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Abstract: This work presents a novel and comprehensive framework for optimizing fiber
optic evanescent wave (FOEW) localized surface plasmon resonance (LSPR) sensors by
investigating the unique interaction between evanescent waves and plasmonic nanoparti-
cles. Unlike propagating light, the evanescent wave is a localized, non-propagating field
that interacts exclusively with absorbing media near the fiber surface. This characteristic
highlights the importance of prioritizing nanoparticle absorption over total extinction in
FOEW sensor design. The optical response of silver nanoparticles was modeled across a
size range of 10-100 nm, showing that absorption increases with particle number. Among
the sizes tested, 30 nm silver nanoparticles exhibited the highest absorption efficiency,
which was confirmed experimentally. An analytical adsorption kinetics model based on
diffusion transport further predicted that smaller nanoparticles yield higher surface cov-
erage, a result validated through atomic force microscopy (AFM) and scanning electron
microscopy (SEM) imaging. Refractive index (RI) sensitivity tests conducted on sensors
fabricated with 10 nm, 20 nm, and 30 nm silver nanoparticles revealed that while smaller
nanoparticles produced higher initial absorption due to greater surface density, the 30 nm
particles ultimately provided superior RI sensitivity due to their enhanced absorption
efficiency. These findings underscore the significance of absorption-centered nanoparticle
design in maximizing FOEW LSPR sensor performance.

Keywords: localized surface plasmon resonance; nanoparticles; optical fiber sensor;
evanescent wave sensors; coreless fiber; diffusion transport kinetics

1. Introduction

Fiber optic evanescent wave (FOEW) sensors have attracted significant attention for
biological, environmental, and chemical applications [1-4]. FOEW sensors operate on the
principle of total internal reflection (TIR) within an optical fiber, where electromagnetic
rays are confined to the core due to a lower refractive index in the surrounding cladding.
However, the electric field associated with these electromagnetic rays extends into the
material surrounding the core. This electric field is called the evanescent wave, and its
magnitude decays exponentially with the radial distance from the core’s interface [5]. In an
absorbing medium, molecules near the core’s surface (i.e., within the penetration depth
of the evanescent wave) interact with the evanescent wave, absorbing its energy [6]. This
absorption attenuates the guided light via attenuated total reflection (ATR), which can
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be monitored to extract information about the medium. Detecting and analyzing this
attenuation provides accurate information about the properties of the absorbing medium.

FOEW sensor performance can be enhanced through modifications to the sensing
region. Various physical modifications to the fiber, such as tapering [7], bending [8,9],
etching [10], grinding [11], coating [12], grating [13], and many other techniques have been
shown to enhance FOEW sensor sensitivity. These techniques increase the intensity and/or
penetration depth of the evanescent field, leading to a significantly increased interaction
with the medium, thus improving the sensors” performance.

Combined with the qualities of localized surface plasmon resonance (LSPR) sens-
ing, FOEW sensors have emerged as a leading approach for many sensing applications,
especially in biosensing, due to their inherent qualities such as ease of fabrication and
implementation, high sensitivity, low limit of detection (LOD), real-time monitoring, and
good biochemical compatibility. Integrating LSPR with FOEW sensors enhances sensitivity
and supports point-of-care applications [14-19].

In LSPR sensors, the size, shape, material, and refractive index of the medium where
the nanoparticles exist affect their LSPR wavelength [18,20-25]. When resonance conditions
are met, the cloud of electrons around the metal nanoparticles starts oscillating, resulting in
light extinction, mainly due to a combination of both absorption and scattering [26,27]. Since
evanescent waves are non-propagating, they are not subject to scattering. Consequently,
light traveling in an uncladded fiber placed in a purely scattering medium would retain
its total internal reflection (TIR) [28]. Therefore, optimizing nanoparticles based solely
on their total extinction (i.e., the sum of absorption and scattering) may be misleading in
FOEW LSPR sensors. It is important to deconvolute the nanoparticles” light extinction into
scattering and absorption, and optimize the nanoparticles to maximize their absorption
efficiency instead. In addition, when fabricating FOEW LSPR sensors using self-assembly,
the kinetics of nanoparticle adsorption should also be investigated and optimized to attain
uniform surface coverage and maximum nanoparticle surface density on the sensing
region [29,30].

Models found in the literature used to determine the effect of nanoparticle size on the
performance of FOEW LSPR sensors usually only consider the nanoparticle’s extinction.
Sai et al. presented an analytical model to determine the signal of FOEW LSPR sensors as a
function of the extinction coefficient of the nanoparticles [31]. The model was not verified
against experimental results, but instead, it was used to highlight the parameters that
influence the sensor response. Although the model is very useful, FOEW sensors are not
affected by a scattering medium, as stated earlier. Therefore, strictly using the absorption
coefficient of the medium instead of the extinction coefficient would better represent the
sensor’s response.

M.H. Tu et al. studied the effect of immobilizing 13 nm, 20 nm, 40 nm, and 60 nm
spherical gold nanoparticles on an optical fiber core functionalized with APTMS [32].
The adsorption time, referred to as dip coating, for each size, was noticed to be longer
for larger particles, which also resulted in lower surface densities. These findings are
consistent with trends observed in our study and discussed later. However, the author
in [32] utilized different adsorption times for each size. The impact of nanoparticle size on
surface density for equivalent adsorption times was not investigated, and the concentrations
of the colloidal solutions were not disclosed. The lower surface density was attributed
to the stronger electrostatic forces experienced by the larger particles, due to the higher
surface concentration of citrate ions, consistent with the findings of M. Oéwieja et al. [29].

However, M. O¢wieja et al. demonstrated that the higher surface density for smaller
nanoparticles is due to the kinetics of the adsorption, which are controlled by the diffusion
transport process [30]. This may explain why the adsorption time varied with nanoparticle
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size in [32], and larger nanoparticles required more time for the surface to saturate. M.H.
Tu et al. also concluded that “The increase of the diameter of gold nanospheres leads to a
higher sensitivity of the LSPR sensor when it is subjected to refractive index changes of
the surrounding medium”. While this trend was observed for the specific sizes in [32], it
does not universally apply, as the same work highlights in different sections. A study by
Hun Lee et al. [33] found that LSPR optical fiber sensors fabricated with smaller gold
nanoparticles exhibit higher sensitivities when compared to larger nanoparticles for
the same coverage area. Hence, higher sensitivities can be attributed to a combina-
tion of a higher absorption coefficient and higher surface coverage and not simply the
nanoparticle size.

