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ABSTRACT
Surface Plasmon Resonance (SPR) has become an emerging powerful label-free sensing technology for the real-time detection in
biomedical application, environmental monitoring and industrial application. In recent years, combining SPR with optical fiber platforms
has gained more and more research interest because of its benefits such as the compact sensor design, remote sensing, high sensitivity,
and in-situ measurement capability. In parallel, new possibilities of signal interpretation and sensing performance have been opened up
by recent advances in artificial intelligence (Al), in particular machine learning (ML) and deep learning (DL). Despite the recently
increasing number of studies focusing on fiber-integrated SPR sensors, as well as Al-assisted sensing approaches, there is still a lack of
systematic and critically comparative analysis that can link these studies. This review is dedicated to this lack of information and aims
to give a structured overview of the optical fiber-integrated SPR sensing technologies and the emerging integration of these technologies
with intelligent data-driven methods. A taxonomy-based framework is proposed to classify the existing studies based on different
methodological approaches, application domains, material platforms, system integration strategies and performance optimization
methods. Representative sensor architectures are compared with one another for sensitivity, detection limit, robustness and structural
complexity to find out the important design trends and performance trade-offs. In addition, the review discusses some of the major
technical challenges in fiber-integrated SPR systems, such as noise sensitivity, complexity in signal interpretation, multiplexing
limitations, and fabrication limitations. The role of ML and DL techniques in enhancing signal processing, reliability of sensing together
with intelligent optimization of sensing platforms is also discussed. Overall, this review opens the possibility of the combination of
complex plasmonic sensing architectures with artificial intelligence for the next-generation smart SPR sensing systems.
https://creativecommons.org/licenses/by-nc/4.0/
Keywords: Surface Plasmon resonance, Optical fiber sensors, Artificial intelligence, Machine learning, Deep learning, Biosensing.

1 Introduction

Surface Plasmon Resonance (SPR) is a powerful analytical very much sensitive to the change in the immediate environment.
method that will help the researchers to examine the interactions Molecules, including proteins or small ligands, binding to the
of the molecules in real-time without labelling the molecules. It surface change the surrounding refractive index and this results
can be commonly used in biochemistry, drug development and in a change in the surface Plasmon wave and hence the reflected
materials research, The SPR lies on the coherent vibration of the light. Using the changes of these alterations, SPR provides
electrons at the boundary of a metal and a dielectric substance, in overall knowledge of the dynamics and strength of molecular
a system where the polarized light is incident on this contact in a interactions .

specific angle, it excites the surface Plasmon that will create

resonance. An SPR system comprises of a monochromatic light In addition, the integration of Al and SPR technology enhances
source, a prism, a thin metal sheet, and a detector which measures data processing, which is sensitive and selective to a broad variety
changes in the intensity of reflected light [, of uses, such as environmental monitoring and medical

o . . _— diagnostics. This connection allows real time tracking and
The incident light causes collective oscillations of the electrons computer controlled operation that makes it possible to respond

in the metal when the incident light is perpendicular to the metal  fa5t to dynamic changes in biological or environmental factors.

surface and is known as surface Plasmon waves, this vibration is Moreover, Al algorithms reveal trends and concealed patterns in
* Corresponding author SPR data and prOVide valuable information to find new
E-mail address loe.22.006@grad.uotechnology.edu.iq (Instructor). biomarkers or trends in the environment Bl The general SPR
Peer-reviewed under the responsibility of the University of Garmian. sensor is presented in Figure 1.
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Figure 1: Typical Surface Plasmon Resonance (SPR) sensor [,

This paper will give a close and descriptive review of SPR
technology, specifically optical fiber-integrated designs and new
Al-based sensing approaches. Besides outlining the main
principles and the recent achievements in this field, this review
also critically evaluates the current trends in research and outlines
the main challenges that determine the performance, reliability
and scalability of smart SPR systems.

Several review articles have discussed important aspects of SPR
technology such as conventional prism-based systems, localized
surface plasmon resonance (LSPR), material optimization
strategies and biosensing applications. While these studies have
promoted the understanding of plasmonic sensing mechanism,
the majority are dedicated to the study of traditional architectures
or enhancement of materials, and there is little attention given to
the optical fiber-integrated SPR as a distinct and fast evolving
platform.

