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Abstract

In this work, we introduce a new perspective on the development of Localized
Surface Plasmon Resonance (LSPR) optical biosensors. Computational simu-
lations, focused on the assessment of the LSPR spectrum and spatial distribu-
tion of the electromagnetic field enhancement near a metallic nanoparticle,
elucidated the behavior of crucial parameters, as figure of merit, bulk and
molecular sensitivity, which governs a LSPR sensor performance. Gold and
silver nanospheres were explored as starting point to assess plasmonic optical
characteristics of the nanostructured sensor platform. Here, for the first time
in the literature, Campbell’s model was evaluated exploiting a NP size-de-
pendence approach. The theoretical analyses indicate a nonlinear behavior of
the bulk and molecular sensitivity as function of the NP size. Substantial LSPR
peak shifts due to the adsorption of molecules layer on a NP surface were ob-
served for nanoparticles with ~5 nm and ~40 nm radius. Moreover, on mole-
cular sensing, LSPR peak shift is also determined by the thickness of adsorbed
molecular shell layers. We observed that for 40 nm radius gold and silver na-
nospheres, significant LSPR peak shift could be induced by small (few nm)
thickness change of the adsorbate shell layer. Moreover, this work provides
insights on the LSPR behavior due to adsorption of molecular layer on a NP
surface, establishing a new paradigm on engineering LSPR biosensor. Further-
more, the proposed approach can be extended to engineer an efficiently use of
different nanostructures on molecular sensing.
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1. Introduction

The noble metal nanostructures strongly interact with light, resulting in size de-
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pendent absorption, scattering and robust local electric field enhancement.
These extraordinary optical characteristics of small particles have led to re-
markable interest into their potential applications as nanoscale elements in di-
verse range of technologies. These optical characteristics are governed due to
collective coherent oscillations of free electrons, known as localized surface
plasmon resonance (LSPR) [1]. The LSPR spectrum is tunable and reliant on
shape, size, composition and on the surrounding dielectric medium [2]. The
spectrum of LSPR excitations have been the subject of intensive research efforts
and encourage researchers to synthesize the growth of complex shapes nano-
structures such as nanoshells [3], nanorice [4], nanocages [5], nanostars [6],
nanorods [7] and nanopyramids [8], which shows plasmon peaks in various
spectral regions. In general, the shaper tips particles are expect to have LSPR at
longer wavelength as compared to spheroids [9]. However, spherical nanostruc-
tures provide a starting point to evaluate plasmonic optical characteristics of
metals.

Moreover, the size of a metallic nanostructure plays an important rule on the
light-NP interaction. In fact, scattering and absorption cross sections are size
dependent [10]. On a Quasi Static approximation, absorption cross section of a
spherical nanoparticle is proportional to r’, while scattering cross section is
proportional to 7%, where r is the radius of nanoparticle. In general, absorption
processes will be more effective than scattering on particles with dimension
smaller than 10 nm. For larger metallic structures the light-NP interaction will
be determined mainly by scattering [11].

In principal, LSPR can be achieved in any metal, semiconductor or alloy by
fulfilling the Frohlich condition: &, = —2¢,, [12], where &, is the real part of the
nanoparticle complex dielectric function and ¢, is permittivity of the NP sur-
rounding non-absorbing medium. Therefore, to establish LSPR on a NP, &,
should be negative while the imaginary part of the dielectric function, ¢, is ex-
pected to be positive and negligible. Gold and silver are the mostly used metals,
with negative real and small positive imaginary dielectric values, on LSPR appli-
cations [13].

Therefore, gold and silver nanoparticles are increasingly receiving attention as
an important starting point for label-free sensing. LSPR sensors can be explored
as fast, reliable, low-cost, and fairly simple tool for medical diagnosis. Various
examples of LSPR biosensors were attributed to the diagnosis of relevant medical
disease, as Alzheimer [14], preeclampsia [15], influenza [16], HIV-1 [17], hepa-
titis B infections [18] and Dengue virus [19], as well as for intracellular protein
sensing [20].

