficiency
Two main strategies have been proposed in improving the
photothermal conversion efficiency of gold nanostructures:
the generation of new nanostructures and the coupling to
improve photothermal conversion efficiency.

New nanostructures have been fabricated using unique
synthetic methods to improve their photothermal conver-
sion efficiency. Studies have shown that gold nanorods of
an appropriate dimension (28 nm × 8 nm) are most effec-
tive for plasmonic photothermal therapy amongst individual
gold nanoparticles such as nanospheres, nanoshells and
nanorods [125,127—131]. Huang et al. further demon-
strated that hierarchically assembled of gold nanoparticles
allow LSPR to be fine-tuned in the near-infrared (NIR)
region for enhanced photothermal conversion efficiency
[132]. As shown in Fig. 11, biodegradable poly(ethylene
glycol)-b-poly(�-caprolactone) coated gold nanoparticles
are capable of forming nanovesicles (BGV) of densely packed
gold nanoparticles which induce strong plasmonic coupling
between adjacent gold nanoparticles, thus displaying a
photothermal conversion efficiency of 37%. Nonetheless,
plasmonic nanostructures with photothermal therapeutic
applications have one property in common: they have
high near-infrared absorption [133]. This is because human
tissues absorb strongly in the visible region but not in
the near-infrared region [134]. Having high near-infrared
absorption ensures that the plasmonic nanostructures, when
injected into the body for treatment, are able to exert
their photothermal effect as near-infrared laser radiation
can reach the site where the plasmonic nanostructures are,
with minimal loss of radiation due to tissue absorption. This
was demonstrated by Ye et al. [135] and Huang et al. [136].
The former employed gold nanocrosses which were synthe-
sised by growing along both the 〈110〉 and 〈001〉 planes.
This was done by breaking the face-centred-cubic symme-

try of gold nanoparticles through copper-induced formation
of single and double twins. The gold nanocrosses exhibited
significant near- and mid-IR LSPR, and theoretical simu-
lations revealed that the entire nanocross is excited as

t
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ong as one of the branches is exposed to incident light,
aking the nanocrosses ideal for photothermal therapy.
he near-IR absorption of the gold nanocrosses led to the
fficient photothermal death of cancer cells. Using two-
hoton fluorescence, the photothermal process was also
tudied, whereby at 30 s with a laser power of 4.2 W/cm2,
he cell membranes of the cancer cells treated with the
old nanocrosses shrank substantially, eventually collapsed
ith the gold nanocrosses forming agglomerates. Huang
t al. reported the synthesis of a unique gold bellflowers
sing a liquid-liquid-gas tri-phase system for photoacoustic
maging-guided photothermal therapy [136]. The photother-
al conversion efficiency of 74% was much higher for the

old bellflowers than those of other gold nanostructures
ue to the multi-branched petals which enhanced the local
lectromagnetic field and the long narrow gaps between
he petals that facilitated plasmonic coupling. The pho-
oacoustic signal intensity was also stronger for the gold
ellflowers than that of gold nanorods or gold nanostars
ue to the higher photothermal conversion efficiency of the
old bellflowers and the bell-shaped nanostructure that can
mplify photoacoustic signals.

Another strategy is to induce coupling to improve the
hotothermal efficiency of the gold nanoparticles. This
ould be done by coupling with other materials, for exam-
le reduced graphene oxide as reported by Turcheniuk
t al., whereby covalent binding of reduced graphene
xide modified with polyethylene glycol onto gold nanorods
nhances their photothermal effect [137]. This was then
pplied for the specific killing of a uropathogenic strain of
scherichia coli at lower power intensities, which can pos-
ibly be adopted for the subsequent antibody-free killing
f microbes. Plasmonic coupling of gold nanoparticles sur-
ace plasmon resonance is another strategy for coupling,
ausing the absorption peak of the coupled gold nanoparti-
les to be in the near-infrared region and the near-infrared
bsorption of the gold nanoparticles to be enhanced. This
as demonstrated by Yin et al. with one-dimension chain-