In addition, while artificial intelligence (Al) especially machine
learning (ML) and deep learning (DL) has been proposed to
improve sensing performance, it has not been systematical
analyzed on the integration with fiber-based SPR systems within
a unified framework. Therefore, it is timely and necessary to
make a comprehensive review to link the fiber-integrated SPR

Taxonomy

Methodology-based studies

Application-based studies

Material-based studies

Integration-based studies

Performance-based studies

architectures with Al-assisted optimization and performance
evaluation. This work fills this gap by proposing a structured
taxonomy and providing some comparative insights to aid the
development of smart SPR sensing systems.

2 Taxonomy of Studies

The current advancement of studies on fiber-integrated Surface
Plasmon Resonance (SPR) systems has led to a range of design
solutions, materials platforms, and applications. To offer a
systematic and consistent insight in this dynamic environment,
the literature is divided into five of the complementary
dimensions, namely, methodology-based studies, application-
based studies, material-based studies, integration-based studies,
and performance-based studies.

These dimensions were chosen with references to the common
research patterns that were identified in the recent publications,
and their direct impact on sensor architecture, functionality, and
deployment potential. This classification does not only classify
the extant body of work but also allows the comparative
understanding of the trade-offs in design, optimization of
performance, and research gaps in the emergent research in smart
SPR systems. The taxonomy is shown in Figure 2.

Experimental Studies:

Theoretical Modeling

Computational Analysis

Biomedical Applications

Environmental Monitoring

Industrial and Chemical Sensing

Metal-based Sensors:

Dielectric-based Sensors

Hybrid and Composite Sensors

Fiber Optic Coupling

Microfluidic Integration

Lab-on-a-Chip Platforms

Sensitivity Enhancement

Selectivity and Specificity Optimization

‘Real-time Monitoring and Kinetics Analysis:

Figure 2: Taxonomy of studies.
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2. 1 Methodology-based Studies

This section comprises of three sets of studies. The former is
concerning experimental studies, which refers to a research that
has a specific focus on conducting experiments to investigate and
study numerous things, including developing sensors, analyzing
them, and validating them. It is a type of research that involves
the development of well-thought experiments to test hypotheses
and gather empirical data. This is aimed at providing empirical
facts to support scientific hypotheses or practical applications I,

The second category of the studies is regarding Theoretical
modelling: The subject of the study is the theoretical modelling
and simulation of SPR events, sensor behavior, and optical
characteristics. These investigations usually employ the
mathematical and computational analysis to forecast sensor
performance, and also enhance design parameters. The
experimental data and theoretical models would be able to
provide the researchers with more in-depth knowledge regarding
the essential principles that regulate sensor functionality €I,

The third category of research studies is on computational
analysis which is defined as the application of computational
analysis i.e. finite element analysis (FEA) or numerical
simulation to study the performance of SPR sensors and optimize
the design of these sensors. Such computational tools enable the
researchers to predict the behavior of sensors in different
conditions and investigate the different design options. The use
of empirical data in conjunction with the computational Analysis
could be used to make well-informed decisions to improve the
sensors sensitivity and specificity ["),

Altogether the experimental validation, theoretical modelling and
computational optimization are the most interdependent elements
of fiber-integrated SPR studies as shown by methodology-based
studies. Although experimental research has the benefit to give
practical viability and practical validation, theoretical and
computational research can be used to allow predictive
optimization and sensitivity analysis of parameters before
fabrication. Nevertheless, most of the reported works focus on
either the accuracy of simulation or the experimental
performance without a combination of the two, which suggests
that more unified modelling-experiment frameworks can be
utilized in the future development of smart SPR systems.

2. 2 Application-based Studies

This part will consist of three sets of studies. The former is the
Biomedical Applications: Research which takes place the
investigation of SPR sensors into the biomedical field, to analyze
the bimolecular interaction, diagnose medical conditions and
identify new drugs. The sensors are extremely sensitive and can
be tracked in real-time which makes them invaluable tools in the
world of biomedicine. Researchers are also looking at the
potential of SPR sensor to improve personalized medicine by
rapid and accurate biomarker detection [

The second category is Environmental Monitoring: Research:
The focus of the research is on the use of SPR sensors to monitor
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pollutants, poisons and contaminants in air, water and soil. Their
high sensitivity and ability to provide real-time monitoring make
SPR sensors appropriate in the detection and quantification of
small amounts of pollutants in the environment in a short period
of time. The technology can greatly increase our capacity to

monitor and address environmental problems in a timely manner
3]

The third one is regarding Industrial and Chemical Sensing:
Research The use of SPR sensors in the monitoring and
controlling of industrial processes, chemical analysis, and quality
assurance in the fields of pharmaceutical, food and
manufacturing. The SPR sensors have demonstrated the
capabilities to provide accurate and reliable measurements in a
range of industrial applications resulting to increased efficiency
and low costs [

On the whole, according to application-based studies,
performance requirements vary widely across domains.
Biomedical uses are normally defined by very low detection
limits, high selectivity and high stability in complicated
biological matrices. Robustness, long term stability, and
resistance to change in temperature and humidity are often the
requirements of environmental monitoring. The application of
industrial and chemical sensors is focused upon reliability,
scalability and low cost. These contrasting needs highlight the
need to design sensors in a domain-specific manner, in which the
choice of architecture and material should be made in accordance
with domain-specific performance requirements.