LSPR sensors are mainly based on the identification of plasmon resonance
wavelength shift. LSPR peak shift may be induced by changes of the NP sur-
rounding medium or by molecular attachment to the nanostructure surface. On
molecular LSPR sensors, when a specific analyte attaches to the surface of NP, a

shift of LSPR spectra may be observed. In particular, chemisorption process can
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lead to Self-Assembled Monolayers (SAM) formation on the metallic nanopar-
ticles surface [21]. Moreover several important biomolecules, as antibodies, en-
zymes, DNAs and proteins, have been associated to metallic nanostructures,
providing a diversity of LSPR platform for biomedical applications [1].

To develop an efficient LSPR molecular sensor, an evaluation of plasmon peak
shift as a function of the NP size and adsorbate molecule layer thickness is re-
quired. Whereas several good reviews on LSPR sensors can be found in the lite-
rature [22]-[28]. In this work, crucial parameters that rule the LSPR molecular
sensor performance, as figure of merit, bulk sensibility and electromagnetic field
distribution around the NP and their dependence with nanostructure size and
material composition (gold and silver) are evaluated. Moreover, this work pro-
vides insights on the LSPR behavior due to adsorption of molecular layer on a
NP surface. Here, for the first time in the literature, Campbell’s model is eva-
luated exploiting a NP size-dependence approach, establishing a new paradigm

on engineering LSPR biosensor.

2. Principals of LSPR Biosensing

The LSPR wavelength shift (A1) due to a molecular monolayer adsorption on a
metallic NP surface can be mathematically described by Campbell’s model as
[29]:

AL =n,-An-(1-e?), (1)

where Anis the change in refractive index (RI) due to adsorption layer (An = 1,4,
- n,, where n,,, and n,, are the RI of the adsorbate layer and of the surrounding
dielectric medium, respectively). Additionally, /; is the EM field decay length
around the NP, dis adsorbate layer thickness and 7, is known as the LSPR bulk
sensitivity. Moreover, bulk sensitivity is termed as the variation of LSPR peak
position with respect to the change in RI unit (RIU) of the medium, and its unit
is eV/RIU or nm/RIU [22]. Thus, bulk sensitivity can be written as [23]:

A oor
= _TLSPR 2
My An, (2)

where A4 r and An, are, respectively, the wavelength shift of LSPR peak
and the refractive index change of a medium. Moreover, sensing performance
can also be evaluated by exploring Figure of Merit (FoM) factor. The FoM is de-
fined as the ratio of bulk sensitivity to the full width at half maximum (FWHM)

and is expressed as [24]:

FOM = nb . (3)
FWHM

For nanosphere LSPR-based sensors, the bulk sensitivity, FoM and EM field
decay length are reliant on the NP particle radius [1]. Therefore, the plasmon
peak shift of LSPR molecular sensor should also be dependent of the nanopar-

ticle size.
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3. Methods
3.1. Mie Theory

Gustav Mie, in 1908, developed an analytical solution for plane EM wave inci-
dent on spherical conducting nanoparticles. From the solution obtained after
solving Maxwell’s equations, the cross sections of scattering (C,.) and absorp-
tion (C,,) of the small NPs can be described [1]. From C,, and C,,, the extinc-
tion cross section can be obtained as C,,, = C,,, + C,,. We employ the optical ef-
ficiency (Q) here instead of cross section (C) for extinction, therefore, Q is de-

fined as the ratio of the optical cross section to the geometric cross section [11].

3.2. Simulations Analyses

Computational simulations were used to render the interaction of light with the
nanoparticle, and therefore, leading to the understanding of the behavior of cru-
cial parameters that rule the LSPR molecular sensor performance. Here, Finite
Element Method (FEM) was performed using COMSOL multiphysics, to deter-
mine the frequency domain scattered field distributions and, therefore, the NP
extinction cross sections. In FEM simulation, the nanoparticle surface was di-
vided into small tetrahedral mesh elements with ‘finer’ size. Additionally, aniso-
tropic perfectly matched layer (PML) around the nanoparticle, was introduced
to avoid any reflection artifacts on the simulation. The amplitude of the back-
ground-oscillating field was set to 1 V-m™". The used bulk values of the metal
complex (real and imaginary) dielectric functions for Au and Ag were obtained

from literature [13].

