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Abstract

Gold nanorods hold great potential for bio sensing, imaging and
therapy applications. The seed-mediated approach is the most
widely used technique for the synthesis of gold nanorods. However,
batches of nanorods synthesized using this method have a
broadened longitudinal plasmon (LP) peak and uncertainty in the
wavelength of the peak. This paper describes a technique to tune
the synthesized nanorod distributions by using laser pulses at
specific wavelengths that either reduce the width of the population
LP peak or control its position. The overlap between the LP peaks
of pairs of batches of gold nanorods was successfully reduced by
at least 9%. Batches of nanorods with a sharper LP peak and/or
a more desirable LP resonance wavelength could eventually be
utilized in molecular biosensing and imaging applications requiring
the simultaneous detection and differentiation of multiple aspect-
ratio gold nanorods.
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Introduction

In recent times, gold nanorods (AuNRs) have attracted immense
interest for biomedical applications such as drug delivery [1,2],
diagnostic imaging [3,4], therapy [5,6] and biosensing assays [7].
This surge in interest can be attributed to their biocompatibility [8],
ease of conjugation to moieties that permit binding to biologically
interesting molecular targets [9,10] and optical properties,
particularly their surface plasmon resonance [11], which arises due
to the collective coherent oscillation of the electrons on the metallic
surface. When the frequency of the incoming photons matches that
of the oscillation of surface conduction electron density, resonance
occurs. At this resonance frequency, light is more strongly absorbed
by the plasmonic nanoparticle than at other frequencies, with a size
normalized absorption cross-section that is five orders of magnitude
greater than any known dye molecule [12]. AuNRs, because of their
rod-like shape, exhibit two plasmon resonances, a transverse plasmon
(TP) resonance, arising due to the oscillation of the electrons around
the circumference of the nanorod’s circular cross-section, and a

*Corresponding author: Anant J Shah, Joint Department of Physics, The
Institute of Cancer Research and the Royal Marsden NHS Foundation Trust,
Sutton, London, United Kingdom, Tel: +74 01407475; E-mail: Anant.Shah@icr.ac.uk

Received: August 13, 2018 Accepted: September 11, 2018 Published:
September 17, 2018

longitudinal plasmon (LP) resonance in the visible to near-infrared
region due to the oscillation of the electrons along the length of the
nanorod. Using the most commonly employed method of synthesizing
AuNRes, their cylindrical diameter is approximately constant, fixing
their TP resonance at a peak wavelength close to 520 nm in the visible
range, whereas their length may be controlled to create AuNRs of
a specific aspect ratio (length to diameter ratio). AuNRs of a given
aspect ratio thus has a characteristic optical absorption spectrum,
with an LP resonance that potentially allows them to be detected
spectroscopically in a background of other optical absorbers, or to be
distinguished from AuNRs of another, sufficiently different, aspect
ratio.

Among the applications utilising AuNRs, researchers have
proposed the use of multiple aspect ratio AuNRs having different
LP plasmon resonance wavelengths for multiplexed biosensing [7],
potentially resulting in assays that are capable of simultaneously
detecting (by optical spectroscopy) a plenty of different biomolecules
in vitro, and multiplexed spectroscopic molecular imaging, such as
optoacoustic imaging [13,14], which can potentially simultaneously
detect whether multiple receptors are expressed on the cell surface
in vivo. The capacity to sensitively detect biomarker molecules in
vitro and in vivo, and the number of such molecules that could be
simultaneously distinguished, would depend on the sharpness of the
LP resonance peak of the population of synthesized AuNRs used in
the study.

Additionally, the success of multiplexed biosensing, molecular
imaging and other applications of AuNRs, would depend on the
certainty with which the wavelength of the LP resonance peak of a
population of synthesized AuNRs can be controlled. For a given LP
resonance sharpness, the wavelength of the peak will ascertain the
capacity to identify the AuNRs in the presence of other chromophores
or separate them from AuNRs from another population. Furthermore,
optoacoustic imaging [15] and photo thermal therapy [5,16] are
examples of techniques which constrain the use of AuNRs having a
plasmon resonance peak matching the wavelength of the laser being
employed, which is often chosen to penetrate as deep as possible in
tissue.