In a recent work by Masheli et al. [34], the authors examined the LSPR behavior of
silver nanoparticles in an absorbent medium. They introduced the reflectance spectral
correction (RSC) and extinction spectral decomposition (ESD) methods, which allowed
them to separate the reflection, absorption, and scattering components of the resonance
signal. Their results lead them to conclude that at LSPR, the scattering effects vanished,
leaving absorption as the dominant resonance mechanism. We posit that the disappearance
of the scattering effect, as observed in their work, is due to the nature of the evanescent
wave explained earlier. This phenomenon explains why scattering plays a negligible
role in FOEW LSPR sensors, making absorption-driven designs critical for optimizing
sensor performance.

While prior studies have provided valuable insights, two critical gaps remain in the
literature. First, most optical models rely on the extinction coefficient of nanoparticles,
overlooking the fact that scattering does not contribute to FOEW sensing. This can lead to
inaccurate predictions of sensor performance. Second, although some work has explored
the effect of nanoparticle size on surface coverage, few have investigated how adsorp-
tion kinetics and size-dependent absorption efficiency together influence sensor response,
particularly in FOEW LSPR systems fabricated via self-assembly.

To address these gaps, this study investigates the dual role of absorption and adsorp-
tion in FOEW LSPR sensor performance fabricated via the self-assembly of silver spherical
nanoparticles. We derive and experimentally validate an analytical model that predicts
sensor response as a function of nanoparticle size, shape, material, and adsorption rate. By
decoupling absorption from scattering and systematically analyzing adsorption kinetics
across particle sizes, this work provides a more accurate and predictive framework for
designing high-performance FOEW LSPR sensors.

2. Modeling Methodology

The modeling presented in this paper is performed in three main steps. First, a numer-
ical model is used to calculate the nanoparticle LSPR absorption of light. Subsequently, an
analytical model is developed to determine the adsorption kinetics of nanoparticles on the
fiber’s surface. Finally, an analytical approach is used to formulate the signal response of
the FOEW sensor, incorporating the results from the first two models.

2.1. Numerical Nanoparticle LSPR Absorption Model

The LSPR effect on metal nanoparticles can be captured using the generalized Mie
theory, which is essentially a solution to Maxwell’s equations that determines the extinction
(absorption plus elastic scattering) of light due to the LSPR of spherical nanoparticles [35].
The extinction spectrum of a spherical nanoparticle using Mie theory is described as follows:

Cext =AXB (1)
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where N is the electron density of the nanoparticles, ) is the nanoparticle radius, ¢ is the
medium’s dielectric constant, A is the wavelength of the incident light, and ¢; and ¢, are the
imaginary and real parts of the material’s dielectric function, respectively.

The DGTD 3D electromagnetic simulation module by ANSYS 2022 R1 Lumerical Inc.
(Canonsburg, PA, USA) was used to model the interaction of light with a single silver
nanoparticle, followed by an analysis of how increasing the number of nanoparticles affects
light extinction. While the simulation framework is applicable to a range of plasmonic
materials, silver was selected due to its superior sensitivity, narrower LSPR linewidths,
and to maintain clarity and focus throughout this extended study. The DGTD module
numerically solves Mie theory to calculate the absorption and scattering characteristics
of the simulated nanoparticle. The initial setup consisted of a single silver nanoparticle
placed in a medium with a refractive index of 1.34 to simulate an aqueous environment
(see Figure 1).

Figure 1. Simulation model of a single silver nanoparticle immersed in water, constructed using
DGTD module by ANSYS 2022 h R1 Lumerical Inc. to evaluate localized surface plasmon resonance
(LSPR) characteristics in a homogeneous dielectric medium.

As shown in Figure 1, the boundary around the medium is defined as the absorbing
layer and the surface of the absorbing layer is set to be the source of the electromagnetic
wave. A frequency monitor is used to calculate the extinction of light due to the interaction
with the nanoparticle, which is placed on the surface of the absorbing layer as well. This
allows the software to separate the extinct light and the light injected by the source. The
electromagnetic wave is set as a plane wave with an amplitude of 1 V/m and a wavelength
ranging from 350 nm to 750 nm. Generally, LSPR simulations use silver optical properties
from Johnson and Christy’s (] & C) tabulation, or Palik’s 1985 handbook [36]. For this work,
the simulations were carried out using both data sets and the results were averaged out.

The simulation was conducted to determine both the scattering cross-section, Cscat,
and the absorption cross-section, C,ys, for individual silver nanoparticles with diameters
ranging from 10 to 100 nm, in 10 nm increments. The results were in units of (A.U. m?2),
where A.U. stands for arbitrary unit, and it is a unitless measurement of the optical
density. The simulation was conducted in a 1.34 refractive index medium, with light
wavelengths ranging from 350 to 750 nm in 10 nm increments. The extinction cross-section
Cext was computed by adding Csqr and Cpps. A plot of the peak LSPR Ceyt, Cscat, and Cgpg
generated for each nanoparticle size is shown in Figure 2. From the results, we can see
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how both scattering and absorption contribute to LSPR with different magnitudes, which
is expected [20].
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Figure 2. Maximum LSPR cross-section peaks for silver nanoparticles ranging in size from 10 nm to
100 nm, each at its respective resonance wavelength in a medium with a refractive index of 1.34. A
cubic spline fit interpolates the simulation data.

The results in Figure 2 show that generally larger nanoparticles have a higher extinc-
tion, scattering, and absorption cross-section, with some exceptions that mainly result from
averaging out ] & C [37] and Palik’s [38] data. This is expected since the cross-section
parameter depends on the nanoparticle’s cross-sectional area, which increases with particle
size. However, in the case of evanescent fields, being non-propagating, the dimensionless
efficiencies (Qext, Qscat, and Qg ps) become the more pertinent parameters for evaluating
nanoparticle optical behavior. These efficiencies are obtained by dividing the computed
cross-sections by the geometric cross-sectional area of the nanoparticle. This was carried
out for the same range of silver nanoparticle sizes and used to generate Figure 3.
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Figure 3. Maximum LSPR efficiency peaks for silver nanoparticles ranging in size from 10 nm to
100 nm, each at their respective resonance wavelength in a medium with a refractive index of 1.34. A
cubic spline fit interpolates the simulation data.

Figure 3 illustrates the variation of Qext, Qscat, and Qg ps With nanoparticle size, though
no clear or consistent trend is observed. Notably, the absorption efficiency increases as
the particle size grows from 10 nm to 30 nm, peaking at 30 nm, after which it declines.
Consequently, the 30 nm nanoparticle exhibits the highest absorption efficiency among the
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sizes considered. In contrast, Figure 2 shows that the absorption cross-section increases
monotonically with particle size, suggesting that larger silver nanoparticles absorb more
light. This discrepancy highlights a key distinction: while larger particles absorb more
light overall, they do so less efficiently relative to their size. Specifically, Figure 2 favors
larger particles for total absorption, whereas Figure 3 identifies 30 nm particles as the most
efficient size for light absorption.