ike nanostructures made up of gold nanoparticles which
ere subsequently coated with silica [138]. Their suitabil-

ty for photothermal therapy was due to their longitudinal
lasmonic band at 690 nm, which was in the near-infrared
ange. Dual plasmonic structures like the gold-Cu9S5 struc-
ures, investigated by Ding et al., also showed improved
ano-heating as compared to Cu9S5 structures due to the
0% increase in molar extinction coefficients provided by
he gold nanoparticles [139]. With a LSPR band at 1100 nm,
he gold-Cu9S5 structures offered greater tissue penetra-
ion depth than structures with LSPR bands in the infrared
egion of 700—950 nm. He et al., on the other hand, pro-
osed the synthesis of plasmonic vesicles using amphiphilic
lock copolymers conjugated on the surface of gold nanopar-
icles [140]. By adding water, the gold nanoparticles with the
mphiphilic block polymers self-assembled into micelle-like
tructures, resulting in plasmonic coupling and giving strong
ear-infrared absorption, especially with gold nanoparticles
f having a diameter of 40 nm. The strong near-infrared
bsorption made such vesicle structures useful for pho-

othermal therapy, as shown by the low cell viability of
.2 ± 3.4% in 4T1 cancer cells incubated with the vesicles
nd illuminated with a near-infrared laser. In vivo studies
n mice with 4T1 tumours showed that tumours treated with
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Figure 11 (A) SEM images of gold nanovesicles (GVs), BGV1, BGV2, and BGV3, (B) UV/Vis/NIR spectra of gold nanoparticles (GNPs),
GVs, BGVs (the LSPR of BGVs was tuned by varying the GNP concentration), (C) temperature elevation of aqueous solutions of GNPs,
gold nanorods (GNRs), GVs and BGVs exposed to laser irradiation (1 W/cm2) as a function of irradiation time (pure water was used
as a negative control) and (D) photothermal conversion efficiencies of BGVs, GVs, GNRs, and gold nanoshells (GNSs).
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dapted from [132] with permission from Wiley-VCH.

he vesicles and the near-infrared laser had the tumour com-
letely removed.

mproving uptake of plasmonic nanostructures
ost studies for photothermal applications involve laser irra-
iation greater than the maximum permissible exposure for
kin, which should be avoided under any circumstances.
his can be improved with more efficient uptake of the
lasmonic nanoparticles, as shown by Mehdizadeh et al.
ith folate-conjugated gold nanorods [141] or Yuan et al.
y the modification of gold nanostars with cell-penetrating
eptides [142], specifically the trans-activator of tran-
cription (TAT) peptide from the human immunodeficiency
irus type 1. The gold nanostars are also excellent pho-
othermal inducing agents due to their tuneable plasmon
and in the near-infrared region, their high absorption-
o-scattering ratio and their multiple sharp edges. Thus,
oth the optimal properties of the gold nanostars as
ell as the improved cellular uptake of TAT-modified
old nanostars allowed effective photothermal lysis of
ancer cells at the lowest reported laser irradiance of
.2 W/cm2.
mproving antibacterial properties
odification of gold nanostructures for improved antibac-

erial properties was also reported for killing of bacterial

P
M
n

ells. This was performed by Fasciani and co-workers
ith core—shell gold-silver nanostructures stabilised with
spartame, with the gold core serving as an efficient pho-
othermal agent and the silver shells having antibacterial
roperties like silver nanoparticles [143]. The minimum
nhibitory concentration was decreased drastically for the
ore—shell gold-silver nanostructures stabilised with aspar-
ame as compared to pure gold nanoparticles due to the
ntibacterial effect of the silver shells. Furthermore, the
hotothermal activity of the gold-silver nanostructures was
emonstrated by the complete killing of the bacterial cells
nder laser illumination as compared to incomplete killing
n the dark. The gold-silver nanostructures were also found
o have no effect on the cell viability of human dermal
broplasts while killing the bacterial cells as compared to
he lowering of cell viability by silver nanoparticles due
o the release of Ag+ ions, showing the advantage of the
ore—shell gold-silver nanostructures over silver nanoparti-
les as antibacterial agents.