For a bulk synthesis of AuNRs, the seed-mediated approach,
developed by Nikoobakht, et al. [16] is the method preferred by the
majority of researchers, probably because of its low cost and simplicity.
Although use of this method does not allow the TP resonance of the
AuNRs to be altered, their LP resonant wavelength may be controlled,
within the so-called tissue optical spectral window of 650-1100 nm.
This is done by altering the concentration of silver nitrate in the
growth solution, which controls the length to which the AuNRs are
grown. However, the aspect ratio of the end product depends upon
many parameters, such as the temperature of the reaction [17], speed
of stirring [18], the concentration of reactants [19], type of surfactant
[20], pH [21] and possibly other unknown variables. The existences of
so many sources of variation means that the properties of the AuNRs
synthesized using this method are not easy to control accurately or
precisely. This leads to bias and random uncertainty in the position
of the LP peak of each AuNR and, since the absorption spectrum of a
population of AuNRs is a superposition of the absorption spectra of

SciTechnaol

__/J interational Publisher of Science,
Technology and Medicine  ;

All articles published in Journal of Nanomaterials & Molecular Nanotechnology are the property of SciTechnol, and is protected
by copyright laws. Copyright © 2018, SciTechnol, All Rights Reserved.



Volume 7 ¢ Issue 6 * 1000255

Citation: Shah AJ, Jaeger M, Harris-Birtill D, deSouza N, Bamber JC (2018) On the Potential for Tuning the Longitudinal Plasmon Band of a Distribution of
Gold Nanorods Using a Tunable Laser. J Nanomater Mol Nanotechnol 7:6.

the individual NRs, to two problems when such AuNRs are used in
applications such as those mentioned above: the batch population LP
peak may not be exactly at the wavelength desired, and its width may
be broader than desired.

To synthesize AuNRs to a desired LP resonance peak wavelength,
Wang, et al. [22] used a chemical approach adding an excess of a
chemical inhibitor, sodium borohydride, to deplete the residual gold
concentration in the growth solution, which terminated the growth
process at the desired stage of the reaction. However, the addition of
this, inhibitor decreases all the unreacted gold in the solution, so that
an excess of gold clusters is formed, and yield of AuNRs is decreased.
Another approach is to resize the AuNRs after synthesis. Chemical
methods for achieving this include cyanide etching [23] and mild
oxidation [24,25]. These chemical-induced reshaping approaches
tend to be somewhat inflexible. Each shifts the LP peak to either a
shorter or a longer wavelength and at least two methods are required
to have the flexibility of both options. To our knowledge, the issue
of batch population LP peak being wider than desired, i.e poor
individual AuNR synthesis precision has still to be resolved.

To summarise the problem, there has been a limited success
using chemical synthesis-control and resizing methods. Control at
synthesis results in a reduced yield. Post-synthesis chemical resizing
requires a different method to shift the LP peak of the AuNRs to a
longer wavelength, than that used to shift it to a shorter wavelength.
None of the chemical methods are able to influence the width of the
population LP resonance. Here we describe a new method which
can be used both to control the LP peak wavelength of an AuNR
population, and to narrow the population LP resonance. It does
so by using laser irradiation to resize AuNRs after they have been
synthesised.

Laser irradiation increases the surface temperature of AuNRs
causing partial melting and hence changes in their morphology [26-
28]. It is known for example, that a suspension of AuNRs in water
begins to demonstrate changes in its optical absorption spectrum at a
fluence of 8 mJ/cm? with as few as 300 laser pulses (7 ns pulse duration,
10 Hz repetition rate) [29]. However, although these effects have been
observed the possibility of using controlled heat with a tunable laser
to deliberately tune the LP peak of a population of already synthesized
AuNRs has not been investigated. In principle, the size distribution
associated with a given population of AuNRs in suspension could be
altered by irradiating the suspension at wavelengths corresponding
to the LP resonance of unwanted AuNRs, partially melting them and
hence eliminating their contribution to the LP peak.

The aim of the present study is to determine the feasibility of
such approach and to determine the extent to which it can narrow
the width, and control the wavelength of the LP resonance peak of a
population of AuNRs.