To resolve whether a FOEW LSPR sensor should be optimized for absolute absorption
(cross-section) or for absorption efficiency, and to assess the role of extinction in evanescent
field interactions, we selected the 30 nm and 80 nm nanoparticles for further analysis. These
two sizes demonstrate opposite trends, the 80 nm particle has a higher absorption cross-
section, whereas the 30 nm particle achieves greater absorption efficiency. Importantly,
these two sizes exhibit similar extinction coefficients despite having different absorption effi-
ciencies. This makes them ideal candidates for further analysis to reinforce how absorption,
rather than extinction, is the key factor influencing FOEW LSPR sensor performance.

To further investigate why the 30 nm size has the highest efficiency, the expression for
the absorption of a spherical particle was considered, which is given by [20]:

87R € — &
UinP A m{ € + 282 } ( )

where R is the radius of the nanoparticle, A is the wavelength of light, Im refers to the

imaginary part of the expression between brackets, £ is the dielectric constant of the particle,
and ¢; is the dielectric constant of the surrounding medium. The dielectric constant of the
particle, €1, is a function of the frequency of light interacting with it.

LSPR occurs at the frequency where g1 ~ —2¢5, causing the denominator to approach
zero and the absorption to spike. The frequency at which this occurs is known as Frohlich
frequency, which depends on the particle size, material, shape, and medium surround-
ing the particle [20]. Based on Figure 3, it appears that for silver nanoparticles of size
~ 30 nm, the value of the Frohlich frequency corresponds to the highest imaginary value in
Equation (4), which explains why this specific size would exhibit the highest absorption
efficiency when compared to other silver nanoparticle sizes.

Further modeling was performed to examine the relationship between Q,;s and the
number of nanoparticles using silver nanoparticles with diameters equal to 80 nm and
30 nm. The number of nanoparticles was increased arbitrarily to 9, 25, 58, and 89 particles,
and the results of the total Qs at each size was plotted in Figure 4. The results show how
the absorption efficiency increases linearly as the number of particles increases. This was
repeated for different sizes of nanoparticles and the findings were consistent. The results
align with our expectations, as the simulations were conducted with nanoparticles sepa-
rated by distances greater than their diameter. This spacing ensures that the electric field
generated by the LSPR of one nanoparticle does not interfere with neighboring particles,
thereby isolating their effects. While the self-assembly process typically results in nanopar-
ticles adsorbing onto the surface in closer proximity, these interactions were excluded
from the model to simplify the simulations. It is worth noting that the DGTD module can
account for such effects if appropriately configured. However, due to the random nature
of the self-assembly process, which will be discussed later, these complexities were not
incorporated into our model.

The absorption model findings suggest that nanoparticles of varying sizes, as well
as differing shapes and materials, exhibit improved scattering and absorption efficiencies
without following a consistent trend, unlike their behavior with respect to scattering and
absorption cross-section. Furthermore, the model indicates that the density of nanoparticles
in a medium interacting with light affects the overall light absorption. Higher nanopar-
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ticle densities contribute to higher light absorption. These results imply that optimizing
nanoparticles for high absorption efficiency and maximizing their surface density on the
sensing region are key to enhancing the performance of a FOEW LSPR sensor.
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Figure 4. Linear relationship between the peak absorption efficiency (Q ,;,) and number of nanopar-
ticles calculated for 80 nm and 30 nm diameter silver nanoparticles (straight line fit used to cover all
simulation points).

2.2. Analytical Adsorption Kinetics Model

Monolayers of self-assembled silver nanoparticles adsorbed on a substrate treated
with cationic polyelectrolyte have been previously studied in the literature [29,30,39,40].
When a substrate treated with a cationic polyelectrolyte (i.e., APTES) is immersed in a
nanoparticle colloidal solution, nanoparticles adsorb on the surface due to the difference in
charge between the nanoparticles’ surface (negative) and the treated substrate (positive) in
a process known as self-assembly. The kinetics of this adsorption process are governed by
the diffusion transport process [29]. In this case, the surface density is proportional to the
immersion time at shorter immersion periods, while at longer periods, the intermolecular
repulsion forces come into play, preventing the particles” build-up and resulting in a
saturated monolayer surface coverage. The key factors contributing to the repulsion forces
between the nanoparticles are the surface charge of the nanoparticle and its size. This can
be controlled by surface functionalization of the nanoparticle. The surface density N; can
be described using the following [30]:

Ns = 2v/Dt/nC, (5)

where D, t, and Cj, are the diffusion coefficient (um?/s), immersion time (s), and the
bulk number concentration, respectively. The surface density is proportional to v/t. The
diffusion coefficient can be calculated using the Stokes-Einstein equation [29]:

kT
N 37'U7dH

(6)

where dp is the hydrodynamic diameter of the particle, kj, is the Boltzmann constant,
7 is the viscosity of the solvent of the colloidal solution, and T is the absolute temperature.
For non-spherical nanoparticles, an equivalent diameter can be determined and utilized in
the Stokes-Einstein equation to calculate the diffusion coefficient. This diffusion coefficient
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can then be applied to the surface density Equation (5). The bulk number concentration C;
is related to the weight concentration c;, through [30]:

_ 6x107°

Cp =
T d%ppnp

Cw )
where dy, is the average diameter of the particle, pn, is the density of the particle
(i.e., silver), and ¢y is the concentration expressed in ppm. According to Equation (5),
higher concentrations will result in higher surface density. However, higher surface densi-
ties can also be achieved with longer adsorption times. The bulk number concentrations for
the particles used were calculated using Equation (7), for a concentration of 20 ppm (which
is the concentration of the procured silver nanoparticles used in the experiments section).
The diffusion coefficients were calculated using Equation (6). The procured 30 nm particles
had a hydrodynamic diameter of 37 nm, while the 80 nm particles had a hydrodynamic
diameter of 91 nm. The calculated diffusion coefficient for each particle was then used to
determine the surface density using Equation (5) and the results are shown in Figure 5a for
30 nm and 80 nm nanoparticles. Figure 5b shows the surface density for the other sizes.
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Figure 5. (a) Surface density comparison between 30 nm and 80 nm silver nanoparticles adsorbed on
the fiber surface after 24 h; (b) effect of nanoparticle size on surface coverage density, demonstrating
the inverse relationship between size and achievable density.