rug delivery
lasmonic nanoparticles can also serve as drug carriers.
any mechanisms exist for the employment of plasmonic
anoparticles to assist drug delivery: these have been
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Figure 12 (A) Schematic illustration of the photothermal-heating induced opening of the nano-valves and (B) TEM image of drug
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release due to laser irradiation at 100 mW.
Adapted from [149] with permission from American Chemical So

divided into mechanisms not requiring external stimuli for
drug release and mechanisms that only release the drug upon
the application of an external stimulus, commonly laser light
[144]. In the latter case, both photothermal therapy and
drug delivery are often used simultaneously [145].

Mechanisms not requiring external stimuli include drug
delivery triggered by a pH change, as reported by Song et al.
whereby hollow plasmonic vesicles containing doxorubicin
in the core and fabricated with amphiphilic gold nanoparti-
cles released the drug upon encountering acidic pH in the
early endosomes or late endosomes/lysosomes [146]. These
amphiphilic gold nanoparticles were synthesised by the mod-
ification of the gold nanoparticle surface with polyethylene
glycol brush, a pH-sensitive polymer and a Raman reporter.
SERS signals were used to visualise the assembly and disinte-
gration of the plasmonic vesicles, whereby self-assembly of
the plasmonic vesicles occurred at pH 7.4, which exhibited a
SERS enhancement factor of 7.2 × 104, while at an acidic pH
of 5.0, the plasmonic vesicles were dissolved, resulting in a
34-fold decrease in SERS intensities. Specific endocytosis of
the vesicles by breast cancer cells was achieved by attach-
ing the vesicles to an antibody to target the breast cancer
cells.

Mechanisms requiring external stimuli often involve the
application of laser irradiation, which triggers the pho-
tothermal effect of gold nanoparticles, increasing local
temperature and releasing the drug. Different mechanisms
were developed, most involving the breaking of bonds
triggered by the increase in temperature due to the pho-
tothermal effect [147—149]. The simplest is the direct
conjugation of anticancer drugs onto the surface of the gold
nanoparticles, as shown by Xu et al. [147]. Salinomycin was
loaded onto the surface of polyelectrolyte-modified gold
nanorods through electrostatic adsorption and applied to
MCF-7 breast cancer cells for laser-triggered delivery of
the drug in cancer stem cells, decreasing the cell viabil-

ity of cancer stem cells (aldehyde dehydrogenase-positive
cells) to zero while total cell viability of both cancer
and non-cancer stem cells was at 18%. Such a strategy is
promising as by preferentially killing the cancer stem cells,
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he resistance of cancer stem cells to cancer treatment
an be overcome. Intercalation bonds between hairpin DNA
nd doxorubicin were employed for the targeted deliv-
ry of doxorubicin to leukaemia cells as demonstrated by
uo et al. [148]. Gold nanoparticles conjugated to a DNA
ptamer for targeting leukaemia cells and a hairpin DNA
ich in cytosine and guanine for the attachment of doxoru-
icin allowed the light-activated drug release due to the
old nanoparticles heating up on the surface when they were
rradiated, which melts the hairpin DNA and results in the
elease of doxorubicin. Croissant et al. proposed the use
f non-covalent interactions between a stalk and cucurbi-
uril ring to control pore opening and closing of mesoporous
ilica nanoparticles containing an anticancer drug [149].
he stalk and the cucurbituril ring formed nano-valves,
ith the stalk attached to the mesoporous silica nanoparti-
les (Fig. 12A). The non-covalent interactions between the
mmonium groups of the stalk and the carbonyl groups of the
ucurbituril ring were activated by a temperature change,
hereby the rings stay attached to the stalk at 25 ◦C, which
loses the pores, but they were removed from the stalk
t 60 ◦C, causing the pores to be opened and hence drug
o be released (Fig. 12B). Such a temperature change was
ctivated by near-infrared laser, which caused the heat-
ng of the environment due to the photothermal effect of
he gold nanoparticles embedded in the silica nanoparti-
les.