Methods
Overall approach

The preliminary experiments described here were conducted in
three steps. A first experiment was aimed at demonstrating that it is
possible to selectively destroy AuNRs of a chosen size. It had to be
shown that this is possible before attempting to use the phenomenon
to tune the properties of a population and it was shown by mixing
two AuNR suspensions that are having LP spectral peaks that differed
by more than 200 nm, and demonstrating that one of the AuNR
suspensions may be selectively removed from the mixture using high
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energy laser pulses at the wavelength of the LP maximum of the AuNR
population to be removed. A second experiment aimed to employ this
phenomenon, by demonstrating that the full width at half maximum
(FWHM) of an LP spectral peak for a population of AuNRs can be
decreased by a technique developed which involved irradiating the
AuNR suspension sequentially, at wavelengths starting from either
tail of the spectral resonance and moving towards the LP maximum.
Finally, the last experiment was designed to demonstrate that using
a similar sequential irradiation approach it was also possible to shift
the LP resonance peak of a given population of AuNRs to any desired
wavelength within the original LP resonance band.

Nanorod synthesis

AuNRs were synthesized using the three-step seed-mediated
protocol developed by Nikoobakht, et al. [16], wherein gold
nanospheres synthesized using a strong reducing agent with
gold chloride were used as seeds in growth solutions to produce
AuNRs having an expected aspect ratio of 2.6, 3.2, 3.8 and 5.5, and
corresponding expected LP maxima of 696 nm, 715 nm, 770 nm and
910 nm.

Laser irradiation and measurement of optical extinction
spectra

A Q-switched Nd:YAG laser (Quantel, Les Ulis), made tunable
in the wavelength range of 700 nm-950 nm using a ‘magic prism’
optical parametric oscillator (Opotek, California) was used for
delivering a 6 (+ 0.5) nanosecond pulse every 0.1 seconds. For each
pulse, the spectral line width (FWHM) was 9 (+ 7) nm and the laser
energy was between 23 (+ 1.7) m]J and 35 (£ 3.6) mJ, depending on
the wavelength, as measured using a power meter (SOLO 2", Gentec,
Quebec). Linear profile fibre optic bundles were connected to the
laser for delivering the laser pulse.

An optically transparent spectrophotometer cuvette having a
width and depth of 1 cm, was filled with 3 ml of AuNR suspension,
and fibre optic bundles delivered a diverging beam covering the
cuvette cross-sectional area of 2 cm?. The minimum laser fluency, to
which the AuNR suspension was exposed, was calculated to be 11 (+
1) mJ/cm? well above the threshold of 8 mJ/cm? required for partial
melting of the AuNRs [30]. The maximum laser fluence was calculated
to be 18 (+ 1) mJ/cm?, which was well below the threshold of 1 J/cm?
required for a complete melting of all the AuNRs into spheres [27]. As
the cuvette used was optically transparent with a wall thickness of 2
mm, the attenuation of the laser pulse by the cuvette, before reaching
the AuNR suspension, was assumed to be negligible. Each sample
was irradiated for 100 sec at 10 Hz pulse repetition rate, at specific
wavelengths corresponding to the spectral resonances of undesired
AuNRs within the distribution. Further details of the specific
laser irradiation wavelengths are provided in the results section.
Following each laser irradiation step, the cuvette was transferred to a
spectrophotometer (6705, Jenway, Staffordshire) for measurement of
the change in the extinction spectrum, after which it was returned for
the next irradiation step until completion of the experiment.

Statistical analysis methods

The effects of the laser irradiation technique on the widths of the
population LP peaks in the extinction spectra of each of the three
different AuNR samples having expected aspect ratios 2.6, 3.8 and 5.5,
before and after the laser irradiation, were assessed by the following
four methods of analyses of the spectra:
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i.  The FWHM of the spectra were calculated.

ii.  Theareas of the overlaps of the normalised extinction spectra
were calculated.

iii.  Student’s t-test was applied for testing the null hypothesis
that there is no difference between the means of the spectral
distributions of any pair of AuNR populations, using the
t-test statistic to provide a spectral discrimination factor
(SDF) that could be used to assess the practical impact of any
spectral sharpening.

For methods i) and ii), the FWHM and the areas of overlap of the
extinction spectra of the different AuNR samples, before and after
laser irradiation, were calculated using a spectral analysis Matlab™ tool
(UV-Vis-IR Spectral Software 1.2, FluorTools, www.fluortools.com).

