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Nanoparticle-based plasmonic optical fiber sensors can exhibit high sensing performance, in terms of refractive
index sensitivities (RISs). However, a comprehensive understanding of the factors governing the RIS in this type
of sensor remains limited, with existing reports often overlooking the presence of surface plasmon resonance (SPR)
phenomena in nanoparticle (NP) assemblies and attributing high RIS to plasmonic coupling or waveguiding effects.
Herein, using plasmonic optical fiber sensors based on spherical Au nanoparticles, we investigate the basis of their
enhanced RIS, both experimentally and theoretically. The bulk behavior of assembled Au NPs on the optical fiber
was investigated using an effective medium approximation (EMA), specifically the gradient effective medium approxi-
mation (GEMA). Our findings demonstrate that the Au-coated optical fibers can support the localized surface plas-
mon resonance (LSPR) as well as SPR in particular scenarios. Interestingly, we found that the nanoparticle sizes and
surface coverage dictate which effect takes precedence in determining the RIS of the fiber. Experimental data, in line
with numerical simulations, revealed that increasing the Au NP diameter from 20 to 90 nm (15% surface coverage) led
to an RIS increase from 135 to 6998 nm/RIU due to a transition from LSPR to SPR behavior. Likewise, increasing
the surface coverage of the fiber from 9% to 15% with 90 nm Au nanoparticles resulted in an increase in RIS from 1297
(LSPR) to 6998 nm/RIU (SPR). Hence, we ascribe the exceptional performance of these plasmonic optical fibers
primary to SPR effects, as evidenced by the nonlinear RIS behavior. The outstanding RIS of these plasmonic optical
fibers was further demonstrated in the detection of thrombin protein, achieving very low limits of detection. These
findings support broader applications of high-performance NP-based plasmonic optical fiber sensors in areas such as
biomedical diagnostics, environmental monitoring, and chemical analysis. = © 2024 Chinese Laser Press

https://doi.org/10.1364/PRJ.518181

1. INTRODUCTION

The development of advanced sensing technologies has become
an indispensable tool for various applications, ranging from
environmental monitoring to biomedical diagnostics [1-4].
Among these cutting-edge technologies, plasmonic optical fiber
sensors have emerged as a promising avenue due to their ability
to harness the unique optical properties of both nanoparticles

Specifically, using an optical fiber with immobilized plas-
monic NPs at the core surface, each particle exhibits localized
surface plasmon resonance (LSPR), intensifying the electro-
magnetic fields at their surfaces [16]. Besides the LSPR modes
can also engage in intricate interactions with each other and
even with the substrate, giving rise to interesting collective or

hybrid plasmonic effects [17-19]. These depend on NP size,

(NPs) and optical fibers [5-8]. By leveraging the exceptional
light-matter interactions that occur at the nanoscale, plasmonic
optical fiber sensors can offer unprecedented sensitivity and se-
lectivity, making them ideal candidates for ultrasensitive detec-
tion and real-time monitoring [9-15].
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shape, and arrangement as well as NP-substrate and NP-NP
spacing [20-24]. Since these parameters collectively determine
the ultimate sensitivity to refractive index (RI) changes in the
surrounding medium, understanding the interplay between
these factors is crucial for tailoring the sensor response and
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optimizing its performance. Plasmonic coupling of densely
packed NPs can be observed mainly through the LSPR shift due
to neighboring NP interaction and is primarily dependent on
interparticle spacing [17,25,26]. Thus, at small interparticle dis-
tances, highly intense electromagnetic fields (hot spots) are gen-
erated, which can prove beneficial for sensing applications like
surface-enhanced Raman scattering (SERS) or light-matter in-
teraction enhancement [27-29]. Interestingly, 1D or 2D NP
arrays can also give rise to collective plasmonic modes that in-
teract and propagate throughout the entire NP array showing
similar behavior to the surface plasmon resonance (SPR) ob-
served in plasmonic thin films [30,31].