It can be seen in Figure 5a that after 24 h of adsorption, the 30 nm particles result in a
surface density of ~81 particles per um?. That is more than 23 times the expected surface
density of the 80 nm nanoparticles for the same bulk number concentration and over the
same adsorption period, which was only ~3.5 particles per um?. Figure 5b shows that
smaller particles will always have higher surface density compared to larger particles for
the same bulk number concentration and adsorption time. However, it is important to note
that once a monolayer of nanoparticles is formed on the surface of the fiber, the repulsion
forces will stop any further adsorption. For the two sizes under study, since the results
of the model show that using 30 nm nanoparticles will result in higher surface density
compared to 80 nm nanoparticles, it is expected that using 30 nm diameter nanoparticles in
the fabrication of the sensor will demonstrate improved performance.

2.3. Optical Fiber Sensor Analytical Model

In this work, multimode optical fiber is used due to its larger core diameter, which
allows for easier and more efficient light coupling. Additionally, its ability to support
multiple spatial modes can be advantageous in certain sensing or imaging applications.
Light transmitted through an uncladded fiber immersed in an absorbing medium will result
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in an ATR as stated previously. This can be utilized for sensing based on the following
expression derived by V. Ruddy et al. for multimode fibers [41]:

P(z) = Pyel™7?) (8)

where P is the initial power transmitted through the fiber, 7 is the evanescent wave
absorbing coefficient, and z is the length of the uncladded fiber immersed in the absorbing
medium in units of cm. For multimode fibers, 7y can be related to the bulk absorption
coefficient of a medium aj, using [41]:

v =Ty ©)

where r is the fraction of power outside the core and can be calculated from the

following [41]:
4v2
= 1
3y (10)
where V is the normalized frequency parameter of the fiber given by the following [41,42]:
27trg
V= ( 5 ) NA (11)

NA = /12, — 12, (12)

The normalized frequency parameter determines the number of modes supported in a
multimode fiber [42]. 7f is the core radius, and NA is the numerical aperture in which light
of wavelength A is propagating. n is the refractive index of the material. Higher numerical
aperture (NA) fibers confine light more tightly within the core, producing a more intense
but shallower evanescent wave. This makes them well-suited for interactions occurring
near the fiber surface. Conversely, lower NA fibers produce an evanescent wave with
greater penetration depth into the surrounding medium, enhancing sensitivity to analytes
located farther from the surface. Combining Equations (8)-(10), the final absorbance of the
evanescent wave affecting the total power transmitted through the fiber is as follows:

A 42 wyz
~ 3V 2303

(13)

The bulk absorption coefficient of a medium a has units of (A.U. cm~1). To repre-
sent the absorbance of an LSPR evanescent wave optical fiber sensor with nanoparticles
adsorbed on the core’s surface, Equation (13) is modified by replacing the absorption
coefficient of the medium « with the absorption efficiency of the nanoparticle Q5. The
length of the uncladded fiber z is replaced by the particle density N; multiplied by the
sensing surface area A; (m?) since the total absorption depends on the number of particles
adsorbed on the surface. A correction factor k is introduced to compensate for deviations
from ideal assumptions, which will be discussed in more detail below. The final equation
becomes the following:

4v2
A= 3V (Qaps) (Ns) (As) (k) (14)
Here, k is a dimensionless correction factor introduced to account for deviations from
ideal assumptions in the combined model. Specifically, it captures geometric effects and
particle-particle interactions not explicitly modeled, such as variations in nanoparticle
spacing, partial monolayer coverage, and deviations from ideal random sequential ad-

sorption (RSA) behavior. These effects are further explored in the next section, where the
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dependence of absorbance on particle density and spacing is investigated. In this work,
k is treated as a constant empirically chosen to match simulation trends and maintain
consistency between analytical and numerical results. Its inclusion improves the model’s
fidelity while keeping the formulation tractable. It should be noted that since the sensor is
evanescent wave-based, Equation (14) is a function of the absorption of the nanoparticle
only, not the total extinction of the particle as shown by Sai et al. [31].

2.4. Combined Model Results

From the modeling results shown previously, it can be concluded that using 30 nm
nanoparticles could result in a significantly higher absorption in the LSPR signal due to
their larger absorption coefficient, and higher surface density when compared to 80 nm
nanoparticles. The total absorbance as a result of the LSPR effect during adsorption can
be obtained by combining Equations (5) and (14). Figure 6 shows the modeled LSPR
absorption spectra as a function of wavelength using 30 nm and 80 nm nanoparticles in a
medium such as water, which has a refractive index equal to 1.34.
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Figure 6. Modeled FOEW LSPR absorption spectra obtained from the combined model for sensors
using (a) 30 nm and (b) 80 nm silver nanoparticles. Simulation results are interpolated using a cubic
spline to demonstrate nanoparticle-size-dependent LSPR behavior on the fiber optic signal.

Wavelength (nm)

It can be observed from the results that the absorbance increases over time as the
number of particles adsorbed on the surface increases. Additionally, the change in the LSPR
absorbance suggests faster adsorption initially, with a significant decrease in adsorption as
the surface density increases. This is expected since, according to the numerical absorption
model of nanoparticles, the absorption increases proportionally with the number of par-
ticles, and according to the diffusion transport process adsorption model, the number of
particles adsorbed on the surface of the fiber increases at a rate proportional to \/t. Thus,
the final absorption signal of the combined model is also increasing at a rate proportional
to \/f

Three key limitations of this model should be noted. First, it does not account for the
effects of repulsive forces on the adsorption rate after the formation of the monolayer. As
a result, the model continues to show an increase in the adsorption signal for the entire
duration of the simulation, which explains the significant rise observed between the 60-min
mark and the 15-h mark.

Second, the model assumes that particles are separated by distances greater than
their diameters, as was described in the nanoparticle-light interaction section. In practice,
however, this assumption does not hold, as the adsorption process is random and often
results in particles being in close proximity on the surface. Closer spacing between particles
leads to well-documented plasmonic coupling effects, including a red shift in the peak
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absorption wavelength and a broadening of the LSPR signal across multiple wavelengths.
This occurs because, as particles get closer, their dipole fields begin to interact. As a result,
the effective plasma frequency decreases, and the particles start resonating collectively as
one larger, non-spherical structure [20]. This effect cannot be controlled by the fabrication
process presented in this work. Moreover, the magnitude of the LSPR absorbance is also
affected by the spacing. A lower quantity of particles with optimized distribution may
result in a higher LSPR signal compared to a sensor with a higher quantity of particles with
significant aggregation.