To enhance the effect of drug delivery by the plasmonic
anoparticles, another strategy has also been developed: to
mploy the body’s inbuilt mechanisms for enhancing drug
elivery. This is a novel way of enhancing drug delivery
ithout the need for complicated mechanisms to ensure

ight-triggered drug delivery. On the other hand, body mech-
nisms vary from person to person, and thus could be less
eliable. One of such mechanisms is the use of endocy-
osis, as elegantly demonstrated by Lukianova-Hleb [150].

lasmonic nano-bubbles were formed due to the strong
bsorption of light by the LSPR of the plasmonic nanopar-
icles. As a result of the LSPR decay, temperatures of
he water medium around the gold nanoparticles increase,
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Figure 13 Tumour volume in mice treated with all four
treatments (red), with chemoradiation (blue), plasmonic nano-
bubbles alone (orange) and control (black).
Adapted from [150] with permission from Nature Publishing
Group.
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Photodynamic therapy, unlike photothermal therapy, trig-
gers the generation of reactive oxygen species to kill cells,
ausing superheating and generating vapour-bubbles. This
esults in rupturing of the cell or co-localised liposomes.
y targeting both gold nanoparticles and liposomes con-
aining either doxorubicin or paclitaxel in cancer cells and
chieving co-localisation of the gold nanoparticles and drug-
oaded liposomes by receptor-mediated endocytosis, either
upturing of the cell by the photothermal effect or ruptur-
ng of drug-loaded liposomes occurs when cancer cells were
lluminated with a laser. This effect is further enhanced
y clustering of the gold nanoparticles, which causes plas-
onic coupling. Also, by applying X-ray at the site of drug
elivery, amplification of X-ray by the gold nanoparticle
lusters at the site of drug release also increases the effi-
iency of the drug. The synergism of these four effects,
he encapsulated drug in the liposome, the X-ray amplifi-
ation, the near-infrared laser pulse and the colloidal gold
anoparticles, resulted in a 17-fold increase in the thera-
eutic effect on highly aggressive cancer cells after a single
dministration after a week as compared to chemo-radiation
Fig. 13). Wang et al. elucidated the effect of highly
ocalised heat generated by the plasmonic nanoparticles,
pecifically silica-coated gold nanorods, on drug-resistant
ancer cells, specifically doxorubicin-resistant cells [151].
yperthermia of doxorubicin-resistant cells increased their
ensitivity to doxorubicin, decreasing the concentration
f doxorubicin required to halve their population from
58 �M to 12.7 �M. Its mechanism can be explained as such:
ighly localised heat is generated upon radiation by the
old nanorods. Doxorubicin-resistant cells, which normally
nduce an efflux of doxorubicin through Pgp proteins, were
bserved to increase doxorubicin uptake of up to 8-fold
n 12 h. This was found to be due to firstly the trigger
n the heat shock factor trimers production, which com-
etes with the transcription factor of the pathway for
he synthesis of Pgp, leading to decreased Pgp production
nd thus decreased export. Also, mutant p53 levels were
ecreased due to the photothermal treatment, leading to
ncreased susceptibility of the doxorubicin-resistant cells to

poptosis as the anti-apoptotic activity of mutant p53 was
ecreased.