Nevertheless, the considerable variability in the refractive in-
dex sensitivity (RIS) observed for NP based plasmonic optical
fiber sensors may suggest another plasmonic mechanism. For
example, focusing solely on studies involving Au nanospheres,
whilst Mie theory predicts RIS between 30 and 80 nm per re-
fractive index unit (RIU), the RIS values reported for Au NPs
deposited on optical fibers range from 50 to 2016 nm/RIU
[16,32-41]. These wide range RIS values also contrast with
the low RIS values obtained experimentally from colloidal dis-
persions and NPs immobilized on flat glass substrates [13,36,
42-44]. Despite extensive investigations, the prevailing explan-
ations for these behaviors mainly attribute the observed sensi-
tivities to either: (1) the formation of hot spots among NPs
due to interparticle coupling; (2) the light-waveguiding
mechanisms observed in insulator-metal-insulator (IMI) like
structures as continuous metal films or ordered NPs arrays
[35,45-47]; (3) the excitation of lossy mode resonances
(LMRs) in the polyelectrolytes layer (PEL) [40,48,49].
However, it has become evident that the first explanation alone
fails to account for the high sensitivities reported, as perfectly
aligned and spaced dimers and trimers are only capable of pre-
senting a maximum RIS of around 500 nm/RIU [50].
Regarding the light-waveguiding mechanisms, Otte et al.
[35] proposed this mechanism considering the IMI structure
composed by a metal layer of sparse Au nanoellipsoids of high
aspect ratios (modeled by a homogeneous and anisotropic ef-
fective RI layer) located between a glass substrate and the ex-
ternal medium. Later, Spackovd ez al. presented similar results
[51]. Regardless of the reported high RIS values, the capability
to obtain the required highly effective RI layer with lower
aspect-ratio NPs was not demonstrated. Also, the proposed
numerical model should create an evanescent field towards
the external medium (like the SPR wave obtained through plas-
monic thin films). Finally, as the study was conducted on pla-
nar substrates, the optical behavior obtained on optical fiber
platforms with randomly immobilized NPs is yet to be studied.
Finally, regarding the LMR effect, a thick PEL is required to
observe the effect of the RIS being dependent on PEL thickness
when above the NPs. Nevertheless, no LMR effect is produced
when a thin PEL is between the fiber and the NPs [40].

The numerical modeling of sensors based on optical fibers
coated with plasmonic NPs from the aforementioned authors
can also provide great insights into the underlying physical
mechanisms. These range from simpler studies based on
Mie scattering for plasmonic NPs in solution to NPs affected
by retardation effects on their polarizability due to the presence
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of a substrate, interparticle coupling effects by changing their
mean distance, or even approaches using an effective medium
approximation provided by Maxwell Garnett theory [52-54].
The latter is of special relevance in the simulations of immo-
bilized NPs over waveguiding structures, such as optical fibers,
as interesting coupling phenomena can arise from the interac-
tion with guided light [55,56].

Herein, we carry out theoretical and experimental investiga-
tions into the phenomena (LSPR and/or SPR) that determine
the sensitivity of randomly assembled Au nanoparticle optical
fibers to changes in refractive index. Thus, we deeply analyze
the effect of the NP size and NP surface coverage in the optical
response of the fiber to determine the optimal conditions for
enhanced RIS. Besides, experimental results are compared to
numerical outcomes from discretization of many interacting
NPs or by treating them as a homogeneous plasmonic layer.
Finally, the efficacy of the plasmonic sensing configuration will
be validated for the purpose of biological sensing, specifically
for the detection of thrombin protein (THR). This protein
is a serine protease which regulates hemostasis and blood coagu-
lation. Thus, fast and precise measurements can help to assess
individual needs and mitigate possible clinical conditions. In
this study, THR binding aptamers will be used as they assure
the best measurement specificity [57-61].

2. RESULTS AND DISCUSSION

A. Experimental Setup and Numerical Modeling

The sensor configuration is based on an optical fiber sensor tip,
which includes a decladded section with immobilized gold NPs
(Fig. 1). Additionally, a silver film is deposited onto the end

Spectrometer

Y-type fiber
bundle

/)

Light-source sensor tip

Protecting cover
Cladding
Core

Nanoparticles

Silver mirror

. J

Fig. 1. Optical fiber sensing scheme composed of a broadband light
source and a spectrometer to measure the plasmonic NP response on
the fiber optic sensing probe. This probe is based on a 1 cm core-
exposed section near the optical fiber cleaved tip (onto which a silver
mirror was previously deposited).
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facet of the fiber, forming a mirror. This design allows for in-
teraction between the evanescent field and Au NPs while en-
abling real-time monitoring of the Au NP deposition on the
decladded section.

The bulk behavior of assembled Au NPs on the optical fiber
was investigated using an effective index medium approxima-
tion (EMA), such as the gradient effective medium approxima-
tion (GEMA) proposed by Czajkowski ez al. [62]. In this
scenario, instead of discretizing a large number of NPs (com-
putationally intensive), the system is approximated by a homo-
geneous layer of a given RI [52]. This approximation provides a
more accurate model compared to the widely used Maxwell

€+ (Li(1 = flye) + frayed) (Exp = €2) + (€ = enp) (1 = flye) A

_ (&) . Research Article

method can be calculated as follows. First, a layer stack with a
partial density (f pamal) equivalent to the discretized section
along the NP height is given by Eq. (1):

6hL(1 + L)R - 3K*L* - 2(2 + 3L)R?
fpartial = 2R2L3

where R is the NP radius, L is the number of discretized layers,
and / is the layer height. The effective layer density (f),,.,) is
then obrtained by multiplying the calculated £/, by the total
NP density ( fyp)- Finally, the effective index of each layer &/
is calculated as follows using a modified MG theory for ac-
counting for both NP anisotropy and size [63]:

)

z p—
Eeff = Em

Garnett (MG) or Bruggeman models, which are extensively
employed for accurately describing the behavior of plasmonic
NPs [52,63]. This enhanced accuracy is attributed to the fact
that the NPs are not simply described by a single homogeneous
layer but involve multiple layers. Besides, this method allows
geometrical anisotropies to be taken into account and the over-
all improvement of geometry accuracy by creating a gradient-
like layer stack. Figure 2A shows the simulation model using a
transfer-matrix method (TMM) formalism with a light cone
incident from the fiber core, corresponding to the multimodal
behavior on a paraxial approximation and a detection layer in
the same layer. The effective index of each layer for this GEMA

: 2

e+ L1 - frye)(Ene =€) + (€, - exp) (1 - flpe)A

where ¢€,, and eyp are the permittivity of the surrounding
medium and NP, respectively. A = x? + 2/3ix?, where x is
a size parameter given by x = zR,/€,,/A. Finally, L, is the
geometrical factor for the ellipsoidal NP, which is 1/3 for
Au nanospheres.

Interestingly, increasing the Au density on the effective layer,
a wavelength red-shift can be observed in both the real and
imaginary components of their effective index (see Appendix B,
Fig. 8). Finally, by varying the same NP density, a steep increase
in the effective index profile on the NP region as can be
observed in Fig. 2B for a 50 nm Au NP.
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Fig. 2. A: Schematic representation of the simulation setup where the random ensemble of Au NPs immobilized over the fiber core was ap-
proximated by a gradient effective index method (GEMA). This method divides the NPs into multiple homogeneous layers with an effective RI
given by Maxwell-Garnett theory. B: Real component of the effective index profile for the multiple GEMA layers at several NP coverage densities for

50 nm NPs.
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B. Plasmonic Properties of Au Nanoparticle-Coated
Optical Fiber

The deposition of Au NPs with sizes 20, 50, and 90 nm was
carried out via electrostatic interactions employing the layer-by-
layer (LbL) approach [25]. Thus, citrate-stabilized Au NPs of
50 nm with negative charge were uniformly deposited via im-
mersion on the positively charged optical fiber (see experimen-
tal part for further details). Figure 3A shows the kinetics of
50 nm Au NP deposition, and Fig. 3C shows the SEM images
of the Au NPs uniformly deposited at different immersion
times, as indicated. The initial stages of Au NP immobilization
(Fig. 3A) clearly show a single band increasing in intensity at
550 nm, corresponding to the LSPR band of individual Au
NPs. However, as the NP density on the fiber surface (f\p)
increases, interparticle coupling effects start causing an LSPR
red-shift (Fig. 3B). After 15 min, a second band appears at
longer wavelengths due to collective plasmonic effects with a
faster growth rate than the LSPR band [see scanning electron
microscope (SEM) images in Fig. 3C]. At a later stage, around
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30 min, it is visible that the LSPR band ceased growing and
red-shifting, while the other continued to grow and red-shift
at a higher rate and without significant band widening
(Figs. 3A and 3B). This finding establishes that the rightmost
band does not arise from interparticle coupling, but rather from
an alternative collective plasmonic mechanism mainly reliant
on particle density.

Further verification of the physical driving mechanisms
underlying both peaks was achieved through two numerical
methods: a scattering-matrix method and GEMA model with
the TMM algorithm. The first method was used for the calcu-
lation of the electromagnetic fields of the Au NPs deposited on
the fiber. In the model, hundreds of 50 nm Au NPs were dis-
cretized and randomly distributed on top of a glass layer (total
area of 1 pm?) and immersed in a constant dielectric medium
(n = 1.333). The total number of NPs was varied according to
the desired NP density. Then, light-particle interaction was ac-
complished from the evanescent field coming through the glass
layer. As shown in Fig. 3D, a total particle population density
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Fig. 3. A: Au NP deposition kinetics onto the optical fiber sensor, showing two plasmonic bands dependent on the deposition time. The Au NP
diameter is 50 nm. B: Time evolution of the wavelength shift of both plasmonic modes during 50 nm Au NP immobilization. C: Scanning electron
microscope (SEM) images of the Au NPs on optical fibers at different deposition times (5, 20, and 40 min). The estimated value of NP densities on
the fiber surface (fp) is included. D: Extinction cross section of Au NPs deposited on fiber for different NP densities (from 2% to 20%) calculated
using a scattering-matrix formalism. As a model, hundreds of discretized Au NPs randomly positioned on 1 pm? were employed. E: Calculated
absorbance for different Au densities (from 2% to 20%) obtained via TMM using the GEMA. A strong correlation between the red-shifts and
absorbance increases of the plasmonic band with NP density. F: Comparison on wavelength shifts as a function of the NP fiber surface coverage