Finally, according to the RSA model, the maximum achievable surface coverage for
spherical, non-charged nanoparticles is 0.547. However, silver nanoparticles are influenced
by the electric double layer and zeta potential, which limit their maximum surface coverage.
RSA can be used to estimate surface coverage, but not aggregation, since aggregation is
governed by additional stochastic interactions. A more realistic prediction can be achieved
by incorporating the effects of nanoparticle surface charge [29,30,40]. Nanoparticles with
higher surface charge tend to adsorb more rapidly onto the surface but result in a lower
monolayer density due to stronger repulsive forces. The surface coverage for non-charged
spherical particles can be estimated using the following equation derived from the RSA
model [43]:

©O=mnr’, N (15)

np -s

The above-mentioned points are not captured in this model. This reinforces the
need for the correction factor k in Equation (14) and highlights how it should be properly
modeled to capture these effects. Nevertheless, these effects will be discussed further in the
experimental results.

3. Fabrication Procedure
3.1. Materials

Standard 105 pum core glass clad silica multimode optical fiber, 0.22 NA, with 10 pm
cladding (FG105LCA) and ©125 um coreless termination fiberglass rod (FG125LA) used to
build the FOEW sensor were purchased from Thorlabs, USA. APTES ((3-Aminopropyl)-tri-
ethoxy-silane), (440140-100ML) was purchased from Sigma-Aldrich. Four aqueous-based
colloidal solutions of spherical silver nanoparticles, 10 nm, 20 nm, 30 nm, and 80 nm
in diameter (S-10-20, S-20-20, S-30-20, and S-80-20 respectively) were purchased from
Cytodiagnostics®, Canada. The colloidal solutions were supplied in 2 mM sodium citrate,
having a concentration of 20 PPM each.

3.2. FOEW LSPR Sensor Construction

Conventional fabrication of the sensing region in multimode fibers typically involves
cladding etching with hydrofluoric acid to facilitate evanescent wave interaction with
the surrounding medium [10]. However, this technique poses significant safety hazards,
requires complex preparation steps, and often yields inconsistent results. In this study, a
safer, time-efficient, and environmentally sustainable alternative was employed by using
a coreless fiber as the sensing region. A coreless fiber is an optical fiber that does not
have a distinct core region, and instead is made of pure silica. A 3.5 cm segment was
prepared by manually stripping the protective coating and cutting the fiber to length using
a precision fiber cleaver. This streamlined method enhances reproducibility, reduces health
risks, and mitigates environmental impact. The processed coreless fiber was subsequently
fusion-spliced to a standard multimode fiber, enabling effective evanescent field interaction
with the external medium, creating the sensing region. A schematic representation of the
fabricated FOEW LSPR sensor is shown in Figure 7.
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Once the sensing region is prepared, the fiber is placed in an ultraviolet ozone treat-
ment machine (UVO) for 10 min to clean the sensing region and increase the amount of
Hydroxyl groups found on the surface. These groups are naturally found on the surface
of glass but can be further increased via the use of UVO, through a process called surface
hydroxylation [44]. Surface hydroxylation allows for higher APTES functionalization yield,
resulting in improved nanoparticle adsorption and binding to the surface. UVO treatment
optimizes this process by increasing the hydrophilicity of the surface by creating more OH-
groups for APTES functionalization.

Evanescent field

Multimode i .
(sensing region)

fiber optic

e aaVa\

) : (105 microns core)
Core (125 microns) : (10 microns cladding) =

Cladding Spliced
coreless fiber

Figure 7. Schematic representation of the fabricated FOEW LSPR sensor, showing the integration of a
coreless optical fiber section with a multimode fiber to form the sensing region.

Two FOEW sensors were prepared as described above to form the LSPR surface using
different particle sizes (i.e., 80 nm and 30 nm silver nanoparticles). Salinization of the
sensing region is then carried out by preparing a 1% APTES solution in DI water and
allowing it to hydrolyze for more than 15 min. This breaks the saline groups via a process
known as hydrolyzation. The sensing regions are then dipped in the 1% APTES solution
for 30 min. The saline groups react with the hydroxyl groups on the glass surface, creating
a covalent bond. Following this, the fibers are washed with DI water 3 times to remove any
residual APTES molecules and dried under nitrogen for 2 min. The sensing region is then
dipped in the nanoparticle solution for 15 h to provide sufficient time for the monolayer to
form. A schematic highlighting the main fabrication steps is shown in Figure 8.

"0 L

% OH- OH- OH  OH
( Coreless fiber ) —_—> ( Coreless fiber )
Step (1)
UVO treatment Step (2)
APTES
Salinization
‘ Step (3)
9 Q Q Self-assembly
NHs" NH;* NHs" of Ag NP NH, NH, Nfl'iz

( Coreless fiber ) +— ( | Corelesls fiber )

Figure 8. Step-by-step schematic of the FOEW LSPR sensor fabrication process, highlighting hydrox-
ylation of the sensing region via UVO treatment, surface salinization via APTES functionalization,
and silver nanoparticle self-assembly via adsorption.

The experimental setup schematic used to test the LSPR FOEW sensors, shown in
Figure 9, was used. It consists of an Ocean Optics HL-2000-LL Light Source with wave-
lengths ranging from 360 nm to 2.4 um, and an Ocean Optics USB 4000 spectrometer, with
a response range from 200 nm to 1.1 um. The spectrometer is connected to a computer and
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Spectra suite software version 2.0.162 by Ocean Optics is used to record the absorption
signal of the fiber in nanoparticle solution over the visible spectrum in real time. During
testing, the sensor made using the 30 nm particles was connected to the light source and
spectrometer as soon as it was dipped in the nanoparticle solution to monitor the signal
and study the adsorption kinetics in real time. By contrast, the sensor made using 80 nm
particles was not connected to the light source and spectrometer.

Multimode

"sensing region"  fiber optic
Laptop with software

for signal analysis Spectrometer

Light

Q source

Silver
nanoparticle

Figure 9. Experimental setup for FOEW LSPR measurements, including light source, sensor, and
spectrometer arrangement used for capturing absorption spectra.

4. Results and Discussion
4.1. Combined Model Verification

The absorption signal was recorded every 15 min and is shown in Figure 10 for
the 30 nm-based sensor. Initially, the LSPR peak was observed at 410 nm. However,
as adsorption progressed, the peak gradually shifted to higher wavelengths, ultimately
reaching 450 nm. As discussed in the combined model section, the experimental data
reflects the effects of particle proximity, which were not accounted for in the theoretical
model. As more nanoparticles adsorb onto the sensing region, their increasing proximity
leads to electromagnetic coupling, altering each other’s local fields. This interaction slows
the LSPR oscillations, resulting in a red shift and a broader absorption peak, both of which
are evident in the results. The recorded pattern in Figure 10 resembles the results obtained
from the model displayed in Figure 6, further validating the combined model.

