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a b s t r a c t

Noble metal nanoparticle-based localized surface plasmon resonance (LSPR) is an advanced and powerful
label-free biosensing technique which is well-known for its high sensitivity to the surrounding refrac-
tive index change in the local environment caused by the biomolecular interactions around the sensing
area. The characteristics of the LSPR effect in such sensors are highly dependent on the size, shape and
nature of the material properties of the metallic nanoparticles considered. Among the various types of
metallic nanoparticles used in studies employing the LSPR technique, the use of gold nanorods (GNRs)
has attracted particular attention for the development of sensitive LSPR biosensors, this arising from the
unique and intriguing optical properties of the material. This paper provides a detailed review of the key

underpinning science for such systems and of recent progress in the development of a number of LSPR-
based biosensors which use GNR as the active element, including an overview of the sensing principle,
the synthesis of GNRs, the fabrication of a number of biosensors, techniques for surface modification of
GNRs and finally their performance in several biosensing applications. The review ends with a consider-
ation of key advances in GNR-based LSPR sensing and prospects for future research and advances for the
development of the GNR-based LSPR biosensors.
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. Introduction

Biosensors have been continuing to play an important role
n many scientific fields including clinical diagnostics, medical
evelopments, illicit drug detection, food quality and safety, and
nvironmental monitoring [1]. Their importance is seen in that
ach is a multi-billion dollar areas of activity and vitally impor-
ant for the well-being of people the world over. A biosensor can
e defined as an analytical device which comprises two basic com-
onents: a recognition unit used to capture the specific target, and
transducer that can convert the subtle biomolecular interactions

nto the quantifiable signal [2], which is usually electrical in nature.
owever, recent developments have seen an enormous growth in
iosensors based on optical transducer principles, such as those
sing techniques such as fluorescence [3–5], surface plasmon reso-
ance (SPR) [6–8] and chemiluminescence [9,10], which have been
eveloped for a wide range of applications. Among the various
ptical biosensors reported in the literature, SPR-based biosensors
how a number of significant advantages over conventional sen-
ors, including ultra-high refractive index sensitivity, fast sensor
esponse, real-time detection, and a label-free technique. In addi-
ion, the advanced nature of SPR imaging (SPRi) technology not only
etains these advantages of classical SPR sensing, but also allows the
etection of target molecules on a biosensor chip to be visualized

n real-time by using a CCD camera [11]. Thus SPR biosensors have
een studied extensively and developed and commercialized in
he past three decades in particular. SPR is an optical phenomenon
here the surface conductive electrons of bulk metal oscillate col-

ectively at their resonant frequency, and the electron oscillations
ropagate along the metal-dielectric interface and decay exponen-
ially into both media [12]. However, in order to fabricate a SPR
ensor chip, sophisticated instrumentation such as a sputter coater
r vacuum evaporator is normally required to coat the noble metal
lm on the surface of an optical substrate, such as a prism and
n optical fiber, to excite SPR. In addition, most commercial SPR
nstruments, such as the well-known BiacoreTM series, are normally
xpensive and bulky, which limits the extent of their applications.

In recent years, biosensors based on localized surface plasmon
esonance (LSPR), which is also a SPR phenomenon but exists in
etallic nanoparticles (MNPs) rather than bulk metal, has attracted
ore and more attention. The physical properties of the noble
etals change enormously from what is usually familiar when

he size of these metal particles is on the nanoscale level and
maller than the wavelength of the light used to illuminate them
13,14]. A particularly striking example is that the color of gold in
he nanoworld is no longer the familiar ‘gold color’ but it can be
s colorful as a rainbow, as shown in Fig. 1. Here gold nanorods
GNRs), with various aspect ratios and suspended in aqueous solu-
ions, display a range of different colors. The SPR phenomenon also
hanged from SPR to LSPR when the bulk metal film was replaced by
NPs to excite SPR. Here the properties of LSPR are highly depend-

nt on the material used and the size and shape of the metallic
anoparticles involved [14]. By manipulating these parameters, the
SPR wavelength can conveniently be tuned throughout the visi-
le, near-infrared, and into the infrared region, allowing the LSPR

ensor to be constructed for particular applications where a specific
avelength is desired. Compared to SPR sensors, LSPR sensors are

f more flexible design and lower cost in terms of sensor fabrication,
rising from the fact that LSPR can be excited when the light directly
Fig. 1. Photograph of GNRs solutions with different aspect ratios showing the dif-
ferent colors of the solutions that result.

interacts with the MNPs and free from the need for prisms or other
optical components. For instance, LSPR sensors can either be fabri-
cated by immobilizing MNPs on a substrate, such as glass slide [15]
or an optical fiber [16], or by simply suspending MNPs in solution to
form a solution-phase based LSPR sensor [17]. In addition, as LSPR is
highly localized at each individual MNPs, LSPR sensors can even be
fabricated based on single nanoparticle [18]. Moreover, some LSPR
biosensors have demonstrated superior sensitivity in comparison
with the traditional bulk metal film based SPR biosensors [19], mak-
ing them particularly attractive to use. These advantages of LSPR
biosensors have prompted significant effort to be devoted to the
development of sensitive LSPR biosensors and numerous promis-
ing LSPR biosensor designs continue to be reported in the literature,
as this review emphasizes.

The advances seen in the fabrication of MNPs have led to consid-
erable progress in the development of a range of LSPR biosensors
in the past decade. Early research on the development of LSPR
biosensor had mainly been focused on the use of spherical gold
nanoparticles, due to their ease of synthesis. However recent devel-
opments have allowed a number of LSPR sensors, based on noble
MNPs and of various shapes, to be developed and these have
shown both higher sensitivities and other important advantages,
in comparison to using gold nanosphere-based (GNS) LSPR sensors.
Among these MNPs recently reported, GNRs have demonstrated
unique optical properties, such as higher refractive index sensitivity
and a tuneable longitudinal plasmon band, achieved by adjusting
their aspect ratio [20,21] and thus allowing them to show excel-
lent characteristics as LSPR biosensors. In addition to LSPR sensing,
GNRs have also been applied in many other fields such as SERS
sensing [22], chemical imaging [23] and in cancer therapy [24].

Despite the fact that several excellent and well cited reviews
on the general LSPR biosensors have been reported previously,
these past reviews have not focused particularly on LSPR biosen-
sors based on GNRs, to the best of our knowledge. This aspect
is addressed directly in this paper which is designed to supple-
ment the body of knowledge in this area by reviewing both key
fundamental aspects and recent progress on the development of
GNR-based LSPR biosensors. The paper thus deals with an overview
of the underpinning sensing principles, the synthesis of GNRs, the

surface modification of GNRs, the fabrication of a number of dif-
ferent biosensors and a range of biosensing applications, followed
by a discussion of advances in GNR-based LSPR sensing. The paper
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nds with a view of future potential directions in research in this
eld.