For iii), the SDF for any pair of AuNR spectra, before and after
laser irradiation, was calculated as:

SDF: lul_IUZ

@

Where p, 0> and n are respectively the mean, variance and area
under the spectrum and the subscripts 1 and 2 refer to the first and
second AuNR samples under comparison.

Results

Selective removal of gold nanorods from a mixture

Selective removal of AuNRs of a preferred size was tested by using
a mixed suspension of two AuNRs, one with an LP maximum at 715
nm (AuNR_. ), the other at 910 nm (AuNR, ). The extinction
spectrum of the mixture, Figure 1 (dotted curve) shows both these
peaks, together with that due to the TP resonance at 520 nm. The
mixture was irradiated with 1000 laser pulses (10 Hz for 100 seconds),
at 910 nm. The resultant AuNR mixture showed LP peaks near 700 nm
and 800 nm, (Figure 1 dashed curve), but the peak at 910 nm was no
longer present, as intended. The incidental shoulder in the spectrum
at 800 nm suggests that the longer AuNRs had been reshaped, with
a corresponding shift of the mean LP resonance from 910 nm to
800 nm. The irradiation method was consequently repeated, this
time at 800 nm to conclude whether the new population of AuNRs
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Figure 1: Extinction spectra of a mixture of two populations of AuNRs at
various stages of laser ablation.

The dotted line represents the extinction spectrum of the original mixture of
AuNR,.. and AuNR_, . The dashed line represents the extinction spectrum
of the same nanorod mixture after the first

(0@) laser irradiation at 910 nm,

(®) and the solid line represents the extinction spectrum of the mixture after a
further laser irradiation at 800 nm
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could be selectively removed. As a result, only a single LP peak at
715 nm was observed, with enhanced absorbance relative to the
original peak at 715 nm (Figure 1, solid curve), proposing an increase
in the number of AuNRs with this LP resonance. This is compatible
with more reshaping of AuNRs and resulting in a shift of their LP
maxima to a shorter wavelength. Consequent to this, as described
in sections 3.2 and 3.3 below, we utilized sequential irradiation at
different wavelengths and got evidence of the reshaping from electron
microscopy.

Tuning the width of the LP spectral resonance of a
population of nanorods

For tuning the width of the LP spectral peak of a population of
AuNRs, the two-stage sequential irradiation technique found to be
useful above was extended. Each sample was irradiated with intense
laser pulses in a sequence of groups of 1000 pulses, with the first group
starting from a wavelength at the long wavelength end of the spectral
resonance and moving towards the LP spectral peak wavelength at
intervals of 25 nm, measuring the extinction spectrum after each
irradiation group. Irradiating the sample with laser pulses was
stopped at a wavelength that resulted in any shift of the LP spectral
peak.

The extinction spectrum of an AuNR sample with an LP maximum
at 770 nm (AuNR_ ) before irradiation is shown in Figure 2
(middle row), along with the spectra after sequential irradiation
at wavelengths from 900 nm to 850 nm at 25 nm intervals. The
spectra showed that the AuNRs with plasmon resonances in this range
underwent reshaping with each irradiation, resulting in a continuous
sharpening of the population LP spectral peak, as well as small shifts of
the peak from its original real value to shorter wavelengths. The latter
topic is discussed in section 3.3 below; here the focus is on sharpening the
LP spectral peak of the population. After three sequential irradiations of
this sample, the right and left half-maximum points of the LP peak had
shifted left by 27 nm and 5 nm, respectively. The decrease in FWHM of
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Figure 2: Extinction spectra before (dotted) and after (dashed) nanorod tuning
had been completed (first column), and after each stage of laser irradiation
(next column), for AuNR . (first row), AuNR,, (middle row) and AuNR,
(last row). The legend shows the wavelength at which the corresponding
sample was irradiated.
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the LP peak was estimated to be 22 nm.