1.2

1 Minute
15 Minutes
1F 30 Minutes | 4
~ 45 Minutes
: 60 Minutes
15 Hours

o o
o 3

Absorption (A.U.)
o
=

02l \ N

0
350 400 450 500 550 600 650 700 750
Wavelength (nm)

Figure 10. Time-resolved LSPR absorption signal collected during the adsorption process of 30 nm
silver nanoparticles onto the coreless fiber surface, showing signal growth with increasing coverage.

The LSPR absorption magnitude measured over time for 30 nm nanoparticles is
plotted in Figure 11a. The results show that the absorption signal reaches its maximum
after approximately 5 h, indicating that maximum surface coverage has been achieved. The
rate of adsorption was rapid during the first 2 h and slowed significantly between 2 and
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3 h, consistent with the v/t dependence described in Section 2.4. The eventual plateau in
the absorption signal after 5 h, an effect not captured by the theoretical model, suggests
the formation of a complete monolayer. This also implies that repulsive forces, likely due
to surface charge and the electric double layer, began to dominate, preventing further
adsorption on the sensing region.

T T T T
FOEW sensor fabricated using 30 nm Ag NP
FOEW sensor fabricated using 80 nm Ag NP

12 1

Absorption (A.U.)
Absorption (A.U.)

1 é I‘i 1‘1 é é 7‘ E; é 15 1‘1 1‘2 1‘3 1‘4 15 350 4(;0 45‘0 50‘0 55‘)0 6(;0 65‘0 760 750
Time (hr) Wavelength (nm)
(a) (b)
Figure 11. (a) Temporal evolution of LSPR peak absorption magnitude for the 30 nm nanoparticle
sensor during adsorption; (b) comparison of final absorption signals for sensors with 30 nm vs. 80 nm
nanoparticles after 15 h of adsorption.

The LSPR signals from both sensors, those based on 30 nm and 80 nm silver nanopar-
ticles, after 15 h of adsorption, are shown in Figure 11b. The sensor fabricated using 30 nm
nanoparticles exhibits a clear and distinct peak around 450 nm, indicating strong localized
surface plasmon resonance. In contrast, the sensor based on 80 nm nanoparticles does not
show a well-defined peak. While a slight rise in absorbance is observable around 510 nm,
the signal is broadly distributed across a wide wavelength range. This observation aligns
with simulation results, which predicted that 80 nm silver nanoparticles produce signif-
icantly lower LSPR absorbance compared to their 30 nm counterparts. Furthermore, as
discussed previously, the adsorption of larger nanoparticles leads to lower surface coverage
due to their larger size, contributing to the weaker and broader LSPR signal observed in
the 80 nm case.

4.1.1. AFM Characterization

Atomic force microscopy (AFM) was employed to characterize the surface morphology
of the sensors following the fabrication process. According to the adsorption model, a
higher nanoparticle surface density and coverage are expected on the sensor fabricated
using 30 nm silver nanoparticles compared to that fabricated with 80 nm nanoparticles. This
is due to the smaller size of the 30 nm particles, which allows for a greater number to adsorb
within the same surface area. The AFM images and analysis provided in Figures 12 and 13
confirm this expectation.

A comparison of the AFM results reveals distinct differences between the two sensors.
For the sensor fabricated with 30 nm nanoparticles, the images consistently show a high
surface density and well-dispersed nanoparticle coverage, indicating the formation of
a uniform monolayer. In contrast, the 80 nm-based sensor exhibits significantly lower
nanoparticle density and surface coverage. This trend was observed consistently across
multiple AFM scans, reinforcing the validity of the adsorption model. While every image
of the 30 nm-based sensor showed dense nanoparticle coverage, the 80 nm-based sensor
repeatedly lacked similar features.

An additional observation is the relatively minor agglomeration present in the
30 nm-based sensor compared to the more pronounced clustering seen in the 80 nm-
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based sensor. This could be attributed to the stronger van der Waals attractive forces
between larger particles, which increase with mass and size. In contrast, the Coulomb
repulsion between smaller, highly charged nanoparticles appears to be more effective in
preventing aggregation, leading to better dispersion on the surface [45].
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Figure 12. (a) AFM image of the sensing region coated with 30 nm silver nanoparticles; (b) cor-

responding particle size frequency distribution derived from AFM analysis, indicating uniform
nanoparticle distribution.
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Figure 13. (a) AFM image of the sensing region after 80 nm silver nanoparticle adsorption;
(b) frequency distribution of nanoparticle size and surface density, showing reduced coverage
and increased agglomeration compared to 30 nm nanoparticles.

4.1.2. UV-VIS Characterization

UV-VIS characterization measures the total light extinction resulting from both scatter-
ing and absorption, based on the particle cross-section. However, as previously discussed,
FOEW sensors are primarily influenced by the absorption component of the medium. To
confirm this, UV-VIS spectroscopy was performed on 30 nm and 80 nm silver nanopar-
ticle solutions, and the resulting LSPR spectra were compared to those obtained from
the corresponding FOEW sensors. Figure 14a presents the comparison between the
30 nm-based FOEW sensor and the UV-VIS spectrum of the 30 nm nanoparticle solu-
tion. The results show a clear difference between the two measurements. The LSPR peak
observed in the FOEW sensor is red-shifted and broader compared to the UV-VIS spectrum.
This discrepancy is due to nanoparticle adsorption and proximity effects on the fiber surface
in the FOEW sensor, as discussed previously. In contrast, nanoparticles in the UV-VIS
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solution are freely suspended and well-separated due to electrostatic repulsion, preventing
such interactions and resulting in a sharper, unshifted LSPR peak.

30 nm Ag NP colloidal solution UV-Vis signal
FOEW sensor using 30 nm Ag NP

Absorption (A.U.)
Absorption (A.U.)

80 nm Ag NP colloidal solution UV-Vis Signal
FOEW sensor fabricated using 80 nm Ag NP

04t 1
\ 02t /—/x
o ‘ ‘ ‘

350 400 450 500 550 600 650 700 750 : :

Wavelength (nm) 350 400 450 \?&?svele 1512 A (fﬁ?) 650 700 750

(a) (b)

Figure 14. Comparison of LSPR spectra for (a) 30 nm silver nanoparticles and (b) 80 nm sil-
ver nanoparticles obtained via conventional UV-VIS spectroscopy and FOEW evanescent wave
absorption. The results highlight that FOEW signal generation is predominantly governed by
near-field absorption rather than by extinction, resulting in distinct spectral features compared to
UV-VIS measurements.