. Principles of LSPR

MNPs have particular optical properties which are significantly
ifferent from those observed in the bulk metal. When incident

ight interacts with MNPs, the electromagnetic field of the light
nduces a collective coherent oscillation of the surface conduction
lectrons of the MNPs in resonance with the frequency of light, in a
henomenon known as LSPR [14,25]. The electric field of the light

nteracts with the free electrons in the nanoparticles, leading to a
harge separation between the free electrons and the ionic metal
ore and in turn the Coulomb repulsion among the free electrons
cting as a restoring force pushes the free electrons to move in the
pposite direction, which results in the collective oscillation of elec-
rons or, in another words, the excitation of LSPR. The occurrence of
SPR also results in a strong absorption of light. MNPs of different
izes, shapes and materials show different absorption properties
nd thus may display different colors, such as is seen in the example
n Fig. 1. Fig. 2(a) illustrates the excitation of LSPR for a spheri-
al nanoparticle. Only one absorption band can be observed in its
bsorbance spectrum which is shown schematically in Fig. 2(b). For
NR, as demonstrated in Fig. 3(a) and (b), two absorption bands
re evident in its absorbance spectrum, these being the longitudi-
al plasmon band (LPB) and the transverse plasmon band (TPB),
orresponding as they do to electron oscillation along the long and
he short axes of the GNR, respectively. The TPB of GNRs has been
ound to be insensitive to the changes in the size of the GNRs and
he surrounding refractive index, whereas the LPB shows a red-shift
ith the increase of aspect ratio of GNRs and this is very sensitive

o any change of the refractive index [20,26]. The properties of the
SPR are thus highly dependent on the size, shape and the dielectric
roperty of the MNPs, as well as the nature of the local surround-

ng medium, as these factors affect the electron charge density on
he particle surface [20,27–29]. LSPR is also highly sensitive to the
efractive index change in the local dielectric environment. In many
ensor schemes, the change of the peak wavelength or the peak
bsorbance in the absorption spectrum of MNPs is employed as an
ndicator of the LSPR sensor response [30,31].

As illustrated in Figs. 2 and 3, the excitation of LSPR results in
strong absorption of light. For spherical MNPs, the Mie solution

o Maxwell’s equations can be used to describe this light absorp-
ion caused by LSPR [32,33]. According to the Mie theory, for well
eparated spherical nanoparticles with a radius R (this being much
maller than the wavelength of light � (R/� < 0.1)), the extinction
ross-section, Cext, can be expressed as:

ext = 24�2R3Nε3/2
m

�

εi

(εr + 2εm)2 + ε2
i

(1)

here εm is the dielectric constant of the surrounding medium, εr

nd εi are the real and imaginary part of the dielectric function of
he MNPs, respectively, and N is the number of spheres per unit vol-
me. As indicated by Eq. (1), the plasmon absorption band appears
hen εr = −2εm. For gold and silver spherical nanoparticles, their
lasmon absorption bands are located in the visible region, making
hese materials particularly suitable for many sensor applications
here light from readily available sources such as lasers and LEDs

s available.
Based on Mie theory, Zhong and co-workers simulated the LSPR

ands of spherical gold nanoparticles of different sizes by using Eq.

1) [34]. Fig. 4(a) shows the simulated absorption spectra of GNSs
f different diameters in aqueous solution. As shown in Fig. 4(a),
ne absorption band for each size of GNS can be observed in the
imulated spectra and the absorption band shows a clear red shift
with increase in the size of the GNS. As demonstrated in Fig. 4(b),
when they compared the simulated peak wavelengths of the LSPR
absorption band of GNSs of different sizes with the results obtained
in experiments, good agreement between the theoretical simula-
tion data and the experimental data was found in the medium size
range of GNSs, while slight divergence in the results were observed
for both the smaller and the larger sizes [34].

In the case of metallic nanorods, Gans [35] predicted that for
small ellipsoidal nanoparticles with dipole approximation, the sur-
face plasmon mode would split into two distinct modes due to
the surface curvature and geometry of the ellipsoidal nanoparti-
cles. These small rods have commonly been treated as ellipsoids
when explaining the optical properties of these rod-shape parti-
cles [36,37]. Therefore, Gans theory can be applied to describe the
optical behavior of metallic nanorods and according to Gans’ for-
mula, the extinction cross-section Cext for metallic nanorods can be
calculated as follows [32,38,39]:

Cext = 2�VNε3/2
m

3�

∑
j

(1/P2
j

)εi

(εr + ((1 − PJ)/Pj)εm)2 + ε2
i

(2)

where V is volume of the particle and Pj is the depolarization fac-
tor. The depolarization factor for the elongated particles may be
described as:

Plength = 1 − e2

e2

[
1
2e

ln
(

1 + e

1 − e

)
− 1

]
(3)

Pwidth = 1 − Plength

2
(4)

where e is the ellipticity, given by:

e2 = 1 −
(

length

width

)−2

(5)

where the relationship length/width is the aspect ratio of rod. The
LSPR occurs when εr = − ((1 − Pj)/Pj)εm, where Pj = Pwidth for the
longitudinal plasmon resonance and Pj = Pwidth for the transverse
plasmon resonance. It is important to note that Eq. (2) also indicates
that any small change in the aspect ratio of the nanorod will result
in a significant change in the plasmon band, an important feature
in sensor applications.

El-Sayed and co-workers reported the simulation of the absorp-
tion spectra of GNRs as a function of their aspect ratio, based on
Gans theory [37]. Fig. 5(a) shows the simulated absorption spectra
of GNRs of various aspect ratios in the medium with the same value
of dielectric constant and using Eq. (2). As shown in Fig. 5(a), two
LSPR bands of GNRs corresponding to TPB and LPB, as demonstrated
in Fig. 3(b), can be observed in the simulated absorption spectra. It
was found that the TPB has a small blue shift while the LPB has
a large red shift with increasing aspect ratio of the GNRs. A linear
relationship was also found between the peak wavelength of the
LPB and the aspect ratio of the GNRs, which is in good agreement
with the experimental data [37]. In addition, as demonstrated in
Fig. 5(b), these authors also used Eq. (2) to simulate the absorp-
tion spectra of the GNRs with a constant aspect ratio, in a medium
with varying dielectric constant. It can be observed in Fig. 5(b) that,
although both the TPB and LPB show a red shift with increase of
the dielectric constant of the surrounding medium, the LPB shift is
much longer than that for the TPB, indicating that the LPB is more

sensitive to the change of dielectric constant of the surrounding
medium.

In addition, changes in the local medium surrounding the
nanoparticles will result in a shift in the LSPR wavelength. This



Fig. 2. (a) Schematic illustration of LSPR excitation for GNSs. Reproduced with permission from Ref. [14]. (b) A typical LSPR absorption band of GNSs.
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ig. 3. (a) Schematic illustration of LSPR excitation for GNRs and (b) LSPR absorption
scillation along the long axis (Fig. 3(a) top) and the short axis (Fig. 3(a) below) of G

SPR wavelength shift, ��, seen in response to the refractive index
hange may be described by the following relationship [14,40,41]:

[ (−2d
)]
� = m�n 1 − exp
ld

(6)

here �n is the change in refractive index (in refractive index unit,
IU), m is the bulk refractive index response of the nanoparticles

ig. 4. (a) Simulated LSPR absorption spectra (normalized) of GNSs with different diame
xperimental data for the peak wavelength of LSPR absorption band vs. diameter of GN
espectively.

eprinted with permission from Ref. [34].
of GNRs: longitudinal and transverse plasmon bands corresponding to the electron
spectively.

(and also known as the sensitivity factor, measured in nm per
refractive index unit, nm/RIU), d is the effective thickness of the
adsorbed layer (in nm) and ld is the characteristic electromag-

netic field decay length (in nm). The expression given in Eq. (6)
forms a basis for LSPR wavelength-shift based sensors, in which the
wavelength-shift due to the LSPR is used to monitor the refractive
index change at the surface of nanoparticle. In sensor applications

ters in aqueous solution and (b) comparison between the simulation data and the
Ss. Triangles and circles present the simulation data and the experimental data,



Fig. 5. (a) Simulated LSPR absorption spectra of GNRs with various aspect ratios in the medium with a constant dielectric constant (inset: peak wavelength of LPB increases
l with a
w edium

R

t
F
i
w

3

d
t
h
t
G
a
a
c
s
c
w
t
a
t
b
t
s

3

s
b
p
p
[
fi
s
w
t
3
w
a
t
g
r

inearly with aspect ratio of GNRs); (b) simulated LSPR absorption spectra of GNRs
avelength of LPB increases linearly with dielectric constant of the surrounding m

eprinted with permission from Ref. [37].

his may be due, for example, to the adherence of biomolecules.
or GNRs, as LPB seen with GNRs is more sensitive to the refractive
ndex change, the parameter �� (in Eq. (6)) represents the peak

avelength shift of the LPB.