i
b
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iagnosis of cancer

iagnosis of cancer and photothermal therapy can also be
erformed simultaneously using Raman signals, as shown
y Yang et al. with gold-silver core—shell structures [152],
hen et al. with gold nanorattles [153] and Nergiz et al.
ith graphene oxide modified-gold nanostars [154]. The
old nanorattles used were hollow nanoparticles with gold
anoparticle cores coated with Raman reporter middle
hells and then outer shells made of gold. The gold
anorattles were then covalently conjugated to an anti-
ody targeting the estrogen receptor for internalisation as
strogen receptors were overexpressed on the surface of
reast cancer cells. This gave strong SERS signals for inter-
alised gold nanorattles as shown by transmission electron
icroscopy, allowing for the identification of breast cancer

ells. More extensive cellular damage was also observed for
ells incubated with the gold nanorattles modified with the
ntibody rather than gold nanorattles that had polyethy-
ene glycol on their surface upon laser radiation, showing
hat the antibody-modified gold nanorattles were effec-
ive in photothermal treatment of the cancer cells. Nergiz
t al. took this one step further by omitting the need
or a Raman reporter with graphene oxide-modified gold
anostars, with the graphene oxide offering intrinsic Raman
etection, increased stability of the plasmonic composite
s well as internalisation of the gold nanostars by epithelial
reast cancer cells, thus allowing for simultaneous diagnosis
nd photothermal therapy of cancer cells [154].

ltering gene expression

he photothermal therapeutic effect of plasmonic nanopar-
icles can not only be used for killing cancer cells, but also
or the modification of gene expression in cells as demon-
trated by Kalies et al. [155] and Martin-Saavedra et al.
156]. Martin-Saavedra et al. reported the incorporation
f hollow gold nanostructures into fibrin hydrogels for the
atterning of transgene expression in cells [156]. The pat-
erning of transgene expression was both demonstrated in
n vitro assays with mice cells and in vivo assays within
he mice. This was performed by first genetically modifying
ells by the addition of a firefly luciferase gene conju-
ated to a heat-activated, dimeriser-dependent gene switch
nd then adding the fibrin hydrogels containing the hol-
ow gold nanoparticles. These cells were then treated with
apamycin to trigger dimerisation and near-infrared irradia-
ion to heat up the cells. Bio-fluorescence was then observed
t the location of the near-infrared radiation. Furthermore,
y re-administering rapamycin and applying near-infrared
adiation again, bio-fluorescence was again observed. The
otential for patterned transgene expression demonstrated
n this article opens up possibilities for triggering transgene
xpression at the site required for therapy.

hotodynamic therapy
n particular cancer cells [157]. Photodynamic therapy can
e performed with the coupling of photo-sensitisers with
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[3] E. Boisseliera, D. Astruc, Chem. Soc. Rev. 38 (2009) 1759.
[4] M. Larguinho, P.V. Baptista, J. Proteomics 75 (2012) 2811.
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plasmonic nanoparticles as demonstrated by Fales et al.
with a cell-penetrating peptide, TAT, to modify gold nanos-
tars for enhanced photodynamic effects and increased
enhancement of Raman signals [158], and Shi et al. with
photosensitiser-attached gold nanorods for the specific pho-
todynamic therapy of cancer cells [159]. Photo-sensitisers
convert dioxygen into singlet oxygen upon irradiation. As
investigated by Shi and co-workers [159], AlPcS4, the pho-
tosensitiser, attached to the gold nanorods is close enough
to the gold nanorods such that the AlPcS4 conjugated to the
gold nanorods were non-phototoxic as their close proximity
to the gold nanorods entails transmission of energy from the
photo-sensitisers to the gold nanorods. With near-infrared
radiation however, the AlPcS4 was released. A high power
density coupled with low power density mode was adopted
because such an approach allowed for the specific killing of
cells containing the gold nanorod-AlPcS4 conjugate as the
initial short duration of high power density laser allows for
speeding up of the release of AlPcS4 from the gold nanorods
while the subsequent low power allows for prolonged pho-
todynamic therapeutic effects through the gradual release
of AlPcS4. Cell viability, however, remained high for nor-
mal cells which take up free AlPcS4 due to insufficient laser
power and low cellular concentrations, leading to specific
death of cancer cells containing gold nanorod-AlPcS4 conju-
gates.