The results comparing the 80 nm-based FOEW sensor to the UV-VIS spectrum of the
80 nm nanoparticle solution are shown in Figure 14b. Similar to the 30 nm case, a mismatch
between the LSPR peak positions is observed. The FOEW sensor peak is red-shifted and
broader relative to the UV-VIS measurement. The LSPR peaks for the 80 nm particles
occur at longer wavelengths compared to the 30 nm particles, which is expected due to
the increased particle size. However, a key observation is the significantly lower ratio of
the FOEW absorption signal relative to the UV-VIS signal for the 80 nm particles, when
compared to the 30 nm case. This can be explained by two factors: first, the total absorption
efficiency of 80 nm nanoparticles is inherently lower in the FOEW configuration; second,
their final surface density on the fiber is significantly reduced, as previously discussed.

In the UV-VIS measurements, the LSPR response arises from the total extinction
cross-section, which includes both absorption and scattering. For 30 nm nanoparticles,
the extinction is primarily driven by absorption, while for 80 nm nanoparticles, scattering
dominates the response. These results support the predictions of the nanoparticle-light in-
teraction model, and further confirm that 30 nm particles are more suitable for FOEW-based
LSPR sensing due to their higher absorption efficiency. Therefore, evaluating nanoparticle
performance based solely on extinction efficiency can be misleading for FOEW sensor
applications. Instead, nanoparticles with a high absorption-to-extinction ratio should be
selected for optimal sensor performance.

4.2. Studying the Effect of Higher Surface Density on FOEW LSPR Signal Enhancement

Referring to Figure 3, Figure 4, and Figure 5b, it can be argued that although 10 nm
and 20 nm silver nanoparticles exhibit lower individual LSPR absorption compared to
30 nm nanoparticles, their smaller size could enable a higher packing density on the fiber
surface. This increased surface coverage might lead to a higher overall LSPR signal from
the sensor. To evaluate this hypothesis, three FOEW sensors were fabricated using 10 nm,
20 nm, and 30 nm silver nanoparticles, following the procedure outlined in the fabrication
section. During the adsorption process, each sensor was connected to the light source and
spectrometer to monitor the LSPR signal in real time. The resulting absorption spectra for
each nanoparticle size are presented in Figure 15.
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Figure 15. (a) Absorption spectra vs. wavelength for sensors fabricated with 10 nm, 20 nm, and
30 nm silver nanoparticles after adsorption completion; (b) corresponding LSPR peak intensity vs.
time, highlighting the higher adsorption rate for smaller sizes.

Figure 15b provides critical insights into the adsorption kinetics, indicating that the
self-assembly rate is inversely related to nanoparticle size. This behavior aligns with
the theoretical diffusion-limited transport model presented earlier in this work and can
be attributed to the higher surface-area-to-volume ratio of smaller nanoparticles, which
enhances their diffusivity and promotes faster adsorption onto the sensing surface.

During the transient phase of adsorption, sensors employing smaller nanoparticles
(10 nm and 20 nm) demonstrated higher absorption signals than the 30 nm-based sensors
for equivalent fabrication durations. This is explained by the ability of smaller nanopar-
ticles to achieve a higher surface density, resulting in a more pronounced cumulative
optical response in the early stages of adsorption. These findings support the conclu-
sion that nanoparticle size significantly influences both adsorption kinetics and optical
signal development.

However, upon the formation of the monolayer, the trend reverses. Despite the lower
particle density, the sensor fabricated with 30 nm nanoparticles exhibited the highest steady-
state absorption signal. This can be attributed to the greater absorption efficiency of the
30 nm nanoparticles, which compensates for their reduced density on the sensor surface.

4.2.1. SEM Characterization

SEM images and analysis showing the final surface density and nanoparticle count
are shown in Figure 16, where it is demonstrated how the smaller nanoparticles result in a
significantly higher final surface density.

4.2.2. Refractive Index Sensitivity Testing

Smaller nanoparticles enhance adsorption kinetics and produce stronger transient
absorption signals, whereas nanoparticles with higher absorption coefficients yield stronger
final absorption signals due to their intrinsic optical properties. This balance between
nanoparticle size and optical performance is critical for optimizing LSPR-based sensors for
specific applications. However, a higher signal intensity does not directly correlate with
improved sensor sensitivity, which requires further evaluation.

Refractive index (RI) sensitivity testing is essential for assessing the performance of
FOEW LSPR sensors. This test measures the sensor’s ability to detect small changes in
refractive index, directly impacting its precision and reliability. The sensitivity was evalu-
ated by measuring the LSPR wavelength shifts in media with varying refractive indices. A
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glycerol/DI water dilution series was prepared with varying ratios of Vgiyceror/ VDI water 0f
0,0.2,04, 0.6, and 0.8. The values were obtained from [46] and are shown in Table 1.
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Figure 16. SEM images of fiber surfaces with adsorbed silver nanoparticles: (a) 10 nm, (c) 20 nm,
(e) 30 nm; and corresponding surface density histograms in count per ymzz (b), (d), and (f). The im-
ages highlight how nanoparticle size influences surface coverage and distribution, directly impacting
the LSPR sensor’s optical response.



Fibers 2025, 13, 81

19 of 24

800

750

LSPR Peak Wavelength (nm)

700

Table 1. RI values of a dilution series of glycerol and DI water.

Volume Percentage Glycerol/DI Water Refractive Index

0% 1.34
20% 1.355
40% 1.381
60% 1.411
80% 1.440

Three FOEW LSPR sensors, each incorporating nanoparticles of a specific size (10 nm,
20 nm, and 30 nm), were fabricated following the previously outlined method. Particles
larger than 30 nm have lower absorption efficiencies, and result in lower final surface
densities. Thus, they were not included in this study. Additionally, to preserve total internal
reflection (TIR) within the fiber, only solutions with refractive indices up to 1.44 were
considered. This upper limit was chosen because the sensing region of the FOEW structure
has a refractive index of approximately 1.455; exceeding this value would compromise the
TIR condition, thereby affecting the evanescent field and overall sensor performance.

To ensure accuracy, each measurement was performed three times for each sensor.
The LSPR peak wavelength was recorded after the sensing region was fully immersed in
solutions with varying refractive indices, and prepared using a glycerol dilution series.
Between measurements, the sensing region was thoroughly washed with deionized (DI)
water to restore the baseline and ensure consistent results. The sensitivity of the sensor (S)
was calculated using the following equation:

AALspr
S=—==>= 16
A (16)
where AArspr is the change of LSPR peak absorption in different media in (nm), and An is
the change in the refractive index of the medium. This approach allows for a systematic
evaluation of the refractive index sensitivity of each sensor, providing insights into the
effect of nanoparticle size on sensor performance. The results are shown in Figure 17.
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Figure 17. Refractive index (RI) sensitivity results of FOEW LSPR sensors: (a) variation in LSPR
peak shift for sensors fabricated with 10 nm, 20 nm, and 30 nm silver nanoparticles; (b) LSPR
peak wavelength as a function of surrounding RI for each nanoparticle size, confirming the highest
sensitivity for sensors using 30 nm silver nanoparticles.