. Synthesis of GNRs

The successful development of LSPR sensors using GNRs
epends on the reliable and accurate synthesis of GNRs that can
hen be applied to create consistent and reproducible sensors. The
istory of synthesis of spherical gold nanoparticles dates back more
han a century. The most commonly used method for producing
NSs is citrate reduction, where the GNSs are synthesized by the
ddition into the boiling gold salt (HAuCl4) solution of a known
mount of citrate solution, allowing the size of GNSs to be easily
ontrolled by adjusting the ratio between the citrate and the gold
alt [42–44]. However, the synthesis of the GNRs appears more
omplicated, and the successful and reliable synthesis of GNRs
as achieved only in the past decade. Fortunately, the unique and

hus very interesting optical properties of GNRs have focused the
ttention of many researchers who have devoted their efforts to
he synthesis of GNRs. There are several common methods have
een developed and applied for synthesizing GNRs and reported in
he literature, and in this section, a brief review of several typical
ynthesis methods is discussed.

.1. Seed-mediated growth method

Among the various GNRs synthesis methods reported, the
eed-mediated growth method is the most popular and this has
een widely applied due to the simplicity of the experimental
rocedure, the high yield of nanorods of high quality, the ease of
article size control and the flexibility in structural modifications
20]. The seed-mediated growth approach for colloidal GNRs was
rst demonstrated by Jana et al. in 2001 [45]. In their work, the
eed solution was prepared by the reduction of gold salt (HAuCl4)
ith NaBH4 in the presence of sodium citrate, which resulted in

he formation of citrate-capped GNSs with a diameter of about
–4 nm and used as the seeds. Following that, the seed solution
as added to a growth solution containing HAuCl4, cetyl-trimethyl
mmonium bromide (CTAB, as the template), ascorbic acid (as
he reducing agent) and AgNO3 (for shape induction) to allow the
rowth of GNRs to occur. As a result, GNRs with various aspect
atios were created by adding different volumes of seed solution to
constant aspect ratio in the medium with varying dielectric constant (inset: peak
).

the different samples of the growth solution, as shown in Fig. 6. In
later work, this group also modified the method described by intro-
ducing a three-step protocol (in the absence of silver ions) to grow
GNRs with a higher aspect ratio, in this case being up to 25 [46]. In
this three-step method, the seed solution and the growth solution
were prepared following a similar procedure used in preparing the
short GRNs, but without the addition of AgNO3. Then, at Step one,
the seed solution was added to the growth solution (in this case to
form small GNRs), with these being used subsequently as the seeds
which were added to the growth solution to create bigger GNRs, at
this Step two. The final step (Step three) is undertaken by adding
the bigger GNRs developed to the growth solution, to create the
desired GNRs, in this case with a higher aspect ratio. However, the
biggest drawback of this method is that, apart from the GNRs, a
large amount of GNSs as well as particles with other shapes are
also produced as by-products and this effect significantly alters
the overall shape of the plasmon absorption bands of the GNRs and
thus requires time-consuming multiple rounds of centrifugation
to purify the GNR solution thus produced [20].

In 2003, research carried out by Nikoobakht and El-Sayed cre-
ated a significant improvement to the above method by introducing
two important modifications: first, they replaced the sodium citrate
that was originally used with CTAB, this being a stronger stabi-
lizer, in the seed formation step and second, they adjusted the
amount of silver ions in the growth solution to control the aspect
ratio of the GNRs formed [47]. In their work, the seed solution was
prepared by reducing HAuCl4 in the presence of the CTAB sur-
factant with ice-cold NaBH4. The growth solution was prepared
by mixing HAuCl4 and a known volume of AgNO3 solution in the
presence of CTAB, followed by the addition of ascorbic acid. In
this way, the GNRs start to grow directly after the addition of
seed solution in the growth solution. Using this method, a yield
as high as 99% for the GNRs (with aspect ratios from 1.5 to 4.7) was
achieved. To synthesize GNRs with even higher aspect ratios, a co-
surfactant, benzyldimethylhexadecylammonium chloride (BDAC)
was introduced in the original growth solution. By adjusting the
concentration of silver ions in the growth solution, GNRs with
aspect ratios up to 10 had been synthesized [47]. Due to the
high quality and yield of GNRs produced, the method reported by
Nikoobakht and El-Sayed has been widely applied for synthesizing

GNRs for sensor applications.

More recently, Murray and co-workers reported an improved
synthesis of GNRs through a technique using seed-mediated
growth and employing aromatic additives and a low CTAB
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ig. 6. TEM images (top), absorbance spectra (left) and photographs (right) of aqueou
c) 3.06 ± 0.28, (d) 3.50 ± 0.29, (e) 4.42 ± 0.24.

eprinted with permission from Ref. [49].

oncentration [48]. This approach was shown to produce GNRs
ith a broad LPB tuneable range but a lower level of impurities, as
emonstrated in Fig. 7. In their work, the seed solution was pre-
ared following the same procedure as reported by Nikoobakht
nd El-Sayed [47]. However, when preparing growth solutions, an
ppropriate amount of salicylate-based sodium salts was added to
row short GNRs with LPB less than 700 nm, while organic acid
dditives were added to growth solutions to synthesize longer
NRs with LPB greater than 700 nm. In both cases, the concentra-

ion of the CTAB in growth solution was reduced from the value
f 0.1 M which was applied in the original approach to 0.05 M. The
ddition of aromatic additives has an effect on the micellar struc-
ure of CTAB to increases the chance of forming GNRs. The aspect
atio of the GNRs was controlled by adjusting the concentration of
he silver ions and the amount of seed solution used. The results
howed that the GNRs synthesized through the method described
ere of high mono-dispersion, with a shape impurity of less than

% and a broad LPB which was tunable over the wavelength range
rom 627 to 1246 nm [48].

Despite the high yield of GNRs produced, the seed-mediated
rowth method is a delicate approach to implement in which the
ariation in many different parameters, such as the concentration
f the seed solution, the aging time, the temperature, pH and the
oncentration of CTAB solution will lead to significant differences
n parameters such as the shape, aspect ratio and yield as well as the
bsorption band of GNRs, this seriously affecting the final formation
f GNRs [20,49–53]. It has been found that even the fact that the
TAB surfactant was purchased from different suppliers (although
ominally the same) also affects the aspect ratio and the yield of
he GNRs, due the impurity of the different CTAB surfactants [54].
herefore, it is important to keep all these critical parameters the
ame from one experiment to another, in order to obtain consistent
esults.
.2. Electrochemical method

Despite the fact that the seed-mediated growth method
as become a common approach for synthesizing GNRs, the
tions of GNRs with various aspect ratios ranging from: (a) 1.35 ± 0.32, (b) 1.95 ± 0.34,

preparation of high yield of GNRs was actually first demonstrated
by using an electrochemical method, this being seen as the pre-
cursor of the seed-mediated growth method [55,56]. In the 1990s,
Wang and co-workers first reported the formation of GNRs by
extending their previous work on electrochemical synthesis of
metal clusters in the reversed micelles in an organic solvent. The
synthesis of GNRs is conducted within a two-electrode-type elec-
trochemical cell, as shown in Fig. 8(a), where a gold metal plate
was used as the sacrificial anode and a platinum plate cathode was
immersed into the electrolytic solution containing a rod-inducting
cationic surfactant CTAB and a cationic co-surfactant tetradode-
cylammonium bromide (TCAB). Small amounts of acetone and
cyclohexane were also added into the electrolytic solution before
the electrolysis. Acetone was used for loosening the micellar frame-
work and cyclohexane was necessary to enhance the formation of
elongated rod-like CTAB micelles [56]. During the electrolysis, the
bulk gold metal anode was consumed to form AuBr4

−, which then
complexes with the cationic surfactants and migrates to the cath-
ode, where the reduction occurs. Ultrasonication was needed to
dissipate the GNRs and keep them away from the cathode during
the electrolysis. The aspect ratio of the GNRs was controlled by
gradually immersing a silver plate in a position behind the plat-
inum cathode. It had been found that the aspect ratio of the GNRs
was influenced both by the concentration and the release rate of
the silver ions produced from the redox reaction between the gold
ions generated from the anode and the silver plate. However, the
synthesis mechanism, as well as the role of the silver ions, is still
not fully known.