calculated through a scattering-matrix formalism and TMM.
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augmentation from 2% to 20% caused an intensity increase
accompanied by 20 nm red-shift. Such behavior can be
undoubtedly attributed to increased interparticle coupling.
On the other hand, simulations involving the GEMA model
with the TMM algorithm were conducted with a 50 nm total
stack layer height and subdivided into 20 layers. The effective
layer’s parameters were also calculated for different NP den-
sities. The results indicate accordance with the experimental
findings, showing a strong correlation between larger red-shifts
and increased NP density (Fig. 3E). Furthermore, the density-
induced increase in wavelength shift exhibits greater promi-
nence in this plasmonic mode compared to modified LSPR
resulting from interparticle coupling (Fig. 3F), aligning with
experimental observations. This plasmonic phenomenon is
likely linked to SPR excitation obtained in plasmonic thin-film
devices, and the increase in NP density serves the purpose of
modulating the meta-layer effective RI. Such an approxima-
tion is valid due to the much smaller size when compared
to the light wavelength. The linking to SPR phenomena is also
indicated by the GEMA structure response under p- or
s-polarizations (see Appendix B, Fig. 9). Under s-polarization
an increase of f\p results in the intensity increase of the
LSPR band without a significant wavelength shift towards
longer wavelengths, whereas under p-polarized light, the struc-
ture shows a strong shift to longer wavelengths. The sum
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of both polarizations shows a similar response as observed
experimentally.

A deeper insight into the nature of the plasmonic phenom-
ena can be achieved through the calculation of the dispersion
curves for the sensor configuration, as dispersion curves are vis-
ual representations of how the material RI changes with the
light wavelength. As shown in Fig. 4A, the light dispersion
curves on the NP meta-layer obtained as a function of fyp
evidence strong light dispersion as typically observed on
SPR. Also, the dispersion curves cross the fiber light cone at
successively longer wavelengths with increased fyp, which
agrees with the observed wavelength red-shifts during the par-
ticle’s immobilization (Fig. 3A). The field distribution can also
provide useful insights into the underlying mechanism behind
the observed optical response. The existence of an SPR phe-
nomenon is further backed by the electric field spatial distribu-
tion (Fig. 4B). This field shows the typical sinusoidal intensity
profile inside the fiber, accompanied by a strong field enhance-
ment in the metal/external interface and an exponential decay
towards the external medium. Thus, no light waveguiding
mechanism was observed, which should be characterized by
a strong field locality in the center of the meta-layer.
Moreover, this field profile is also highly dependent on f\p
since the field enhancement increases with fp. The larger field
on the outside region also increases the band dependency on
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Fig.4. A: Calculated dispersion curves for a 50 nm effective index plasmonic layer on the fiber surface at various NP densities (fp), ranging from
0 t0 30%. The dispersion curves intersect with the fiber light cone at wavelengths from 720 to 950 nm depending on f'\p. The dotted line represents
the wavevector of light in vacuum. B: E-field spatial distribution for 50 nm NPs using the GEMA with different f, showing a steep increase
towards the metal layer and long decay towards the external medium. C: Dispersion curves for several NP sizes at a constant f'p of 20%, causing the
intersection with the fiber light cone at successively larger wavelengths. D: Field distribution within the GEMA method with a constant fp 0o£20%
for different NP diameters as indicated, showing stronger E-fields for larger NPs. E: Refractive index sensitivity for optical fibers with different NP
densities. NP diameters range between 20 and 80 nm. The values were measured around 1.340.
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the surrounding RI, a feature highly desirable for optimizing
plasmonic sensor construction.

When studying the effect of the NP size, we found that the
dispersion curves of the plasmonic meta-layer were dependent
on its dimensions (consequently on the NP diameter), inter-
secting the fiber light cone at successively longer wavelengths
for larger NPs (Fig. 4C). Finally, the NP size increase is also
related to stronger fields on the surrounding medium
(Fig. 4D). Therefore, higher NP densities and sizes should pro-

mote higher sensitivities, as numerically observed (Fig. 4E).

C. Effect of Nanoparticle Size and Density on
Refractive Index Sensitivity

Next, we experimentally investigated the effect of fp on the
RI sensitivity of the optical fiber. Therefore, optical fibers with
immobilized 51 nm Au NPs at fp ranging from 18% to 22%
were analyzed by immersing them in solvents with different
RlIs. The plot of the wavelength as a function of solvent RI
shows a nonlinear behavior (Fig. 5A). The curves also indicated
a higher RIS for larger f\p. Indeed, if we estimate the RIS in
the vicinity of 1.34, values from 310 to 580 nm/RIU are ob-
tained. Finally, larger values from 1698 to 3354 nm/RIU are
obtained in the RI range near 1.41.

Interestingly, the nonlinear behavior on RIS regardless of
fnp is typical of SPR as previously reported [9,64—67]. It is
simply due to the phase-matching conditions that need to oc-
cur and are dependent on a complex relation between the plas-
monic material and external medium permittivity, as given
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where kgp is the light wavevector, 4 is the light wavelength, and
Emeral A0d € cdgium are the metal and the external medium per-
mittivity, respectively.