3.3. Experimental Analysis

Silver and gold nanospheres colloidal samples with polyvinylpyrrolidone (PVP)
stabilizer were obtained from Sigma alderich and Nanocomposix respectively.
The samples transmission and emission spectrum, from 300-1100 nm, were ob-
tained using an Ocean Optics spectrophotometer (HR +4000), with a 1nm reso-
lution. For the spectroscopic analyses, the samples were placed in quartz cuvettes
of 1 cm width. Fiber bundles were used to guide light from a Halogen-Deute-
rium light source to the sample and to send light from sample to the spectro-

photometer.

4. Results and Discussion

The size of nanoparticle is essential parameter to forecast the performance of a
nanostructure biosensor optical platform. Moreover, dielectric function of a
metal is also influenced by its structure (size). As the metallic nanoparticle be-
comes smaller, electron scattering on the NP surface becomes more pronounce,
and therefore affecting the dielectric function value of the material. The metallic
nanoparticle complex dielectric functions (e(w) = ¢, + ¢) can be described by

Drude model, which also account for the conduction electrons scattered on the
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metallic surface. Therefore dielectric function can be written as [30]:

2
[0

£(0)= Eier (@) +a)(a)—-'|)ri7) (4)
where &, (w) depicts interband transitions, w, represents plasmon frequency
and y is a phenomenological scattering parameter. For nanoparticles, the scat-
tering parameter has inherent contributions of the intrinsic properties of the
material as well as from interface scattering, and therefore, it can be described as
Y= Voure + Viear Interface scattering becomes significant when the effective elec-
tron path length L is larger than to the nanoparticle itself [31]. The effective
path length for convex shapes particles, as sphere, rods, cubes etc, is expressed as
L.,= 4V/Swhere Vis the volume and S'is the particle surface area [30]. Thus the
scattering parameter is given by y,., = AV;/L.where A is dimensionless para-
meter, also known as scattering efficiency, usually taken as unity and Vis the
Fermi velocity [32]. For gold, y,,, = 1.07 X 10" s™', V,= 1.40 x 10° ms™', while
for silver y,,, =3.22+ 1.22 x 10" s' and V,= 1.39 x 10° ms™" [13]. The Figure 1
depicts the dielectric function of Au (a, ¢) and Ag (b, d) particles, considering
size correction, showing that decreasing the nanoparticle radius (effective path
length) both real and imaginary parts of permittivity changes. The real part (&)
depicts the pattern of electron polarization in the medium as a consequence of

incident field and determines LSPR peak position. However, imaginary part (&)
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Figure 1. Complex dielectric function of gold (a) (c) and silver (b) (d) nanospheres with
different radius (5, 10, 15, 20, 25, 30, 35, 40, 45, 50 nm).
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describes energy dissipation or loss in the materials.

Decreasing of the nanoparticle size leads to a lower polarizability of the metal
(Figure 1(a) and Figure 1(b)), while increases the magnitude of &; (Figure 1(c)
and Figure 1(d)). Therefore, higher loss is expected for metallic particle with 5
nm radius than for 50 nm radius nanostructures. As &, value changes with the
nanoparticle size, LSPR peak position and amplitude are also determined by the
nanosphere dimension. Figure 2(a) and Figure 2(b) shows the extinction of Au
and Ag nanospheres, respectively, with different sizes (in water). A red-shift of
the LSPR extinction is observed by increasing the NP size. Additionally, the
spectrum changes are more pronounced for AgNP than for Au nanostructures.
Moreover, Ag nanospheres show the presence of quadrupole mode when the ra-
dius of sphere exceeds 30 nm, while the most dominant mode for Au nanos-
pheres is due to dipole resonance.