3.3. Template method

The template method is based on the electrochemical depo-
sition of gold within the pores of nanoporous ion-track etched

polycarbonate or alumina membrane template. This method was
initially used for the preparation of microscopic electrodes [57]
and Martin and co-workers first employed the template method
to synthesize GNRs [36,58,59]. The template was prepared by the



Fig. 7. Effect of an improved synthesis of GNRs using aromatic additives. (a)–(e) TEM images of as-synthesized GNRs with different aspect ratios and LPB wavelengths, (f)
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gure legend, the reader is referred to the web version of this article.)

eprinted with permission from Ref. [48].

nodization of aluminum in an acidic solution, which resulted in
he formation of uniform pores with diameters of 5–200 nm in the
luminium template where the pole length was seen to be depend-
nt on the anodiazation time. The GNRs were formed through an
lectrochemical deposition of gold into the temple pores within an
lectrochemical cell, followed by the chemical etching of the alu-
inium template to release the synthesized GNRs. Fig. 9(a) and (b)

hows the alumina membrane template and the synthesized GNRs
ith different aspect ratios, respectively. The width of the rods cre-

ted coincides with the diameter of the pores and the length of
he rods could be controlled by varying the amount of the gold
eposited within the pores of the template [60]. The disadvantages
f the template method are reported to include a variance in the
ength of the GNRs formed, due to the uneven deposition of gold
nd further a low yield of GNRs [21,61].

.4. Electron beam lithography method

Electron beam lithography (EBL) is a lithographic technique

ommonly used in the generation of metallic nanostructures,
here this technique allows for the precise control of the size,

hape and the spatial distribution of the nanoparticles formed [62].
ig. 10(a) illustrates the procedure for the fabrication of the gold
magenta curves, respectively. (For interpretation of the references to color in this

nanoparticles using the EBL method. In this an electron-sensitive
photoresist, such as poly(methyl methacrylate), PMMA, was coated
over a glass slide which was covered by a conductive film such
as indium tin oxide (ITO). The PMMA coated glass slide was then
exposed to an electron beam to form the desired pattern on the
PMMA film. A chemical developing agent was then applied to
selectively remove the electron beam exposed polymer segment,
followed by the deposition of gold in the patterns by thermal evap-
oration. The unexposed PMMA film resulting, as well as the gold
film deposited on it, was finally removed by using acetone that
leaves the desired gold nanoparticle arrays on the glass slide [63],
as shown in Fig. 10(b). The disadvantages of this technique involve
it being a time-consuming process with a low yield of nanoparticles
at any one time, due to the small size of the producing region [32].

3.5. Other methods

Yang and co-workers have reported the synthesis of synthesized
colloidal GNRs using a photochemical method [64]. In their work,

the GNRs were formed by using UV light from a lamp at 254 nm
to irradiate a growth solution consisting of gold salt, CTAB and
TCAB surfactants, silver nitrate, acetone and hexane, for more than
24 h. The UV light works as a reducing agent, operating similar to



Fig. 8. (a) Schematic diagram of the set-up for electrochemical synthesis of GNRs containing: VA, power supply; G, glassware electrochemical cell; T, Teflon spacer and the
electrode holder; S, electrolytic solution; U, ultrasonic cleaner; A, anode (Au); C, cathode (Pt). (b) TEM images of Au nanorods with two different mean aspect ratios: 2.7 (top)
and 6.1 (bottom).

Reprinted with permission from Ref. [56].

Fig. 9. (a) FEG-SEM image of the alumina membrane template and (b) TEM images of GNRs obtained by the template method.
Reprinted with permission from Ref. [60].

Fig. 10. (a) Schematic diagram of the fabrication of gold nanoparticles using EBL. Reprinted with permission from Ref. [32]. (b) SEM images of GNRs arrays produced by EBL.
All of the rods have widths, I, of 60 nm, heights of 50 nm, and lengths, L, of (A) 420 nm, (B) 620 nm, (C) 720 nm, and (D) 1 �m. Reprinted with permission from Ref. [63].
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ig. 11. Schematic diagram of the process of direct growth of GNRs on the substrate
urface.

eprinted with permission from Ref. [72].

he role of ascorbic acid in the seed-mediated growth method, to
onvert Au3+ to Au0. The aspect ratio of the GNRs thus produced
ould be controlled by varying the concentration of the silver ions
n the growth solution, leading to the corresponding LSPR plas-

on bands, located at wavelengths between 600 and 800 nm. It
as found possible to extend the aspect ratio of the GNRs formed

y applying light from a 300 nm UV source instead and thus allow-
ng the synthesizing time to be shortened by increasing the optical
ntensity [65]. Taub et al. developed a method that enables the GNRs
irectly to grow on various substrates [66] by adapting the seed-
ediated growth method proposed by Jana and co-workers [46].
s demonstrated in Fig. 11, the spherical seed nanoparticles were
rst immobilized on the surface of a mica substrate by a dip coating
ethod, followed by immersing the seed-coated substrate into the

rowth solution, to allow the GNRs to directly grow on the substrate
urface. However, it was found that only 15% of the seeds attached
o the mica surface were found to grow as nanorods [66]. In addi-
ion, other less popular methods for the preparation of GRNs have
lso been reported, such as proton beam irradiation [67], bioreduc-
ion [68], microwave reduction [69] and solvothermal reduction
70].

. Surface modification of the CTAB-capped GNRs

For GNRs synthesized in the presence of a CTAB surfactant using
he wet-chemical methods, such as the seed-mediated growth

ethod and electrochemical method, the surface of these GNRs is

overed by a bilayer of positively charged CTAB molecules, as illus-
rated in Fig. 12. The CTAB surfactant is important to the synthesis of
NRs, because it not only works as a “structure-directing agent” to
ontrol the final particle shape, but also acts as a stabilizer to protect

ig. 12. A schematic of a gold nanorod covered by a bilayer of positively charged
TAB molecules.
the as-synthesized GNRs against aggregation [71,72]. This is similar
to the citrate-capped GNSs synthesized through citrate reduction,
as citrate here works both as a reducing agent and a stabilizer to
prevent the aggregation of GNSs [73]. However the difference is
that the citrate-capped GNSs are highly stable in aqueous solution
with a neutral pH value and therefore, they can be readily used
for further functionalization with biomolecules, such as DNA, for
LSPR biosensing [74,75]. However, the CTAB-capped GNRs are only
stable when suspended in a CTAB aqueous solution with a lower
pH value and the stability has been found to become less satisfac-
tory under several different conditions, such as where there is a
high salt content, a low CTAB concentration and for the addition
of organic solvents, thus limiting the further applications of GNRs
[76,77]. In addition, it also has been found in in vitro studies that the
free CTAB molecules are cytotoxic to human cells, while the CTAB
molecules bound to the GNRs surface are not toxic [78]. Despite the
fact that most of the free CTAB can be removed by centrifugation,
the complete removal of the free CTAB in solution as well as the
CTAB attached to the GNRs will result in a serious aggregation and
deposition of GNRs. Therefore, it is necessary to modify the surface
conditions of CTAB-capped GNRs in order to extend their appli-
cations, for example, for biosensing, biomedical imaging and drug
delivery [20,24]. So far, various approaches have been proposed for
such a surface modification of CTAB-capped GNRs and, in general,
there are two strategies applied for this purpose: surface covering
and ligand exchange.