Notably, despite the larger particle size (D = 87 nm) and
lower particle density in comparison to the smaller NPs, signifi-
cantly higher RI sensitivities were achieved (Fig. 5B). The
analysis of smaller NPs (21 nm) presented in Fig. 5C revealed
the smallest RIS enhancement, in line with the numerical re-
sults of Fig. 4E. The observed RIS for an f of 16% is nearly
ten times smaller than that observed with only an f\p of 9%
for the 87 nm NP-coated fiber, highlighting the relevance of
the NP size for this effect. Moreover, by tracing a vertical line
at a constant f'\p, e.g., 20%, in Fig. 4E, it can be seen that a
linear increase in the NP diameter results in a nonlinear RIS
enhancement. This aspect is highlighted in Appendix B
(Fig. 10), where the RI sensitivity is analyzed. Thus, for a given
fnp> the NP size is the most determinant factor impacting the
observed ARIS between fp values of 10% and 20% at differ-
ent NP diameters. Also, representative SEM images of the dif-
ferent Au NP sizes and densities are shown in Fig. 5D, thus
evidencing a uniform NP deposition. The analysis of the
RIS for the different samples (solid lines in Fig. 5C) unveils
a strong correlation between the NP diameter and the initial
red-shift and RI sensitivity. Moreover, the GEMA based sim-
ulations (dashed lines in Fig. 5C) are in good agreement with
the experimental results.

Another interesting effect can be observed by experimentally
changing the surrounding medium from water (» = 1.333) to

by [68] air (z = 1.000), causing the SPR band to disappear and the
5 reappearance of the LSPR band (Fig. 6A). The same effect
ksp = dd /M, (3) can be observed in the calculated dispersion curves when
AV €mecal T Emedium the RI changes from 1.333 to 1.000 (Fig. 6B). The most
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Fig. 5. A: Refractive index sensitivity of optical fibers immobilized with 51 nm Au NPs with fy of 18%, 20%, and 22%, as indicated. B:
Refractive index sensitivity of optical fibers immobilized with 87 nm Au NPs with fp of 9% and 14%. C: Refractive index sensitivity of optical
fibers immobilized with 21 nm Au NPs with f of 16%. The white filled markers correspond to experimental data, while the solid curves represent
a second-order polynomial fitting curve. Dashed curves are the numerical results obtained through the GEMA method. D: Representative SEM
images of optical fibers with immobilized Au NPs of different sizes (Dyp). The NP density on the fiber surface (fp) is also indicated.
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Fig. 6. A: Experimental optical properties recorded with a 50 nm
Au NP immobilized optical fiber immobilized upon changing the re-
fractive index of the surrounding medium from water (z = 1.333) to
air (» = 1.000). B: Dispersion curves of the Au meta-layer calculated
for different refractive indexes (ranging from 1.333 to 1.000) via the
GEMA method. C: Comparison between the experimental and
numerical results on RIS of 50 nm Au NPs immobilized on a planar
glass substrate under perpendicular illumination. The numerical re-
sults were obtained through the scattering-matrix method formalism

for an NP density of 15%.

important aspect lies with the absence of any intersection be-
tween the fiber light cone and the meta-layer dispersion curve,
showing that with a surrounding medium with » = 1.000, it is
impossible to excite the SPR. Additional experiments were per-
formed on planar substrates featuring immobilized Au NPs of
different sizes, employing the same immobilization process and
conditions as used with the optical fibers. As shown in Fig. 6C,

1@ Research Article

the wavelength shift exhibits a linear relationship with the sol-
vent RI being the estimated RIS of 68 nm/RIU. These findings
unequivocally indicate that the excitation of the SPR under
perpendicular incident illumination is not possible.

D. Thrombin Detection

Impelled by the enhanced RIS observed on denser and larger
NP ensembles, the potential of Au NP immobilized optical fi-
ber for biosensing applications was investigated. To validate its
performance, the detection of thrombin protein (THR) was
chosen as the model system. Since THR plays an important
role in the blood coagulation cascade and homeostasis, its typ-
ical values found in a healthy adult human depend on numer-
ous factors. However, the traditional metric to quantify the
THR level kinetics is the time to achieve a 2 nM (1nM =
1 nmol/L) level, usually referred to as the “clot time,” which
is often reached in less than 5 min [69]. The typical maximum
THR concentration in a healthy individual is about 100 nM.
Therefore, a test range with THR concentrations from 0.01 to
100 nM was performed.