Figure 17a illustrates that sensors fabricated using 30 nm nanoparticles exhibit signif-
icantly higher sensitivity to changes in the refractive index of the surrounding medium
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compared to those utilizing 20 nm and 10 nm nanoparticles. As the refractive index of the
medium increases, the LSPR peak wavelength of the 30 nm-based sensors undergoes a
more substantial shift. To determine the RI sensitivity slopes and linearity (R?) values, a
first-order polynomial regression (linear fit) was applied to the mean LSPR peak positions
obtained for each nanoparticle size (10, 20, and 30 nm) across the different refractive index
values. The slope of the resulting linear fit corresponds to the RI sensitivity, while the
coefficient of determination (R?) was computed using the standard formula:

_ SST@S
SStot

RZ=1 (17)
where SS;.s and S5y represent the residual and total sum of squares, respectively. In
addition, 95% confidence intervals were calculated for each data point using the standard
error of the mean (SEM), derived from three repeated measurements, and multiplied by
the 1.96 z-score for normal distributions. As shown in Figure 17b, the sensitivity of the
30 nm-based sensors was measured at 2101.79 nm/RIU, significantly outperforming the
20 nm-based sensors at 896.20 nm/RIU and the 10 nm-based sensors at 521.81 nm/RIU.
This enhanced sensitivity can be attributed to the greater absorption efficiency associated
with the 30 nm nanoparticles. These results are consistent with our theoretical expectations
and exceed the typical sensitivity range reported for comparable nanoparticle-based FOEW
sensors in the literature (78-989 nm/RIU) [47-49], approaching values generally observed
only in more complex SPR/LSPR sensor configurations (up to 2161 nm/RIU) [50-52].

However, the linearity of the sensors, represented by the R? value, varied inversely
with nanoparticle size. The 10 nm-based sensors demonstrated the highest linearity
(R? = 0.958), followed by the 20 nm-based sensors (R? = 0.922) and the 30 nm-based
sensors (R? = 0.876). This improved linearity for the 10 nm-based sensors may be attributed
to a more uniform monolayer of nanoparticles and reduced aggregation during the fab-
rication process, thereby ensuring a more consistent and predictable sensing response.
The error bars in Figure 17b are the same as those shown in Figure 17a, but were omitted
for clarity.

5. Conclusions

In this study, we present a novel analysis to optimize the performance of FOEW LSPR
sensors, emphasizing the unique nature of the evanescent field as a standing wave that
interacts exclusively with absorbing media via their absorption coefficient, and is not af-
fected by scattering. This intrinsic property distinguishes FOEW sensors from propagating
wave systems, necessitating a shift from conventional optimization based on nanoparticles’
extinction coefficients to a novel, absorption-driven design approach. Building upon clas-
sical ATR models in multimode fibers, we adapted the analytical foundation to describe
the unique interaction of evanescent waves with silver nanoparticles. This adaptation
incorporates nanoparticle-specific parameters such as absorption efficiency, surface density,
and sensing surface area, enabling precise modeling of the FOEW LSPR absorption signal.
Modeling and experimental analyses revealed that 30 nm silver nanoparticles deliver su-
perior performance due to their higher absorption efficiency, reduced agglomeration, and
enhanced coupling with the evanescent field.

By applying a diffusion transport model to describe nanoparticle adsorption kinetics,
we optimized surface coverage as a function of nanoparticle size to maximize the LSPR
absorption signal. Although 30 nm silver nanoparticles demonstrated the highest individ-
ual absorption efficiency, smaller nanoparticles were also investigated to assess whether
their higher achievable surface densities could improve overall sensor performance. FOEW
LSPR sensors fabricated with 10 nm, 20 nm, and 30 nm silver nanoparticles were subjected
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to refractive index (RI) sensitivity testing. The results showed that, once monolayer cover-
age was achieved, the sensors incorporating 30 nm nanoparticles yielded the highest RI
sensitivity at 2101.79 nm/RIU, significantly outperforming those fabricated with 20 nm
(896.199 nm/RIU) and 10 nm (521.808 nm /RIU) particles and outperforms FOEW LSPR
sensors fabricated similarly found in the literature. This superior performance is attributed
to the enhanced absorption efficiency and more effective coupling with the evanescent field
exhibited by the 30 nm nanoparticles.

Our work introduces a scalable, environmentally friendly fabrication method that
leverages coreless fibers, surface functionalization via UVO treatment, and the self-assembly
of silver nanoparticles. Unlike traditional surface preparation methods, which often involve
hazardous chemicals, our approach is safer, more sustainable, and adaptable to large-scale
production. The framework introduced in this work can be applied to various plasmonic
materials, such as gold and copper, as well as different nanoparticle sizes, to identify the
optimal configuration for light absorption. This provides a flexible platform for designing
FOEW LSPR sensors and highlights the potential of absorption-driven design in improving
FOEW LSPR sensor performance. It opens new possibilities for enhancing the sensitivity,
reliability, and versatility of these sensors across a broad range of fields.

In real-world applications, this optimized FOEW LSPR sensor design can significantly
enhance biosensing and chemical monitoring performance. For instance, the increased RI
sensitivity and strong absorption response of the 30 nm silver nanoparticle-based sensors
would allow for highly accurate detection of minute concentration changes, suitable for
biosensing applications where biomarker concentrations are low, such as in saliva. Notably,
the achieved sensitivity approach levels are typically reported only for more complex sensor
configurations, despite the simplicity of the design and fabrication. The scalable, label-free
fabrication approach also makes it well-suited for integration into portable, non-invasive
diagnostic platforms and environmental monitoring systems.
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Abbreviations

The following abbreviations are used in this manuscript:

FOEW  Fiber Optic Evanescent Wave

LSPR Localized Surface Plasmon Resonance
AFM Atomic Force Microscopy

SEM Scanning Electron Microscopy

RI Refractive Index
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TIR Total Internal Reflection

ATR Attenuated Total Reflection

LOD Limit of Detection

RSC Reflectance Spectral Correction
ESD Extinction Spectral Decomposition
APTES  (3-Aminopropyl)-tri-ethoxy-silane
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