4.1. Surface covering

This approach aims to introduce an additional coating to cover
the entire surface of the CTAB-capped GNRs. An easy way of doing
this is to coat the positively charged surface of the GNRs cov-
ered by CTAB molecules with anionic polyelectrolytes through
the use of electrostatic absorption and for example, poly(sodium-
4-styrenesulfonate) (PSS) has been applied to coat the GNRs.
The anionic PSS not only switches the positive surface charge of
GNRs to negative, but also enables antibodies to attach to the
GNRs, via hydrophobic interactions [24,79]. Poly(acrylic acid) (PAA)
is another anionic polyelectrolyte applied to create this coating
for GNRs. The carboxylic group of PAA allows the proteins and
amine-terminated biomolecules to be covalently bound to the PAA
modified GNRs via an EDC/NHS coupling reaction [80]. In addition,
Gole and Murphy in their work have reported a layer-by-layer (LBL)
technique which can be used to manipulate the surface condition
of GNRs, and make them suitable for a range of different appli-
cations [81]. As shown in Fig. 13(a), the anionic PSS and cationic
poly(diallyldimethylammonium chloride) (PDADMAC) are alter-
nately deposited onto the CTAB-capped GNRs and multiplayers of
coating can be obtained by repeating the cycle. This polyelectrolyte
coating method is easy and fast, but the stability of the coating
obtained through electrostatic interaction is in question for long-
term storage or for in vivo applications [20].

Surface modification of GNRs with a coating of hard inorganic
materials, such as silver and silica, has also been achieved. Ah
et al. have reported the deposition of the silver layer on the sur-
face of CTAB-capped GNRs by reducing the silver chloride solution
with hydroxylamine, in the presence of GNRs [82]. The deposition
of the silver coating forms an Au/Ag core/shell structure of GNRs
and the thickness of the silver shell can be controlled by adjusting
the concentrations of the silver chloride and hydroxylamine used.
The silver shell can also be removed by using hydrochloric acid to
restore the GNRs. In later work, Liu and Guyot-Sionnest have pro-

posed a slightly different method for coating CTAB-capped GNRs
with silver [53]. In their research, the deposition of the silver coat-
ing was achieved by the reduction of the silver nitrate with ascorbic
acid in the presence of a GNR solution and stabilizing agent, using
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are highly stable in aqueous and some even in organic solutions,
and are useful in in vivo applications such as biomedical imaging
and photothermal therapy [21,91]. In addition, by employing the
ig. 13. (a) Surface modification of CTAB-capped GNRs with polyelectrolytes using
teps required for silica coating of GNRs. Bottom: TEM images of silica coated GNRs

ither citrate or polyvinylpyrrolindone (PVP). It was also found that
he pH of the coating solution has an impact on the deposition rate
f the silver where the higher the pH, the higher the deposition
ate achieved [83]. The Au/Ag core/shell nanorods are more sta-
le and show sharper, stronger and blue-shifted surface plasmon
bsorption bands than do the original GNRs [53,82].

In an approach which is similar to the silver coating, a method
nitially developed by Liz-Marzán et al. for the silica coating of
itrate stabilized spherical gold nanoparticles [84] has been applied
or the deposition of a silica coating onto the surface of CTAB-
apped GNRs to form an Au/silica core/shell structure [85,86]. As
emonstrated in Fig. 13(b), the silica coating is formed by simply
dding sodium silicate solution to a premixed solution consisting
f GNRs solution and 3-mercaptopropyl trimethoxysilane (MPTMS)
r 3-mercaptopropyl triethoxysilane (MPTES) solution and the for-
ation of the silica shell results in a red-shift of the longitudinal

lasmon band of the GNRs due to the refractive index change at
NRs surface. Using a further approach, the silica has also been suc-
essfully coated on the GNRs by the injection of tetraethoxysilane
TEOS) to the CTAB-capped GNRs solution (in the basic condition)
hich enables thin and highly porous silica shells to create a cov-

ring for the GNRs [87]. The silica coating allows the GNRs to be
odified with silane coupling agents for further functionalization

nd then transfer to organic solvents [20].

.2. Ligand exchange

Another common strategy for GNR surface modification is to
eplace the attached CTAB bilayers with thiol-terminated ligands
hich are then firmly bound to the GNRs surface via the strong
u S covalent bonds, as illustrated schematically in Fig. 14(a). The
dvantages of this method include the reduction of the cytotox-
city of GRNs due to the removal of the CTAB molecules and the
ncrease of the biocompatibility of GNRs when ligands with func-
ional groups are applied. However, as this method involves the
emoval of the CTAB molecule, the chance of the GNRs aggregation

ill also increase due to the loss of protection of CTAB. Therefore,

trict control of the experimental conditions are routinely required
o prevent the GNRs from aggregating during the modification
rocess. The thiol-terminated polyethyleneglycol (PEG) is one of
echnique. Reprinted with permission from Ref. [81]. (b) Top: scheme showing the
ifferent aspect ratios (a – 1.94; b – 3.08). Reprinted with permission from Ref. [39].

the popular ligands commonly used for GNR surface modification
[88–91] where one advantage of using thiolated PEG is that PEG is a
water-soluble polymer so that the modification of GNRs can be con-
ducted in an aqueous condition. The ligand exchange takes place
after the addition of the thiolated PEG solution to the centrifuged
GNR solution, with the mixture being kept under constant stirring
and followed by 3 days of dialysis or several rounds of centrifuga-
tion to remove the excess CTAB and PEG. Such PEG-modified GNRs
Fig. 14. Schematic illustration of the surface modification of CTAB-capped GNRs
with thiol-terminated ligands.
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ig. 15. XPS spectra of (a) CTAB-capped GNRs, and (b) MUA-modified GNRs; (c) Abs
t 4 ◦C.

eprinted with permission from Ref. [96].

hiolated PEGs with biofunctional groups, it is also possible to
ind the biomolecules such as proteins and antibodies to the
EG-modified GNR surface [76,92]. However, the large size of the
hiolated PEGs makes it difficult for them to reach the GNR surface
ue to the dense CTAB bilayer and this will results in an incomplete
emoval of CTAB molecules. Further, the large size of the thio-
ated PEGs also increases the distance between the analytes and
he PEG-modified GNR surface, which will reduce the sensitivity
hen they are used as LSPR biosensors [93]. Therefore, small thiol-

erminated ligands such as 11-mercaptoundecaonic acid (MUA)
nd cysteamine normally are preferable for complete removal of
TAB [20].

