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Localized surface plasmon resonance (LSPR) based sensing has been a simple and cost-effective way to measure local refractive
index changes. LSPR materials exhibit fascinating properties that have significant implications for various bio/chemical sensing
applications. In many of these applications, the focus has traditionally been on analyzing the intensity of the reflected or transmitted
signals in terms of the refractive index of the surrounding medium. However, limited simulation work is conducted on investigating
the refractive index sensitivity of LSPR materials. Within this context, here we simulate the refractive index sensing properties of
spherical gold (Au) and silver (Ag) nanoparticles ranging from 20-120 nm diameter within 1.0 to 1.50 refractive index units (RIU).
After analyzing the peak optical efficiency and peak wavelength, we report the sensing performance of these materials in terms of
sensitivity, linearity and material efficiency, which we refer to as the figure of merit (FOM). Overall, our observations have
revealed greatest FOM values for the smallest sized nanoparticles, a FOM of 6.6 for 20 nm AuNPs and 11.9 for 20 nm AgNPs with

refractive index of 1.
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Refractive index (RI) based Localized Surface Plasmon
Resonance (LSPR) biosensing is a powerful label-free tool in the
field of biosensing research.'™ This technique utilizes the changes in
RI caused by the binding of molecules to the surface of noble
metallic nanostructures, which in turn affects the LSPR peak
wavelength and total absorbance of light by the nanostructures.
Fundamentally, when light interacts with the LSPR nanoparticles, it
creates a collective oscillation of the conduction electrons on the
surface of the nanoparticles.® This oscillation is highly sensitive to
changes in the RI of the surrounding medium. In bio/chemical
sensing applications, a layer of molecules, such as antibodies, DNA
probes or even cells, when immobilized on the surface of the
metallic nanogarticles results in the change of local RI around the
nanoparticles.” Further, changes in the local RI around the nano-
particles are resulted when a target molecule binds to these
molecules, which causes a shift in the LSPR wavelength peak and
total absorbance of light nanostructures.” By monitoring this shift in
the LSPR peak wavelength or absorbance, the binding of the target
molecule can be detected, calibrated, and quantified.

The sensitivity of LSPR biosensing is highly dependent on the
size, shape, and composition of the metallic nanoparticles used.®? In
general, smaller nanoparticles exhibit higher sensitivity to changes
in RI, while larger nanoparticles exhibit lower sensitivity but higher
signal-to-noise ratios to changes in RL'®''" The shape of the
nanoparticles can also affect sensitivity, with complex anisotropic
particles, for example, nanorods, nanostars or nanotriangles exhi-
biting higher sensitivity compared to their isotropic counterparts,
which are typically spherical nanoparticles. This is due to aniso-
tropic nanoparticles having different dimensions along their three
axes, which results in a more complex electron oscillation pattern
compared to isotropic nanoparticles, which have the same properties
and dimensions in all directions.'*'? Additionally, the electric field
is more concentrated at the tips of anisotropic particles, which can
result in a stronger LSPR signal and therefore higher sensitivity."*
However, isotropic nanoparticles have a more uniform electron
oscillation pattern, which makes them more stable by being less
sensitive to changes in the environment conditions, such as changes
in pH or temperature. '

Gold nanoparticles (AuNPs) and silver nanoparticles (AgNPs),
both spherical in shape are popular nanostructures used within

“E-mail: n.bhalla@ulster.ac.uk

LSPR biosensing due to their unique optical properties, including
high extinction coefficients and strong plasmonic resonance peaks
in the visible and near-infrared regions.'®'” For quality LSPR
biosensors, nanoparticles must have good optical properties which
are displayed by a narrow absorption peak and particles should
display a good adhesion to analytes of interest.'® Both AuNPs and
AgNPs are biocompatible and can be functionalized with a wide
variety of analytes, including proteins, DNA, bacteria, and
viruses.'*~>? Several works in the literature are published demon-
strating numerous applications in the fields of biomedical research,
clinical diagnostics, and environmental monitoring using AuNPs
and AgNPs with LSPR sensors. A recent study by Ryu and Ha used
LSPR to investigate how the thickness of a silver coating on silver-
coated gold nanorods (Ag@AuNRs) affects sensor sensitivity with
respect to changes in RI. Thicker coatings of silver around the
nanorods showed higher sensitivity levels which demonstrates the
impact of silver in enhancing LSPR sensitivity.”> Another study by
Kim et al used a seed mediated growth method to immobilize
optical fibers with AuNPs to enhance LSPR RI sensitivity and
overall stability.?*