Similar results were obtained for sharpening the LP spectral peak
of AuNR suspensions with pre-irradiation LP maxima at 696 nm
(AuNR_ ) and 910 nm (AuNR, ), using sequential irradiation
at wavelengths between 825 nm and 775 nm for AuNR_, ., and
725 nm and 750 nm for AuNR, . again at intervals of 25 nm.
Extinction spectra measured after each step of laser irradiation are
shown in Figure 2 (top and bottom rows). The FWHM of the LP
peak of each sample of AuNRs decreased in all three cases, as shown
in Table 1, which suggests that the observed decrease is significant.
Characteristically deformed (partially melted) phi-shaped particles,
formed by selective light absorption by the undesired AuNRs in the
population, were observed in the TEM images as indicated by red
circles in Figure 3.

e

Figure 3: TEM images of AuNRs having LP peaks at 696 nm (top), 770 nm
(middle) and 910 nm (bottom), before (left) and after (right) completion of all
laser irradiation steps described in the text. Red circles show the partially
melted, and hence deformed, ®-shaped particles.
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The area of overlap of the LP peaks in the normalizsed extinction
spectra of the AuNR_ and AuNR,  samples was calculated
between 650 nm and 950 nm. Before laser irradiation, the area of the
intersected region was 76.6 square units, which reduced to 47 square
units after laser-based tuning. A slightly smaller reduction in the area
of overlap was observed for the LP spectral peaks of the AuNR
and AuNR__ samples, and the AuNR = and AuNRj samples,
as shown in Table 2. A visual judgment of the overlap before and after
laser-based tuning can be done by examining the extinction spectra,

which are plotted together in Figure 4.

The spectral discrimination factors, calculated using Equation 1,
are shown in Table 3 for pairs of AuNR samples before and after laser
irradiation. Tuning with laser irradiation improved discrimination in
all three cases.

Tuning the LP spectral peak wavelength of a population of
nanorods

To explore this capability, AuNR samples were sequentially
irradiated with groups of laser pulses, starting either at long
wavelengths and stepping down in 25 nm intervals (to produce a
blue shift of the population spectral peak) or at short wavelengths
and stepping up in 25 nm intervals (to produce a redshift of the
population spectral peak). However, it may be seen from Figure 2 that
irradiation of the AuNR_ sample at 850 nm caused an alteration of
the LP maximum wavelength of only 5 nm, because of the closeness
of 850 nm to the LP maximum prior to irradiation. Irradiating the
sample at wavelengths even closer to the peak would have resulted
in a large jump of the entire LP maximum of the AuNR suspension,
as can be seen between the dotted curves of the Figure 1, which is
undesirable. These conditions were consequently withdrawn when
exploring the process of tuning the LP spectral peak wavelength,
which was conducted using only a sample of AuNRs with a pre-
irradiation LP maximum at 910 nm.

Sequential irradiation starting at 950 nm and ending at 725 nm
resulted in a shift of the LP peak to a shorter wavelength at each stage,
as expected until an LP maximum of 700 nm was reached (Figure
5, right). This indicated that longer AuNRs within a sample could
be selectively managed to form a final distribution of AuNRs with
a smaller mean aspect ratio. Shorter AuNRs were also selectively
managed with sequential groups of laser pulses, starting from 700 nm
and ending at 910 nm, to raise the mean aspect ratio in the sample
and therefore shift its LP maximum to a longer wavelength (Figure 5

Table 1: The wavelength (2_,,) and the width (FWHM) of the extinction spectral peak for samples of AuNRs before and after tuning them with a laser.

Apeak Before tuning Amk After tuning Difference in Amk due to FWHM before tuning FWHM after tuning | Difference in the FWHM of LP
tuning peak due to tuning

696 nm 691 nm 5nm 12 96 -16 nm

770 nm 765 nm 5nm 124 102 -22 nm

910 nm 920 nm -10 nm 204 183 -21 nm

*The values of FWHM were estimated by assuming symmetry of the extinction spectrum in Figure 2.

Table 2: Comparison of the area of overlap of LP spectral peaks, for each pair of AuNR samples, before and after laser tuning.

sample under comparison

Pre-irradiation LP maximum of the AuNR

Wavelength range considered
for calculation of the area of
overlap (nm)

Area of overlap before
laser irradiation (sq. units)

Area of overlap after laser
irradiation (sq. units)

Percentage reduction

696 nm - 770 nm 650 nm - 950 nm 55 49.6 9.8%
696 nm - 910 nm 650 nm - 950 nm 30 254 15.3%
770 nm - 910 nm 650 nm - 950 nm 76.6 47 38.6%
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left) with a final value near 1000 nm.