The E-field profiles around the NP for the dipole mode (gold and silver) and
quadrupole mode (silver) can be observed in Figures 2(c)-(e), respectively. The
changes in normalized electric field (|E/E,|) of nanospheres were compared at
the LSPR wavelengths. The E-field distribution is expressed by the two lobes for
linear polarization and ensures the influence of plasmon dipole. Albeit, four
lobes can be examined for quadrupole mode of silver nanosphere of the same
radius. The simulations also indicate that the FWHM of the extinction change
with respect to the reduction of NP radius. For 5 nm radius, Ag and Au nanos-
pheres the extinction presents a sharp peak, with FWHM ~30.44 nm and 42.7
nm, respectively. For 50 nm thick nanoparticle a 155 nm and 89 nm FWHM

Extinction efficiency
Extinction efficiency
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. T T T T T 1
400 500 600 700 800 900 1000 400 500 600 700 800 900
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Figure 2. The LSPR extinction for gold (a) and silver (b) nanospheres in water. E-field
profile for gold dipole (c) as well as silver dipole (d) and quadrupole (e) peaks for 50 nm
radius nanosphere.
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were calculated, for the extinction of Ag and Au nanoparticles, respectively.

LSPR peak position is determined not only by the real part (&) of NP dielec-
tric function, but also by the RI of the local medium. On a refractive index based
LSPR sensors, bulk sensitivity indicates how LSPR peak position moves with
changes on the RI of the local medium.

Figure 3 shows the theoretical and experimental analyses of the LSPR spectral
peak position of 25 nm radius silver and gold nanospheres in several surround-
ing media, with different RI values. The experimental spectral analysis of the
colloidal Au and Ag nanospheres were performed in different solvents e.g. water
(1.33), acetone (1.36), tetrahydrofuran (1.407), dimethylformamide (1.43), po-
lyethylene glycol-300 (1.465). LSPR peak position is linearly dependent on the
refractive indices of surrounding medium as shown in Figure 3(a) for Au and
Ag (Figure 3(b)) nanospheres.

For gold nanosphere, with radius of 25 nm, LSPR peak wavelength can shift
from 527 nm to 539 nm with RI increasing from 1.33 to 1.46, as shown in Figure
3(a). Experimental and theoretical values for the bulk sensitivity of gold spheri-
cal nanoparticles were identified as 78 nm/RIU and 83 nm/RIU, respectively.
The experimental and theoretical results are in good agreement and indicate the
good performance of the simulation method explored. The obtained experimen-
tal and theoretical bulk sensitivity values of silver nanospheres were 176 nm/RIU
and 163 nm/RIU, respectively. Table 1 presents the bulk sensitivity values of
Au/Ag nanospheres for radius 25 nm are in good numerical agreement. The
reason in the bulk sensitivity differences of Au versus Ag nanospheres is due to
their materials dielectric functions. It is evident (Figure 1) that value of & of sil-
ver is smaller than that of gold, in the visible band, resulting higher scattering ef-
ficiency and less plasmon damping. This fact makes silver more desirable over
gold for sensing applications.

The effects of NP size on the bulk sensitivity and FoM determining nanopar-
ticle sensing platform, can be observed in Figure 4. Ag and Au nanospheres with

radii 5 - 50 nm were analyzed. A theoretical analysis of the bulk sensitivity as

124 W™ Experimental Data 25 B Experimental Data
® Theoretical Data n ® Theoretical Data

132 135 138 141 144 147 132 135 138 141 144 147

Refractive Index (RIU) Refractive Index (RIU)

(a) (b)

Figure 3. LSPR peak shift of gold (a) and silver (b) 25 nm radius nanospheres on chang-
ing the refractive index of the surrounding.
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Figure 4. The bulk sensitivity of gold versus silver nanospheres as a function of particle
radius (a) and their respective figure of merit (b).

Table 1. Bulk sensitivity of gold and silver nanospheres (25 nm radius).

Material Experimental 7, (nm/RIU) Theoretical 7, (nm/RIU)
Au 78 83
Ag 176 163

function of the NP size (Figure 4(a)) indicates a nonlinear behavior for the 7,
values. As the radius of the nanoparticles enhance, an increase of nanosensor
bulk sensitivity from 50 - 182 nm/RIU for gold, and 103 - 284 nm/RIU for silver
nanospheres were observed. As NP radius increases, the sensing area also in-
creases, rising the sensitivity of the nanostructured platform. Moreover, for
small particle (r < 10 nm) the absorption process manly determines the light-NP
interaction.