The surface modification of the GNRs with MUA has been
eported in several reported studies [93–95]. The MUA molecule
as a carboxylic group which is desirable for bioconjugation with
mine-terminated biomolecules, such as proteins and antibod-
es. Therefore, once the MUA molecules are bound to the GNRs
urface, without further functionalization biomolecules can be con-
eniently attached on to the GNRs via EDC/NHS coupling. However,
ike most thiol molecules, MUA is not water-soluble and it only
issolves in organic solvents such as ethanol and chloroform. The
ydrophobic nature of the MUA creates a major challenge to the

urface modification of GNRs with MUA because the CTAB-capped
NRs are very unstable in the presence of organic solvents and this
ill cause an irreversible aggregation of GNRs. Several approaches
ave been proposed in order to enable the MUA to be applied in
n spectra of MUA-modified GNRs in borate buffer at pH 9 during 4 months storage

the surfaced modification of GNRs. Yu et al. have reported a method
for complete removal of CTAB on GNRs with MUA [93]. The ligand
exchange was conducted by adding a MUA-ethanol solution to a
centrifuged GNRs solution under constant ultrasonication to pre-
vent the GRNs from aggregating. The temperature of the mixed
solution was also elevated to 50 ◦C to release the CTAB molecules
from the GNR surface and then brought back to room temperature.
The GNRs were finally purified through centrifugation. Although
such MUA-modified GNRs have been proven by the authors to
be suitable for use as LSPR biosensor probes, significant aggrega-
tion of the GNRs was observed by ourselves (as well as by other
researchers) by following the procedure reported, indicating that
this method requires strict experimental conditions which makes it
difficult as a method for practical use. Thierry and co-workers later
modified this method using a two-step strategy [94]. They first used
the thiolated PEG to replace the majority of the CTAB molecules
on the GNR surface in an aqueous condition. The PEG-modified
GNRs have a neutral charge on the GNR surface to prevent them
from aggregating in organic solvents as readily as do the positively
charged CTAB-capped GNRs. The second step involved the replace-
ment of the PEG with MUA following a similar procedure to that
applied in the work of Yu et al. Although this approach may avoid

the massive aggregation of GNRs, as observed in the work of Yu
et al., the thiolated PEG molecules were also bound to the GNRs via
the strong Au S bonds as MUA and whether MUA is able to effec-
tively replace the PEG is still questionable for this route. In another



Fig. 16. Illustration of GNR refractive index sensing. (a) Schematic of the sensor
construction. GNRs are first immobilized onto a thiolated glass substrate, then mod-
ified with a biotin-terminated self-assembled monolayer. (b) Extinction spectra of
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NR-based LSPR sensor with increase of refractive index (left) and measurement of
efractive index sensitivity (right). (c) LSPR sensor response for biotin–streptavidin
inding in PBS (left) and 40% serum (right). Adapted with permission from Ref. [15].

tudy reported by Dai et al., to prevent the irreversible aggregation
f GNRS, the surface modification with MUA was conducted inside
n ionic exchange resin [95]. The CTAB-capped GNRs were first
oaded into the polymer resin beads suspended in an aqueous solu-
ion to “trap” the GNRs in the resin beads. The ligand exchange took
lace after the addition of the MUA chloroform solution to the resin
eads suspension and the MUA-modified GNRs diffused out of the
eads into the chloroform solution. The resin beads applied in this
ork can effectively prevent the GNRs from aggregating during the

eaction. This approach is both elegant and effective but, however,
t also appears to be time consuming and complex to operate [94].

Recently, in work by the authors, a simple yet robust
H-mediated method for effectively modifying the surface of
TAB-capped GNRs synthesized through seed-mediated growth
as reported [96]. This method allows the complete replacement

f the CTAB molecules attached on the GNRs surface with the
UA molecules to take place in a total aqueous environment, by

ontrolling the pH of the MUA aqueous solution, thus avoiding

he irreversible aggregation of GNRs during the complex surface

odification process observed in the previous reported meth-
ds. The success of the complete replacement of CTAB with MUA
as confirmed with surface elemental analysis using an X-ray
photoelectron spectroscopy (XPS), as shown schematically in
Fig. 15(a), and the MUA-modified GNRs created in this work has
demonstrated a high stability, over a period of up to 4 months at
least, when stored in a buffer solution at pH 9 at 4 ◦C (as illustrated
in Fig. 15(b)). The MUA-modified GNRs chosen, with an aspect
ratio of 3.9, were furthered developed as a solution-phase-based
label-free LSPR biosensor by functionalizing the GNRs with human
IgG. A detection limit of as low as 0.4 nM, suitable for detecting
anti-human IgG, was achieved by this sensor, indicating the MUA-
modified GNRs prepared by the pH-mediated method proposed
in this work could be used as an effective generic and sensitive,
label-free biosensor platform.

5. GNR-based LSPR biosensors

As LSPR can be excited when light directly interacts with metal-
lic nanoparticles, the design of LSPR sensors is more flexible than
that of SPR sensors. Both the GNS-based and the GNR-based LSPR
sensors can share the same sensor configuration, in which the
sensors can be configured by either immobilizing gold nanopar-
ticles on a transparent substrate such as a glass slide or just simply
leaving functionalized nanoparticles suspended in the solution in
a cuvette where the detection will take place after the addition
of various analytes. In general, the configurations of GNR-based
LSPR biosensors configurations can be classified into three cate-
gories: chip-based, optical fiber-based and solution-phase-based
LSPR biosensors. Table 1 briefly summarizes some typical charac-
teristics of these three configurations.

5.1. Chip-based LSPR sensor

The chip-based configuration is commonly used in the fabrica-
tion of LSPR sensors [15,31,81,97–99]. The chip-based LSPR sensor
is normally fabricated by immobilizing GNRs on the surface of a
flat transparent silica substrate, such as a glass slide and coverslip,
without the need for a bulk prism as used in the SPR sensors. For
GNRs synthesized by using the EBL technique or direct growth on
the substrate, the sensor chip is simply obtained after the synthesis
of the nanorods. For GNRs suspending in solution, such as for GNRs
synthesized by using the seed-mediated growth method, there are
two main methods that may be used for immobilizing GNRs. The
first method uses electrostatic force [81] in which a clean substrate
is first immersed into a polyelectrolyte solution to make the sub-
strate surface have a charge that is opposite to the surface charge of
GNRs. Then, this charged substrate is dipped into the GNR solution
to coat the GNRs onto its surface via electrostatic force. However,
such a coating of GNRs, prepared by this ‘electrostatic force method’
normally suffers from poor stability and poor uniformity. A sec-
ond, more commonly used method is based on the SAM technique
[15,97–100] in which a clean substrate is first modified by immers-
ing the substrate in an alkylsilane solution, such as MPTMS, to form
a thiol-termined silane SAM on the substrate surface. Subsequently,
the silanized substrate is incubated in a GNRs solution to form
a monolayer of GNRs on the substrate surface via covalent bond.
After the immobilization of the GNRs, the surface of the GNRs can
be further functionalized with various receptors, following which
the sensor chip is ready for a range of different applications. A
UV–Vis spectrophotometer is then normally employed to measure
the LSPR absorbance spectrum of GNRs based on the transmission
mode.

Chilkoti and co-workers reported a chip-based LPSR biosensor

using GNRs [15]. As illustrated in Fig. 16(a), the GNRs were coated
on a mercaptosilane-modified glass substrate by a dip-coating
method. In the refractive index sensitivity study carried out (illus-
trated in Fig. 16(b)), the sensor was immersed in different solvents



Table 1
Characteristics of GNR-based LSPR sensors with different configurations.

Sensor configuration Characteristics LSPR sensing method Detector Ref.