In both cases, it may be seen in Figure 5 that a consequence using
laser irradiation to move the LP maximum of an AuNR sample to a
different wavelength was a successive broadening of the peak, which
in the extreme took the form creating a new absorbance peak at 700
nm (Figure 5 left). This secondary absorbance peak may be connected
to the creation of phi-shaped particles illustrated in Figure 3. An
increase in absorbance value at 700 nm was observed with each step
of subsequent laser irradiation, as more phi-shaped particles were
produced after each step.

Discussion

It is well known that a range of parameters affect the aspect ratio
and LP maxima of AuNRs synthesized using the seed-mediated
approach, resulting in poor reproducibility and a broad LP peak,
which might make them unfavourable for applications involving
identification of different aspect ratio AuNRs, such as multiplexed
imaging and biosensing. This study reports the development of a
laser-based method and demonstrates its ability both to narrow the
synthesized AuNRs’ LP resonance peak slightly and to enable the
populations with a controlled position of the absorbance peak to be
produced.

As demonstrated in Figure 1, the results of laser irradiation of
an AuNR sample at a wavelength chosen by spectrophotometry,
followed by further irradiation at a new wavelength selected by
spectrophotometry after the previous irradiation, and so on,
established the feasibility of a novel consecutive method that provides
complete controlled reshaping of the absorbance spectrum of an
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Figure 4: Extinction spectra of the various AUNR samples (AuUNR,,.  (-*),

AuNR, . (---) and AuNR,, (---)) before (left) and after (right) tuning with
a laser.
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Figure 5: Laser reshaping of the spectra of samples of AuNRs having
a pre-irradiation LP maximum at 910 nm to obtain a desired LP maximum
wavelength in the range 910 nm-1000 nm (left) and 910 nm-700 nm (right).
The arrows indicate the direction of the wavelength steps in the process of
sequential laser irradiation.
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AuNR population. It was possible to completely remove the spectral
peak of the AuNR910 nm sample from the two-peaked extinction
spectrum of the mixture of two AuNR samples, transmitting a single
spectral peak at 715 nm, which was the wavelength of the LP spectral
peak of the other sample in the mixture. The lack of a significant
increase in absorption at 525 nm indicated that AuNRs had been
converted to nanoparticles rather than nanospheres, which was later
confirmed using the TEM. This provided the potential purification
process, which was then evaluated.

The FWHM (Figure 2) and areas of overlap (Table 2) between
different LP spectral peaks of three different AuNRs were found to
decrease. A notable improvement was observed for differentiating LP
peaks of AuNR_ and AuNR, . characterized by a decrease of
the area of overlap by approximately 39%. The LP peak of AuNR_
. Was tuned starting at the long wavelength end of the right spectral
tail, whereas the LP peak of AuNR,  was tuned from the short

wavelength end of the left spectral tail.

The LP peak of AuNR_  could not be tuned using shorter
wavelengths, as at the lowest applicable wavelength, 700 nm, there was
an undesirable shift in the LP peak to a longer wavelength. Similarly,
for tuning the LP peak of AuNR, . wavelengths only up to 750 nm
(160 nm away from the maxima) could be utilised before causing a
shift in the Plasmon resonance peak to a higher wavelength. Work is
underway to understand this finding. The LP peak of the AuNR; -
was not tuned from the right spectral tail because the laser wavelength
was limited to 950 nm, which is very close to the peak. Since in this
case, the LP peak of AuNR__ was tuned from the right and the LP
peak of AuNR, . from the left, a major improvement in the spectral
discrimination was observed, due to a reduction in the overlapping
area.

In comparison to the improvement in discrimination between the
LP peaksofthe AuNR | and the AuNR_  samples after laser tuning,
no improvement was observed for discriminating between the LP peaks
of the AuNR_ and the AuNR_ samples. The latter samples were
tuned using longer wavelengths, from the ends of the right spectral tails.
They could not be tuned from the left spectral tail because the shortest
wavelength of the laser was 700 nm. The full potential of this laser tuning
approach, therefore, needs to be explored in future experiments using

tunable lasers that cover a wider range of wavelengths.