Scattering phenomenon grows by increasing the particle size (r> 10 nm). For
AuNP platform, with 20 nm < r < 40 nm bulk sensitivity is highly dependent on
the nanostructure size. It can be seen (Figure 4) that bulk sensitivity of nanos-
pheres for Ag is highly influenced on size than to the Au.

The nonlinear behavior of the bulk sensitivity, shown in Figure 4(a), can be

empirically described as:

B
y(r)=A+|—F=r (5)

l+e P

where A4, B, Cand D are constants and ris the radius of nanospheres.

As the Ag nanosphere radius increases, the FWHM increase due radiation
damping factor [33]. Therefore FoM of Ag nanospheres decrease as the particle
size grows, as shown in Figure 4(b). Albeit, the &, value of Ag dielectric function
is less than that of Au across visible band, therefore less damping occurs, result-
ing narrow FWHM (Figure 2(a) and Figure 2(b)) and high values of FoM for
silver particles. This is an advantage of Ag over Au nanospheres in practical bio-

sensing applications. The calculated value of FoM (3.8) of silver nanospheres (r
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= 10 nm) is higher than the reported values of more complex shapes, such as
single Au nanorod (1.3) [34], Au nanostar (1.9) [35], Au pyramid (2.2) [8] Ag
nanocube (1.6) [36]. The FWHM of gold spectrum is not so affected by increas-
ing the particle size, as compared to Ag nanoplatform. Therefore, the FoM beha-
vior of AuNP is mainly determined by bulk sensitivity changes

On molecular LSPR sensing, the EM field decay length is an important para-
meter to be considered. As /; value increases the LSPR wavelength shift decreas-
es, due to molecular layer adsorption on a metallic NP surface, as indicated in
Campbell’s model (equation (1)).

Figure 5(a) shows the EM field decay of an isolated silver nanosphere (r =5
nm) in homogeneous surrounding medium (22 = 1.33). The field decay length
can be determined by fitting a single exponential on the field intensity distribu-
tion, as proposed by Barbillon et al [37]. Figure 5(b) demonstrates that EM
field decay length increases linearly as the NPs radius grows. For AgNPs with 2.5
nm < r< 50 nm, the Ag /, values can be described by a linear fitting as:

ly=Gxr+H (6)

where G (slope) and H are constants (fitting parameters).

Figure 4(b) shows that the EM field decay length of Au/Ag nanospheres can
reach few tens of nanometers (at resonance), indicating that LSPR sensors can be
highly selective for thinners adsorption layers. While for surface plasmon re-
sonance thin film based sensors the evanescent field decay length is of the order
200 nm to 300 nm. Campbell’s model shows that LSPR peak shift increases by
increasing the 7, values and reducing /, As 7, and /;are dependent on the nano-
structure size, the A1 of a LSPR sensor should also be conditioned to the nanos-
phere radius.

Moreover, Campbell’s model also indicates, on increasing the adsorbate layer
thickness the LSPR peak shift increases. Figure 6 shows the behavior of LSPR
peak shift of the Ag nanosphere sensing platform for different nanostructure

size, calculated from Equation (1), (5), and (6). On Figure 6, we assumed that a

14+
B Gold Nanospheres
12 @ Silver Nanospheres

—
=)
1

E-Field Enhancement
EM field decay length (nm)
:

T T T T T
40 50 0 10 20 30 40 50

Distance from Nanosphere Surface (nm) Radius (nm)
(@) (b)

Figure 5. The electric field decay with respect to distance from the Ag nanosphere (r = 5
nm) surface (a) and [, values for Ag nanosphere with increasing particles radii (b), in
homogeneous surrounding medium (n = 1.33).
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Figure 6. The LSPR spectral peak shift (A1) as a function of Ag (a) and Au (b) nanopar-
ticles radii by increasing the adsorbate layer thickness, with n,, = 1.47.

single monolayer with refractive index equal to 1.47 and different thickness (0.5,
1.0, 1.5, 2.0, and 3.0 nm), adhered on the NP surface. For small particles (r < 5
nm), LSPR peak is determined by absorption process, field decay length is li-
mited to few nm and 7, values are around 50 nm/RIU for gold and 103 nm/RIU
for silver. Thus high values for A1 were observed, about 12 to 17 nm shift for
AgNPs and about 5 to 8 nm for AuNPs. For lager particles, the /, values increase,
increasing the exponential factor on Campbell’s model and therefore reducing
AA (for 5 nm <r < 20nm). For particles with radius bigger than 25 nm, as NP
size increases the bulk sensitivity values considerably increase (Figure 4), and
therefore an increase of the LSPR peak shift is observed in Figure 6.