Photodynamic therapy of cancer cells can also be per-
formed without photosensitizers as shown by Kumar et al.
with gold core-petal nanoparticles, which were generated
through the Au(III)-induced oxidation of the catechol groups
on polydopamine which was homogeneously assembled on
the surface of gold nanoparticles [160]. Partial removal of
the polydopamine layer on the gold nanoparticles causes
preferential growth along the petal nanostructures. Such
core-petal nanoparticles were found to have both pho-
tothermal effects, as shown from its high photothermal
conversion efficiency of 32%, and high photodynamic effect,
as shown from the large generation of singlet oxygen as com-
pared to gold nanoparticles. This indicated that the petal
length and density is essential for singlet oxygen production.
An increase in the number of protruding petals was found to
decrease cell viability as shown by nanoparticles with the
greatest number of and longest petals, which killed nearly
all cells despite an increase in temperature only until 42 ◦C.
The percentage contribution of reactive oxygen species in
causing cell death was found to be 88% as measured by the
addition of ascorbic acid, an anti-oxidant, while the remain-
ing 12% was due to photothermal effects.

The rapid progress of therapeutic applications of plas-
monic nanoparticles has offered ample opportunities in
biomedicine. However, besides the obvious benefits brought
about by plasmonic nanoparticles, their pharmacokinetics,
pharmacodynamics, toxicity and ultimate fate in biolog-
ical systems remains poorly understood. Recent studies
have indicated that plasmonic nanoparticles could dramat-
ically affect epigenetic processes [161—163]. For example,
gold nanoparticles were found to significantly alter both
gene [161] and microRNA expressions [163]. Mouse foetal

lung and liver have significantly up-regulated miR-183 after
exposure to gold nanoparticles and up-regulated miR-183
expression was found to be close associated with lung
cancer incidence [164]. It is therefore vital to thoroughly
185

ssess their adverse effects before proceeding with clinical
rials.

onclusion and prospects

n this article, the plasmonic properties of nanostruc-
ures and nanoparticles have been shown to give rise to

wide range of phenomena, including but not limited to
etal-enhanced fluorescence, SPR, SERS and photothermal

nd photodynamic properties. In particular, an overarching
heme of plasmonic coupling has been a strategy in bioas-
ays and therapy, for the enhancement of these effects.
ach of those phenomena has its own strengths and weak-
esses, with the colourimetric method of detection using
ocalised surface plasmon resonance easily constructed and
etectable with the naked eye. However, sensing using sur-
ace plasmon resonance usually has a lower sensitivity than
etal-enhanced fluorescence and SERS due to some degree

f the non-specific nature of surface plasmon resonance
ensing. SERS allows for the molecular identification of bio-
nalytes, which fluorescence and surface plasmon resonance
o not provide for. This article has also shown the appli-
ation of the phenomena to biomedical applications such
s bioassays and therapy. However, much still needs to be
one to improve the speed and accuracy as well as lowering
he cost of such bioassays. Even though single nanoparti-
le bioassays have already been reported, their sensitivity
an be further increased by the control of their shape, size
nd surface chemistry. Single nanoparticle bioassays can
lso be applied for the sensing of a wider range of bioan-
lytes or even tip-enhanced Raman scattering, allowing for
io-analyte identification. Also, for successful application
f the plasmonic nanoparticles in therapeutic applications,
he distribution and long-term toxic effect of the plasmonic
anoparticles must be thoroughly evaluated since most of
he metal plasmonic nanoparticles like gold and silver are
airly stable and non-biodegradable. The elimination of such
lasmonic nanoparticles when applied for biosensing pur-
oses must also be carefully studied. The development of
on-metal and biodegradable plasmonic materials may offer
n attractive alternative [144]. Nevertheless, the potential
f the plasmonic properties of nanoparticles in improv-
ng sensitivities of bioassays and cancer therapy efficiency
uggests that the field of the plasmonic nanoparticles for
iomedical applications remains promising.
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