Chip-based GNRs immobilized on a silica
substrate

Based on refractive index change at GNR surface Bulk UV–Vis spectrophotometer [14]

Optical fiber-based GNRs immobilized on a decladed Based on refractive index change at GNR surface Mini spectrometer [101]
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optical fiber
Solution-phase-based GNRs suspended in solution Based on refract

based on GNR

ith various refractive indexes, and the sensor was found to have a
efractive index sensitivity of 252 nm/RIU, which is 5 times higher
han a similar sensor based on spherical gold nanoparticles [101].
he surface of the GNRs was further functionalized with biotin
nd the streptavidin–biotion model was employed to evaluate the
iosensing performance of the LSPR biosensor. By monitoring the
PB peak wavelength shift, the limit of detection of the sensor
reated was found to be 94 pM in PBS and 19 nM in serum. Hafner
nd coworkers reported a similar chip-based LSPR biosensor to
onitor the biomolecular interactions in a flow cell [30]. Here

ntibodies were covalently bound to the surface of GNRs immo-
ilized on the glass slide and binding of antigen was monitored by
SPR measurement. The results showed that the sensor has a LSPR
ensitivity of 170 nm/RIU and a limit of detection of about 1 nM. As
he mean aspect ratio of GNRs used in this work is relatively low
∼3.3), the sensitivity and limit of detection would be expected
o be further improved by employing GNRs with higher aspect
atio.
.2. Optical fiber-based LSPR sensors

Optical fiber-based LSPR sensors have shown many advantages,
ncluding small sample volume requirement, simplified optical

ig. 17. Schematic illustration of optical fiber-based LSPR sensors with different configura
rom Ref. [112]. (b) Reflection-based LSPR optical fiber sensor. Reprinted with permission
rom Ref. [44].
ex change at GNR surface;
egation

Bulk UV–Vis spectrophotometer [117,119]

design, remote sensing capability and resistance to electromag-
netic interference [102,103] over alternative approaches. In 2003,
Cheng and Chau first demonstrated the fabrication and application
of an optical fiber-based LSPR sensor based on gold nanoparticles
[104]. The sensor showed high sensitivity to the local refrac-
tive index change and the capability of working as a biochemical
sensor. Since then, a large number of optical fiber-based LSPR sen-
sors have been developed and reported for various applications
[16,30,44,105–115]. The majority of these optical fiber-based LSPR
sensors described in the literature were fabricated by immobilizing
gold nanoparticles on the decladed fiber core of a multimode opti-
cal fiber. Fig. 17(a)–(c) illustrates a number of different designs such
as transmission-based, reflection-based and U-shaped LSPR optical
fiber sensors, respectively. LSPR is excited at the core-nanoparticle
boundary when light is transmitted in the optical fiber. In addi-
tion, apart from multimode optical fiber based LSPR sensors, several
LSPR sensors using LPGs and tapered single-mode fibers have also
been reported [116–118]. However, most of these optical fiber-
based LSPR sensors discussed in the literature were based on using

spherical gold nanoparticles.

Recently, in work by the authors, the development of GNR-based
LSPR optical fiber biosensors [102,103] was reported. As shown in
Fig. 18(a) and (b), the sensor probe was prepared by covalently

tions: (a) transmission-based LSPR optical fiber sensor. Reprinted with permission
from Ref. [105]. (c) U-shaped LSPR optical fiber sensor. Reprinted with permission
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ig. 18. (a) Schematic diagram of the structure of a GNR-coated LSPR optical fiber sen
hift of GNRs with four aspect ratios as a function of refractive index change, and (d
f anti-human IgG.

mmobilizing GNRs which were synthesized using a seed-mediated
rowth method, on the decladed surface of a piece of multimode
ptical fiber. In order to operate the LSPR sensor as a reflective
ensor, a silver mirror was also coated at the distal end of the
ensor probe by using a simple dip coating method. In a test car-
ied out to establish refractive index sensitivity, it was found that
he LPB of GNRs is highly sensitive to the refractive index change
lose to the GNRs surface and the sensitivity of the LSPR opti-
al fiber sensor increases with the increase of the aspect ratio of
NRs. The results showed that the GNR-based LSPR optical fiber
ensors prepared in this work have both linear and high refrac-
ive index sensitivities. For sensors based on GNRs with aspect
atios of 2.6, 3.1, 3.7 and 4.3, their refractive index sensitivities
ere found to be 269, 401, 506 and 766 nm/RIU, respectively,

n the refractive index range from 1.34 to 1.41 (as illustrated by

ig. 18(c)). In order to evaluate their performance in biosensing
pplications, a GNR-based LSPR optical fiber sensor with an aspect
atio of 4.1 was further functionalized with human IgG to detect
he specific target—anti-human IgG, and a detection limit of 1.6 nM
b) photo of the as-prepared LSPR optical fiber sensor probe, (c) LPB peak wavelength
peak wavelength shift of GNR-based LSPR biosensor as a function of concentration

was observed using a wavelength-based interrogation approach (as
illustrated in Fig. 18(d)) [103].

5.3. Solution-phase-based LPSR sensor

Solution-phase-based LSPR sensors are those LSPR sensors with
the gold nanoparticles suspended in solution rather than immo-
bilized on a substrate [17,80,89,93,119–122]. This type of sensor
allows the surface modification and functionalization of the gold
nanoparticles as well as the detection of analytes to be carried
out within the solution of gold nanoparticles. The fabrication of
such a solution-phase-based LSPR sensor often involves gentle vor-
texing of the solution to mix fully the functional molecules and
nanoparticles and multiple centrifugations to purify the function-
alized nanoparticles. The analyte detection is normally conducted

in a small container such as cuvette. Here a UV–Vis spectropho-
tometer used in the chip-based LSPR sensor is also applied for
measuring the LSPR absorbance of the dispersed nanoparticles. For
the solution-phase-based LSPR sensors using GNRs, there are two
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ig. 19. (a) Schematic representation of the preparation of solution-phase-based LS
eprinted with permission from Ref. [120]. (b) Schematic representation of the dete
he corresponding absorption spectra changing over a period of time from A to D (r

ssays that are commonly employed for the detection of analytes:
SPR sensing based on refractive index change and LSPR sensing
ased on GNRs aggregation. Which assay should be applied is nor-
ally dependent on the number of the binding sites of the target
olecule. If the target molecule has only one binding site, it will be

aptured by only one functionalized GNRs. The capture of the target
olecule will result in a refractive index change at the GNR surface

nd a corresponding LSPR absorbance change, such as a red-shift
f the longitudinal plasmon band of the GNRs based LSPR sensor.
owever, if there is more than one binding site on the surface for

he target molecule, the same target molecule could be captured
y GNRs as many times as the theoretical number of binding sites
llows. If the target molecule has many binding sites, a number of
apturing GNRs would be as demonstrated in Fig. 19(a); if the tar-
et molecule only has few binding sites, it normally would induce
he assembly of the capturing GNRs as illustrated in Fig. 19(b).

n either case, this will result in the eventual aggregation of the
NRs which will not only cause a color change of the GNR solu-

ion (that sometimes even can be identified with the naked eye)
ut also result in a large shift the LSPR absorption spectrum of the
nsor (top) and the detection of target molecules with many binding sites (bottom).
of target molecules with few binding sites through the assembly of GNRs (left) and
Reprinted with permission from Ref. [121].

nanoparticles. However, the aggregation also substantially distorts
the original LSPR spectrum of the dispersed nanoparticles, making
the target molecules difficult to quantify accurately. Compared to
the substrate-based LSPR sensors, the preparation of the solution-
phase-based LSPR sensors is easier. However, in terms of their
long-term stability, solution-phase-based LSPR sensors appear less
stable than those that are substrate-based, due to the aggregation
and deposition of GNRs over a longer period of time.