Initially, two fibers were coated with 70 nm Au NPs (fyp
7% and 14%). The RISs of both fibers were measured to be of
544 and 1301 nm/RIU (measured at an external RI around
1.340) for f\p of 7% and 14%, respectively. At a higher sur-
rounding RI, around 1.39, their RIS increased considerably,
reaching 1110 and 2385 for f of 7% and 14%, respectively
(see Figs. 7A and 7B). For the thrombin detection, the Au NP
immobilized optical fibers were first functionalized with a poly-
L-lysine (PLL) layer and after that with thrombin binding ap-
tamers (TBAs), resulting in a red-shift of the main band due to
the increased RI around the NPs (Fig. 7C). The fiber sensors
were first sequentially exposed to increasing concentrations of
THR (30 min of incubation time, see experimental section for
further details). The optical properties were recorded at the fi-
nal stage of each incubation step on the Tris buffer solution,
which was also used as the washing solution. As shown in
Fig. 7D, a red-shift was observed with higher concentrations
of THR, although more pronounced for the higher NP density
sensor. The experimental data followed a sigmoid-shaped pro-
file and were fitted using the Hill model since it has been dem-
onstrated as the best model for the aptamer—thrombin

interaction [70]:
7

X
J= )“maxm’ 4)

where x and y are the THR concentration and sensor response,
respectively. A, is the maximum wavelength shift [71]. Note
that the Hill equation returns # as a metric of binding, and 7,
the Hill coefficient. % represents the concentration of protein at
half-maximal binding, and # reports on cooperativity. The best
fit to the experimental data with Eq. (4) yielded the curve in
Fig. 6B and the following values for the parameters: £ =
2.42+0.10 nM and 59.59 = 754.0 nM, and » = 0.94 &+
0.14 and 0.33 4 0.01 for the 7% and 14% concentration con-
figurations, respectively. The value of £ is essentially undeter-
mined in both cases due to the relatively high detection range of
the sensor, at least four orders of magnitude. Interestingly, the
uncertainty for the 14% concentration configuration suggests a
higher detection range. On the other hand, 7 values smaller
than 1 indicate the occurrence of a negatively cooperative
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Fig. 7. Experimental results obtained for optical fibers coated with 70 nm Au NPs at fp of 7% and 14%: absorption spectra (A) and RIS
comparison (B). C: Real-time tracking of the plasmonic band of two Au NP immobilized optical fibers during the functionalization with PLL and
TBA, as well as the THR binding events with TBA. The diameter of Au NPs was 70 nm and f'p was 7% and 14%, as indicated. D: Wavelength
shift as a function of THR concentration, as measured at the final of each incubation period (in the Tris solution), for both optical fibers covered with
NP ata total f\p of 7% and 14%. The dashed curves represent the Hill fitting of the experimental data. LODs are indicated. E: Cross-sensitivity test
with HTR showing negligible interference for the optical fiber sensor configurations covered with an fp of 14%.

binding, which is an expected behavior since the probability of
binding reduces as the surface covering increases. The estimated
limit of detection (LOD) determined as the concentration of
antigen that generates 10% of the signal of the control samples
(EC10) is 0.07 and 3.47 nM for the 7% and 14% concentra-
tion configurations, respectively. The LOD is displayed explic-
itly by a star marker in Fig. 7D. The near 50-fold decrease in
the obtained LOD underlines the significance of the NP den-
sity increase, and an LOD well below the 2 nM level of the “clot
time” ensures great resolution to THR efficient detection.
These results are better than comparative studies with plas-
monic optical fiber-based sensors that show LOD between
0.54 and 100 nM [57-59,61].

Finally, to evaluate cross-sensitivity, the sensor was incu-
bated with human transferrin (HTR) protein (140 nM).
The analysis of the optical response did not reveal a wavelength
red-shift (Fig. 7E) indicating negligible HTR binding.

3. CONCLUSION

In summary, we have theoretically demonstrated that randomly
immobilized Au NP-coated optical fibers can support SPR.
Moreover, we established a clear distinction between the
LSPR and SPR supported by these plasmonic optical

fibers. Through the comparison of experimental results with

numerical simulations, we elucidated the complex interplay be-
tween LSPR and coupled SPR effects in the plasmonic optical
fibers. Thus, larger f\p and NP sizes favor the SPR effect over
LSPR. This behavior is not restricted to Au NPs and can be
expanded to any plasmonic NPs, regardless of the shape and
nature, randomly immobilized on an optical fiber.

Furthermore, studying the effect of Au NP size and surface
coverage enabled us to identify the optimal conditions for
achieving enhanced RIS and therefore sensing capabilities.
Notably, we observed improved sensitivities for optical fiber
modified with larger NP size and higher f\p, primarily attrib-
uted to the dominating influence of the SPR effect. The exper-
imental RIS of Au NP-based optical fibers with fp of 15%
varied from 135 to 6998 nm/RIU (RI region around 1.39) for
an Au NP diameter from 20 to 90 nm. Similarly, 90 nm Au
NP-based optical fibers showed RIS from 1297 to 6998 nm/
RIU (RI region around 1.39) for fp between 9% and 14%.
These findings offer valuable insights into the design and opti-
mization of plasmonic optical fiber sensing platforms.