Within this work, we simulate the effects of RI based LSPR
biosensing on AuNPs and AgNPs from sizes 20—120 nm diameter,
that are spherical in shape. Nanoparticles in the size range of
20-120 nm diameter have been selected for this simulation as they
are mostly used for LSPR-based sensing due to their unique
plasmonic properties and high surface area-to-volume ratio, which
leads to enhanced sensitivity compared to bulk materials.>>*® RI of
1.00, 1.33, 1.35, 1.40, 1.45 and 1.50 have been used for the
simulation to help researchers understand the behaviour of AuNPs
and AgNPs in different RI environments to improve nanoparticle
size selection for future work on the development of bio/chemical
sensors. The RI is an important parameter in LSPR-based sensing to
determine the sensitivity, selectivity, and effectiveness of the sensor
in detecting and quantifying changes in the local environment, such
as the binding of molecules to the surface of nanoparticles.?” There
are some works in the literature which have investigated the optical
efficiency and scatterin% of gold nanoparticles of different sizes and
shapes in air and water.”®*' However, to the best of our knowledge,
there is no work which has comprehensively investigated the optical
efficiencies and scattering of Au and Ag spherical nanoparticles of
sizes from 20-120 nm. This includes investigation of its RI
sensitivities in media of RI 1.00-1.50, and elucidation of theoretical
FOM (by simulations) of each size of AuNPs and AgNPs. Therefore,
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Figure 1. LSPR spectra in air (R.I. = 1): LSPR spectra showing the optical efficiency (O.E.) of (A) AuNPs and (B) AgNPs. The size of the nanoparticles ranges
from 20-120 nm diameter in periods of 10 nm.
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Figure 2. LSPR properties of AuNPs with change in the refractive index of AuNPs: LSPR spectra of (A)—(K) 20-120 nm respectively of different
RI (1.33, 1.35, 1.40, 1.45 and 1.50). (L) shows the legends corresponding to colors of graphs in (A)—(K).

our manuscript offers a distinct contribution by presenting a suitable nanoparticle size for specific sensing applications. As a
comprehensive simulation study on a range of AuNPs and AgNPs. result, our report serves as a reliable and valuable guide for a wide
This unique approach will enable researchers to select the most range of researchers working with Ag and Au nanoparticles.
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Figure 3. LSPR properties of AgNPs with change in the refractive index of AgNPs: LSPR spectra of (A)—(K) 20-120 nm respectively of different
RI (1.33, 1.35, 1.40, 1.45 and 1.50). (L) shows the legends corresponding to colors of graphs in (A)—(K).

Simulations

All simulations are performed using Nanosphere Optics Lab
(NOL) from nanohub platform. This tool is produced by researchers
at Northewestern University. NOL calculates the absorption, scat-
tering, and extinction spectra of spherical nanoparticles using the
Mie theory. The in-built features of NOL also enable calculations for
a range of particle sizes for both Au and Ag. Using NOL, we
simulated the nanoparticle optical efficiency (OE) which is the
scattering cross-section to extinction ratio. The OE has been
calculated by using the Eq. 1 from the Mie theory:*

_ Csca Csca

OF = -
Cext Csca + Cabs

(1]

These cross-section parameters can be determined by expanding the
internal and scattered fields into a series of partial waves, which are
modeled by vector harmonics within NOL. The original calculations
can be found in C.F. Bohren and D.R. Huffman’s book “Absorption
and Scattering of Light by Small Particles.”

Results and Discussion

Figures 1A and 1B display the LSPR spectrum of gold
nanoparticles (AuNPs) and silver nanoparticles (AgNPs) in air
(RI = 1.00) respectively. First, it is important to understand the
behaviour and trends that are presented by AuNPs and AgNPs

simulation in air (RI = 1.00) before studying the effects which the
changing RI can have on particle OE. Figure 1A shows that the size
60 nm AuNPs has the narrowest spectra with an optical efficiency
(OE) of 2.6 and a peak wavelength of 515 nm.

As AuNPs size increases there is a shift in the peak wavelength
and after the size 60 nm, there is a broadening in the peak. More
features associated with the direction of shifts are explained in detail
later. On the other hand, Fig. 1B shows that the AgNPs of size 20 nm
has the narrowest spectra with an OE of 5.8 and peak wavelength of
357 nm. A clear trend is seen with AgNPs behaviour at RI = 1.00
i.e., as the particle size increases the peak OE decreases, and the
peak broadens which leads to a reduction in optical efficiency.