The LP peaks of the AuNR,,  —~and AuNR,  samples were
easily discriminated before laser tuning; correspondingly, there was
no improvement in the spectral discrimination of the LP peaks of

these two AuNR suspensions after laser tuning.

The tuning of AuNR,  sample resulted in a formation of a
secondary absorbance peak (600 nm-700 nm), as also observed
in Figure 5, which could be attributed to the partially deformed
®-shaped particles that are produced as a result of partial melting
of AuNRs [27]. This effectively reduced the spectral discrimination
between the two AuNR spectral peaks, the two models of LP peaks

FWHM decreased. The laser, which is more than the pulse force

Table 3: Comparison of the spectral discrimination factors before and after laser-based tuning for pairs of nanorod samples with different pre-irradiation LP spectral

peaks.

Pre-irradiation LP maxima of the AuNR samples

under comparison irradiation
696 nm and 770 nm 11.97
696 nm and 910 nm 30.16
770 nm and 910 nm 18.61

Spectral discrimination factor before laser-

Spectral discrimination factor after laser-
irradiation

13.43
32.33
21.11
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currently used in this study, can prevent the formation of such a
secondary peak by breaking unwanted Nanomaterials, which form
nanospheres that are absorbed in 520 nm, [27] which is more spectral
discrimination in such a scenario AuNRs.

It was also shown that the LP maximum of the AuNRs could be
shifted from an undesired spectral resonance to a desired one, by
preserving a sub-population. This technique could also be further
improved by using a laser with a wide wavelength tuning range.
Its main application would be in combination with the spectral
narrowing method, to further improve spectral discrimination by
positioning the LP peaks to minimise overlap.

The theoretical limit of a tuning method will in principle occur
when a mono disperse population of AuNRs has been produced.
The FWHM of the LP peak in AuNRs varies as a function of aspect
ratio. It has been reported that the FWHM of the LP peak of AuNRs
increases in a non-linear way with increasing aspect ratio [30]. A
single AuNR, depending on its aspect ratio, has a Plasmon resonance
peak with a FWHM in the range 50 nm to 200 nm, as predicted by
Zhu, et al. [30] using simulations. This implies that even with a truly
monodispersed population, it is unlikely that the number of AuNRs
that could be simultaneously detected would be more than about four
or five, in the spectral range of 700 nm to 950 nm. The LP peaks of the
synthesized AuNRs for this study, and also reported elsewhere, have
similar FWHMs for the corresponding aspect ratio. The laser tuning
approach employed here reduced the FWHM of the LP peaks of all
population of AuNRs by at least 16 nm. After further optimisation
employing a tunable laser with wider bandwidth and higher power,
it would be worth assessing the practical impact of this spectral
sharpening for applications involving simultaneous detection of
multiple AuNRs.

The laser irradiation technique has limitations in its ability to
tune the LP peak of AuNRs to a desired wavelength because it can
only alter the distribution of sizes within the synthesized population
of AuNRs. Shifting to a different wavelength, therefore, results in a
lower yield of desired AuNRs and a reduced extinction, as can be
observed in Figure 5. Chemical methods for controlling the LP peak of
AuNRs are far superior in this case, as they can accurately shift the LP
peak to the desired wavelength with an accuracy of a few nanometers,
without causing a reduction in the extinction of the sample. However,
to our knowledge, the LP peaks of the AuNRs synthesized using these
chemical approaches have similar FWHM to those reported in this
paper before tuning, making this laser tuning method worthwhile. A
combination of a chemical approach for shifting the LP peak and a
laser irradiation approach for narrowing the spectral peak would be
worth investigating.

Conclusion

A laser-based AuNR tuning method has been developed which
has been determined to show potential both to control the wavelength
and to decrease the width of the LP resonance peak of an AuNR
population. This combination of capabilities cannot be achieved by
any single chemical method. Appropriate use of these capabilities,
possibly in combination with a chemical method for controlling the
wavelength of the LP resonance peak, could be applied to reduce the
overlap between optical spectra from different populations of AuNRs
so that in future, simultaneous bio sensing and molecular imaging
of AuNRs functionalized to multiple molecular markers would be
possible.
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