Finally, we demonstrated the practical utility of the Au
NP-coated optical fibers by detecting THR. Using a 70 nm Au
NP-based optical fiber with an f'yp of 14%, we achieved a re-
markably low LOD of 0.07 nM. This value represents a
remarkable improvement compared to those reported in the
literature for plasmonic optical fiber-based sensors.
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The knowledge gained from this study propels the progress
of plasmonic optical fiber sensing, thereby expanding its poten-
tial applications across various fields, from biomedical diagnos-
tics to environmental monitoring, and chemical analysis.

APPENDIX A: METHODS

Chemicals. Hydrogen tetrachloroaurate(Ill)  trihydrate
(HAuCly-3H,0), trisodium citrate (NazCsHsO>), tannic acid
(C76Hs,04p), silver nitrate (AgNOj), polyethylenimine [PEL,
750 KDa; H(NHCH,CH,) ,NH,], poly-sodium 4-styrenesul-
fonate [PSS, 70 KDa; (CgH;NaO;S),], poly-L-lysine
[PLL, 0.1% (mass-to-volume ratio) in H,O], glycerol
[HOCH,CH(OH)CH,OH], SSPE buffer solution (20x con-
centrate), Tris base [H,NC(CH,OH)3;; for molecular biology,
99.9%], potassium hydroxide (KOH), glucose (C4H{,Oy), po-
tassium chloride (KCl; Bioextra, 99%), sodium chloride (NaCl;
Reagent Plus, 99%), magnesium chloride (MgCl,; anhydrous,
98%), phosphate buffered saline tablets (PBS) a-thrombin
from human plasma (THR; lyophilized powder, >2800 NIH
units/mg protein), and amine-modified thrombin binding ap-
tamer (H,N-TBA; reverse phase HPLC purification) were used
for the biosensing assays. Transferrin from human blood
plasma (HTR; >95%) was used for cross-reactivity tests. All the
used chemicals were purchased from Sigma-Aldrich (Merck
Group), except for the Tris base and the H,N-TBA, which
were purchased from Fisher Scientific (Thermo Fisher
Scientific Group) and Eurogentec, respectively. Moreover, all
the chemicals were used without additional purification. Ultra-
pure water (analytical grade), ethanol (EtOH; 96%), and
acetone were also used. All glassware was successively cleaned
with acetone and ethanol and finally rinsed with Milli-Q water
and stored at 60°C before use.

Au nanoparticle synthesis. Citrate-stabilized colloidal Au
NPs were synthesized via a seed growth method as previously
reported [72]. Thus, Au NPs of 20, 50, 70, and 90 nm in diam-
eter were synthesized. After synthesis, the particles were centri-
fugated and redispersed in Milli-Q) water at one-fifth the initial
volume and used as is. The final Au concentration was around
125 mM, as measured by placing the NP solution inside a spec-
trometer and the absorbance at 400 nm was measured inside a
1 mm glass cuvette.

Optical fiber preparation. A 10 cm portion of a silica core
multimode fiber (MMEF-FT600UMT, Thorlabs, Dortmund,
Germany) with a core/cladding diameter of 600/630 pm
was cleaved and both ends polished sequentially with 8 and
3 pm polishing disks (Fibermet, Buehler, Lake Bluff, IL,
USA). After mechanically removinga 1 cm portion of the clad-
ding with a fitting stripping tool, the fiber was thoroughly
rinsed and then washed in an ultrasonic bath for 10 min.
On one end of the fiber, a silver mirror was fabricated with
the reduction of silver nitrate by glucose on a potassium
hydroxide solution [66].

After rinsing the decladded section with Milli-Q water, the
fiber was fixed on a groove of a Teflon platform, and the sens-
ing region was immersed into an aqueous solution of PEI
(1 mg/mL, containing 0.5 M NaCl) for 30 min. After three
washing steps via immersion in water for 1 min, the optical
fiber was immersed in an aqueous solution of PSS (1 mg/mL,
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containing 0.5 M NaCl) for 20 min, followed by the same
washing procedure. The previous steps were repeated until
the formation of a third PEI layer was achieved. Then, the dif-
ferent citrate-stabilized Au NPs were immobilized onto the fi-
ber by immersion of the decladded section into the Au NP
dispersions. This step was monitored in real time by connecting
the sensing region to a Y-bundle with one end connected to a
light source (LS-W, SarSpec, Porto, Portugal) and the other to a
spectrometer (Speed+, SarSpec, Porto, Portugal).

Bulk RIS analysis. For the tests for bulk RI sensitivity, dif-
ferent water/glycerol mixtures were prepared in order to have
RI values between 1.333 and 1.415. After each measurement,
the sensing region was washed three times with pure water
(1 min immersion).