Figures 2A-2K displays the simulation results of 20-120 nm
AuNPs with different RI of 1.33, 1.35, 1.40, 1.45 and 1.50. A
broadening in the absorption peak, red shift in the peak wavelength
and a decrease in peak OE is seen as AuNPs increase in size. Within
individual AuNPs sizes a common trend shows that as the RI
increases, the peak OE also increases with a red shift in the peak
wavelength. For example, in Fig. 2A, the 20 nm AuNPs in a RI
media of 1.33 has a peak OE of 2.8 and a peak wavelength of
527 nm which increases to a peak OE of 4.1 and peak wavelength of
538 nm at RI 1.50.

Similarly, Figs. 3A-3K displays the simulation results of
20-120 nm AgNPs with different RI of 1.33, 1.35, 1.40, 1.45 and
1.50. Like AuNPs, AgNPs display a red shift in the peak wavelength
as the particle size and RI increases. However, the peak OE
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Figure 4. LSPR sensitivity and linearity analysis: (A) AuNPs peak wavelength. (B) AuNPs peak OE (C) AgNPs peak wavelength (D) AgNPs peak OE.

decreases as the RI increases, for example within Fig. 3A, 20 nm
AgNPs in RI media of 1.33 has a peak OE of 5.8 and a peak
wavelength of 398 nm which decreases to a peak OE of 5.1 and peak
wavelength of 421 nm at RI 1.50.

To compare sensing performance of AuNPs and AgNPs of
different diameter in different RI, sensitivity and linearity analysis
from peak wavelength and peak OE are displayed in Figs. 4A-4D
and figure of Merit (FOM) results are shown in Figs. SA-5D. High
values for both sensitivity and linearity regarding both peak
wavelength and peak OE indicate excellent LSPR performance.
From Fig. 4A, AuNPs peak OE indicates that regarding peak
wavelength, size 60—80 nm AuNPs offer optimal performance while
size 90 nm AuNPs performing poorly (comparatively to other sizes).
However, regarding sensitivity and linearity results from peak OE of
AuNPs, as seen in Fig. 4B, size 20 nm AuNPs offer the best sensing
performance with 40 nm AuNPs performing the worst. Figure 4C
indicates optimum sensitivity and linearity from 20 and 80 nm
AgNPs and the poorest performance from 30 nm AgNPs regarding
peak wavelength. Peak OE also shows poor performance from
30 nm AgNPs whilst 20 nm AgNPs has the worst sensitivity.

FOM is a quantitative measurement used to assess LSPR
performance and efficiency. In our research, it serves as a benchmark
for evaluating and comparing different nanoparticle diameters across
different RI. In general, a higher FOM indicates better sensor
performance.®* FOM is determined by first calculating RI sensitivity
(RIS), which is the ratio between the shift in plasmon resonance
wavelength (AALSPR) and the variation in the RI of the surrounding
medium (An),*’ see Eq. 2:

RIS = AALSPR 2]

An

The RI sensitivity measurement cannot act as a standalone measure-
ment for sensor performance, but it is used in determining FOM

which is the ratio of the RIS to the full width at half resonance height
(Full Width at Half Maximum (FWHM)), see Eq. 3:

RIS
FWHM

FOM = [3]

Figure 5A shows the FOM for each RI studied for each particle
diameter between 20-120 nm. Overall, as the AuNPs diameter
increases, the FOM decreases with RI 1.50 giving the best FOM
result and RI 1.33 showing the lowest FOM result, indicating a
AuNP of 20nm diameter in RI 1.50 giving overall the best
performance. This trend is also seen in Fig. 5B with 20 nm AuNPs
having the highest FOM. A similar trend is seen in Fig. 5C and D
with the 20 nm AgNPs having the largest FOM and then FOM starts
to increase when RI is varied from 1.33 to 1.50.

Conclusions

This simulation shows the OE of spherical Au and Ag nano-
particles 20-120 nm diameter within different RIUs for LSPR-based
sensing. With regards to AuNPs, our results show that smaller
particles with higher RIU offer the greatest sensitivity, linearity and
FOM. As AuNPs diameter increases there is a broadening of the
peak, a redshift in the peak wavelength and a decrease in OE. A
similar trend is also seen with AgNPs as the particle diameter and RI
increase, there is a peak wavelength red shift, but a decline in peak
OE as RI increases. Sensitivity and linearity results vary regarding
peak wavelength and peak OE and therefore a more in-depth FOM
analysis was carried out to better understand LSPR performance.
High FOM values indicate excellent LSPR-based sensing perfor-
mance with a trend across both Au and Ag nanoparticles showing
that the smallest diameter particle size with the highest RI of 1.50
offers the best biosensor performance.
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