Wang et al. have demonstrated the detection of human IgG
through the assembly of GNRs driven by antibody-antigen recogni-
tion [121]. The surface of CTAB-capped GNRs were first modified by
using a negatively charged polyelectrolyte PSS to change the sur-
face charge of the GNRs. Such negatively charged sites were then
functionalized with anti-human IgG via electrostatic interaction.
The aggregation of anti-human IgG functionalized GNRs occurred
after the addition of human IgG, which resulted in a red-shift

in the longitudinal plasmon band of GNRs and a broadening of
the LSPR absorption spectrum. The peak position of longitudinal
plasmon band of GNRs was monitored during the aggregation
process and the LOD for human IgG was about 60 ng/mL. The
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Fig. 20. Multiplexing detection of various targets using GNRs with d
eprinted with permission from Ref. [119].

etection of a pervasive environmental toxin, microcystin-LR
MC-LR), using a LSPR biosensor based on the disassembly of GNRs
ad been reported by Wang et al. [123]. Two batches of GNRs
ere functionalized with MC-LR antibodies and MC-LR analogs

espectively, having an affinity to MC-LR antibodies. The MC-LR
ntibodies and the MC-LR analogues conjugated GNRs were then
ixed together, forming assemblies of GNRs and resulting in a

ecrease in the LSPR absorbance. The addition of MC-LR led to
competition for the antibody binding sites and a dissociation

f assembled GNRs, thus gradually restoring the LSPR spectrum
f the GNRs. By monitoring the peak absorbance change of the
ongitudinal plasmon band during the disassembling process, the
OD for MC-LR was found to be 0.6 ng/mL for the side-by-side
ssemblies of GNRs and 0.03 ng/mL for the end-to-end assemblies.
. Advances in LSPR biosensing

Advances in two specific fields, multiplexing of biosensors and
ingle-nanoparticle based LSPR biosensing are highlighted below.
nt aspect ratios. (a) One target, (b) two targets and (c) three targets.

6.1. Multiplexed biosensing

As metallic nanoparticles of different sizes and shapes possess
different LSPR absorption bands, multiplexed LSPR biosensing can
be realized by employing different metallic nanoparticles in the
same assay. Using GNRs is often preferable to multiplexed sensing
for the reason that the longitudinal plasmon band of GNRs can be
conveniently tuned by controlling the aspect ratio of the GNRs.
Yu and Irudayaraj have demonstrated a multiplexed biosensor for
detecting multiple target molecules using GNRs of various aspect
ratios [119]. In their work, GNRs with three different aspect ratios
were functionalized with three different antibodies respectively,
and mixed together to fabricate the solution-phased-based the
multiplexed biosensor. Three different longitudinal plasmon bands
corresponding to these three aspect ratios appearing in the LSPR
absorption spectrum, as shown in Fig. 20. The addition of one target

molecules resulted in a significant red-shift of one of the longi-
tudinal plasmon bands due to target specific binding and a small
red-shift in the other two longitudinal plasmon bands due to non-
specific binding (Fig. 20(a)). This specific binding caused a red-shift
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hat is large enough to be distinguished from the two small red-
hifts induced by non-specific binding. Likewise, the addition of
ither two targets and three targets has resulted in either two or
hree clear red-shifts in the longitudinal plasmon bands of the cor-
esponding antibody-conjugated GNRs, respectively (Fig. 20(a) and
b)). Therefore, multiple targets can be detected at the same time
y monitoring the wavelength shifts in the corresponding longitu-
inal plasmon bands. Later, they applied this multiplexed sensing
echnique to detect Escherichia coli and salmonella for food safety
pplications [120]. Based on the same principle, Huang et al. devel-
ped a chip-based multiplexed biosensor also using GNRs [31].
NRs with various aspect ratios were immobilized on the separate
lass slides, followed by functionalizing these GNRs with different
ntibodies respectively. These sensor chips were then assembled in
cuvette as the multiplexed sensor and the multiplexing sensing

bility of the sensor was demonstrated by monitoring the peak
bsorbance change in each longitudinal plasmon band induced by
he target specific binding.

.2. Single-nanoparticle based LSPR biosensing

Most LSPR spectroscopy has been performed with ensembles
f metallic nanoparticles: however, each individual nanoparticle in
he ensembles could serve as an independent LSPR sensor [18,124].
ompared to the traditional nanoparticle array-based LSPR sensors,
ingle-nanoparticle based LSPR sensors have shown advantages
uch as higher sensitivity, lower detection limit and very small
ample volumes requirement [14,25]. Single-nanoparticle spec-
roscopy is normally performed by using a dark-filed microscopy
ystem. Fig. 21(a) shows an example of this in which a high-
umerical aperture condenser brings white light to the sample and
low-numerical aperture microscope objective collects the scat-

ered light at low angles. This scattered light is then directed to a
pectrometer and detector, such as a charge-coupled device cam-
ra, yielding an LSPR spectrum of the sample [14]. The sample
s prepared by immobilizing metallic nanoparticles on a trans-
arent glass substrate. The label-free biosensing can be carried
ut by tracking the wavelength shift in the LSPR scattering spec-
rum of a single nanoparticle using the dark-filed microscopy

s demonstrated in Fig. 21(b). So far, apart from GNRs [124],
etallic nanoparticles with other nanostructures such as sil-

er nanoparticles [18], GNSs [125], GNRs, gold nanoholes [126]
nd gold nanorings [127] have been employed in developing

ig. 21. (a) Schematic representation of a dark-field microscopy system for measuring si
SPR spectral shift induced by target molecules binding to a single silver nanoparticle (le
ermission from Ref. [18].
single-nanoparticle based LSPR biosensors. Despite the advan-
tages of these single-nanoparticle based LSPR sensors, the low
single-to-noise ratio still remains a big limitation for these sensors
before they could be applied in practical applications in the future
[128,129].

7. Conclusion and future outlook

In this review it can be seen that compared to other metal-
lic nanoparticles, GNRs have shown both exceptional and highly
desirable optical properties in LSPR-based biosensing applications,
taking advantage of the high refractive index sensitivity and the
potential for multiplexed sensing, all of which have attracted con-
siderable attention from researchers focused on the development
of GNR-based sensitive LSPR biosensors. Nevertheless, important
challenges still remain in the practical implementation of such
sensors and in the exploring of new research directions. First,
compared to other synthesis methods, the seed-mediated growth
approach has been widely applied for the synthesis of GNRs due
to the ease of synthesis and high yield of GNRs. However, as it
is known that many different parameters may affect the forma-
tion of GNRs, those GNRs produced through seed-mediated growth
often suffer poor reproducibility, meaning that the aspect ratio and
the LPB peak wavelength are often slightly different from batch
to batch. Therefore, a cost-effective and robust approach for mak-
ing GNRs with high reproducibility is still needed. Second, optical
fiber-based LSPR biosensors have shown many advantages when
compared to biosensors developed with other different config-
urations. However, most of those optical fiber LSPR biosensors
previously reported were fabricated by using spherical nanoparti-
cles, showing poor wavelength LSPR refractive index sensitivities. It
is important to note that GNR-based optical fiber biosensors have
shown higher sensitivity, as demonstrated in the work reported
here. Combining the advantages of both GNRs and optical fiber
sensors, increasingly sensitive and diverse GNR-based optical fiber
LSPR biosensors are expected to be developed in near future.
Finally, although the LSPR sensing technique has been applied in
the development of label-free biosensors for detecting specific tar-
get molecules, the LSPR technique itself is non-specific sensing

technique. This is because that the LSPR response is dependent
only on the refractive index surrounding the nanoparticles, and the
specificity is achieved through the molecular recognition involved,
such as antigen-antibody recognition. All this means that LSPR is

ngle-nanoparticle scattering spectra. Reprinted with permission from Ref. [14]. (b)
ft), and the dark-field optical image of silver nanoparticles (right). Reprinted with
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ot a very suitable technique for the identification of unknown
olecules. However, the combination of the LSPR technique with

ther identification techniques such as surface-enhanced Raman
cattering (SERS) allows unknown molecules to be first character-
zed with LSPR and then identified with this identification technique
nd this has the potential to greatly expand the range of suitable
pplications of the LSPR technique in the future.
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