Moreover, Figure 6 shows that A1 reduces for particles with radius bigger
than 45 nm, due to the fact that bulk sensitivity growth is also reduced (Figure
4). Figure 6 also indicates that, on engineering a LSPR platform, two nanopar-
ticles size range should be considered (r about 5 nm or 40 nm radii). Figure 7
shows the behavior of LSPR peak shift of 5 nm and 40 nm metallic (Ag and Au)
nanospheres for molecular sensing platform, calculated from Equation (1). On
Figure 7, it was assumed that a single dielectric shell, with refractive index equal
to 1.47 and shell thickness varying from 1 to 10 nm, shielded the NP surface, in
water. By the increasing adsorbate shell thickness, the LSPR peak shift increases,
for 40 nm NP radius. Albeit, for 5 nm NP radius the change on the LSPR spec-
tral shift is not significant (<2 nm), by growing dielectric shell. Moreover, the
slope of the graphics in Figure 7 indicates that for 40 nm NP radius, small
changes on the dielectric shell thickness can induce significant changes on AL
For instance, an increase of the shell thickness from 3 nm to 6 nm can induce ~
12 nm (for silver) and ~6 nm (for gold) shift of the LSPR peak wavelength. Many
groups have been working on different methodologies to prepare nanoparticles
of various structures, leading to high plasmonic fields and tunable plasmon
spectrum, from visible to near infrared band. In particular high bulk sensitivity
and FoM values were measured for non-spherical structures, like nanorods [34],

nanopyramids [8], nanocubes [36] and nanostars [35], particles. The proposed
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Figure 7. The study presents the LPSR spectral shift upon the dielectric shell thickness
layer for gold nanosphere (a) and silver nanosphere (b).

approached can be extended to engineer the efficiently use of different nano-
structures on molecular biosensing.

On medical diagnostic, metallic nanoparticles are base-structures to the estab-
lishment of LSPR biosensors. In particular, LSPR label-free immunoassay is
launched by functionalizing the NP with an antibody or antigen, by the use of a
ligand molecule, as cysteine or cysteamine. Usually, ligand molecules present a
thiol functional group that attaches to the metallic nanoparticle surface, and an
amine group (-NH,), which allows binding to antibodies/antigen carboxyl
group. On engineering a high performance LSPR biosensor, the length of the
binding molecules (ligand, antibodies and antigen) should be estimated, and a
realistic value of the adsorbate shell layer should be used on Campbell’s model.
For instance, cysteine and cysteamine (ligand molecules) are no longer than ~1
nm [19]. Moreover, the refractive index of the adsorbate shell layer should also
be appraised. Regardless the different nature of binding molecules, an effective
refractive index value of 1.47 RIU can be considered for molecular shell layer on

the immunoassay LSPR platform [29].

5. Conclusions

Localized Surface Plasmon Resonance phenomenon can drive the development
of low-cost and accurate label-free molecular biosensing. The establishment of
high performance LSPR biosensor requires the description of sensing parameters
(sensibility and FoM) as function of the nanoparticle structure (size and materi-
al).

The obtained theoretical results indicated a nonlinear behavior of the bulk
and molecular sensitivity as function of the NP size. Substantial LSPR peak shift
due to the adsorption of molecules layer on the NP surface were observed for
nanoparticles with ~ 5 nm and ~ 40 nm radius. Moreover, LSPR peak shift is al-
so determined by the thickness of the adsorbed molecular shell layers. By ex-
ploring a 40 nm radius gold or silver nanospheres, significant LSPR peak shift

could be induced by small (few nm) thickness change of the adsorbate shell
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layer.
Besides, the engineering approached used in this work provides insights on
the LSPR behavior due to adsorption of molecules layer on a NP surface, estab-

lishing a new paradigm on engineering LSPR biosensor.
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