Thrombin sensing. Regarding the biosensing evaluation,
the sensing region was first washed three times via 1 min im-
mersion with a cleaning buffer solution (Tris). This solution
contains 1.2 g of Tris-base, 7.5 g of KCl, and a dropwise ad-
dition of HCl 1 M to adjust the solution pH to 7.4 for a final
volume of 1 L. The same cleaning procedure was repeated after
each incubation and immobilization procedure. Then, citrate-
stabilized Au NP immobilized optical fiber was functionalized
with TBA as previously reported [58]. Briefly, the Au NP im-
mobilized optical fiber was modified with PLL by immersing
the sensing region in an aqueous PLL solution (0.1%, mass-
to-volume ratio) for 30 min and then washed with the Tris
solution by immersion for 5 min. After that, the PLL function-
alized fiber was incubated for 1 h at room temperature in a
0.75 pM TBA solution, and then washed again with the
Tris solution for 5 min by immersion. Finally, THR detection
was performed by immersion of the optical fiber into THR sol-
utions with concentrations from 0.01 to 100 nM for 30 min.
The THR solution was prepared on a Tris-HCI buffer affinity
solution composed of 0.39 g of Tris-base, 0.73 g of NaCl,
0.051 g of MgCl,-H,0, and dropwise addition of HCI
1 M to adjust the solution pH to 7.4 for a final volume of
50 mL. All the spectra were measured at the final time of
each incubation step and washed three times with the Tris
solution.

The cross-reactivity test with HTR was conducted by pre-
paring the fiber as before and functionalizing the immobilized
Au NPs with PLL and TBA resulting in a plasmonic band lo-
cated at 592 nm. Then, after a 30 min incubation with HTR
(140 nM in Tris-HCI buffer affinity solution), the spectra were
measured, and the fiber was washed with the Tris solution.

Numerical analysis. All data analysis treatments and sim-
ulations were done in Python. The experimental plasmonic
band curves were all smooth using a Savitzy-Golay filter.
The maximum plasmonic bands were all obtained by fitting
a Gaussian curve on a wavelength span of 100 nm centered
around the peak and retrieving the fitting parameters. The
RIS values at different RI regions were calculated by fitting
wavelengths corresponding to the maximum plasmonic band
position with respect to the external medium RI by second-
order polynomial curves. After, their slope was calculated in
specific regions retrieving the RIS values shown.

The determination of the NP diameter and fiber surface
coverage was performed by analyzing the SEM images with



Research Article *®

the Image] software. The NP diameter was calculated using
100 measurements and the surface coverage density with 25
measurements of multiple images across different areas of
the fiber sensor region. The standard deviation and mean values
were determined using a normal distribution fitting.

Simulations. The light-guiding profile of the multimode
optical fibers was simulated using a paraxial approach with
an angular distribution from real data [73] and corrected by
an interaction factor given by NV = L/(D tan6), where L is
the sensor length and D is the fiber diameter. The final inter-
action is then obtained from the integration of all angular con-
tributions. The fiber and the surrounding medium were
modeled as infinite layers, made of glass and a constant RI
(n = 1.333 + An), respectively, where Az is used to test for
bulk RI sensitivity. The simulations with multiple NPs were
made using a Python library based on both the T-matrix
and scattering-matrix for the interparticle and particle-layer
interactions [54]. The non-intersecting NPs were placed se-
quentially and randomly over an area of 1 pm? on the glass
layer until the desired particle density was achieved. The inte-
grated extinction cross sections were evaluated in reflection
mode at angles that suffice the required light guiding conditions
for the 600 pm multimode fiber. The simulations using the
GEMA were made using the angular integrated reflectivity
within a TMM framework [62]. The light was p-polarized
and launched from the infinite glass layer. Glass and gold
materials used in the simulations were taken from real data
measurements, respectively, in Refs. [74,75].

APPENDIX B: CALCULATED EFFECTIVE INDEX
AND OPTICAL RESPONSE

Calculated effective index through the Maxwell-Garnett effec-
tive index approximation for distinct Au densities is shown in
Fig. 8. Figure 9 exhibits the calculated optical response from
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Fig. 8. Calculated effective index through the Maxwell-Garnett ef-
fective index approximation for distinct Au densities. The complex
material refractive index is shown for its real (A) and imaginary (B)
components. C: Wavelength of the effective index maxima for the
Au densities ranging between 0 and 0.3.
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Fig. 9. Calculated optical response from the GEMA structure for
a 20 nm layer under s-polarization, p-polarization, and the sum of
both (p + s) for increasing f\p from 0 to 30% in steps of 2.5%
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Fig. 10. Comparison of the RI sensitivity at f\p of 10% (blue
curve) and 20% (red curve) as calculated through the GEMA for
NP diameters between 20 and 100 nm. The RI sensitivity difference
(ARIS) between both curves is shown for NP diameters of 20 and
80 nm.

the GEMA structure for a 20 nm layer. In addition, RI sensi-
tivity at fyp of 10% and 20% is compared, as shown in
Fig. 10.
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