2. 3 Material-based Studies

This part is divided into three groups of studies. The former
category is the Metal-based sensors that mean the application of
metal nanostructures, i.e., gold or silver, in SPR sensors. These
plasmonic material are metal nanostructures, which increase the
sensitivity and amplify the signal in sensor 0]

The second category of discussion provides the Dielectric-based
sensors which are studies that focus on the application of

dielectric materials e.g. silicon and silicon nitride in SPR sensors
[11}- [12]

The third category is the Hybrid and Composite Sensors: The
paper discusses the application of the hybrid or composite
materials in SPR sensors to achieve better stability and multi-
functionality (131

Studies based on materials focus on the importance of plasmonic
and dielectric platforms on sensor sensitivity, stability and
bandwidth. Noble metals like gold and silver are still preferred as
they have favorable plasmonic characteristics but problems
regarding oxidation, roughness on surfaces and stability over time
still exist. Graphene-based and multilayer versions of hybrid and
composite materials have been shown to have better field
confinement and increased sensitivity, although typically add
complexity and reproducibility problems to fabrication. These
observations indicate that the choice of the materials involves a
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performance-pragmatic tradeoff that works well particularly with
scalable and portable SPR systems.

2. 4 Integration-based Studies

This section is comprised of 3 groups of studies. The first group
is pointing to the Fiber Optic Coupling: Research efforts are
being made to connect surface Plasmon resonance (SPR) sensors
with optical fiber to enhance the light transmission and light
signal collection, and to enable the remote sensing function 4,

The second group is Microfluidic integration, which is the
research to combine microfluidic systems and SPR sensors. This
Integration is to achieve regulated sample delivery, mixing and
analyze concentration, which eventually leads to improved
sensitivity and selectivity of the system [,

The third group discusses the Lab-On-A-Chip: Research is being
done on lab-on-a-chip systems to investigate the Integration of
SPR sensors. The main objectives are to achieve miniaturization,
automation and high throughput sensing capabilities [261,

Studies involving integration show that the combination of SPR
sensors and optical fiber platforms, microfluidic systems, or lab-
on-chip technologies can greatly improve portability, remote
sensing and precision of sample handling. Specifically, fiber-
optic coupling allows small and versatile sensor designs to be
used in in-situ and real-time monitoring. Integration, however,
can also cause other issues, such as the sensitivity of coupling
efficiency, and modal interference, sensitivity to alignment, and
complexity of fabrication. All these affect directly the stability
and reproducibility of signals and it is important to have
optimized integration strategies to balance miniaturization and
measurement reliability.

2. 5 Performance-based studies

This section is comprised of three sets of studies. The first
category is Sensitivity Enhancement: Research is being
conducted on improving the sensitivity of SPR sensors by
devising innovative sensor designs, surface functionalization
techniques and signal amplification techniques 71,

The second group is about Selectivity and Specificity
Optimization: Research has been done to enhance the selectivity
and specificity of SPR sensors by reducing the non-specific
binding, enhancing molecular recognition, and developing better
signal processing algorithms [81,

The third group is referred to as the Real-time Monitoring and
kinetics analysis. Investigations are being carried out on the real-
time tracking of dynamic processes, kinetics analysis and
transient event detection using SPR sensors with excellent
temporal resolution and responsiveness 1%,

Studies based on performance underline that sensitivity
improvement is not a sufficient condition of overall system
effectiveness. Although many studies are concerned with
maximizing the sensitivity of refractive index or minimizing
detection limits, the real-world application demands all other
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aspects of selectivity, stability, response time, and long-term
repeatability to be optimized. Enhanced sensitivity could in most
instances be achieved at the cost of enhanced noise vulnerability
or fabrication complexity. Thus, the challenge of the balanced
performance of smart fiber-integrated SPR systems is a key issue
to attain the success of the system in the applications that need to
be characterized by the dependable real-time and field-
deployable sensing.

The following literature review is presented in the framework of
the five dimensions that enable each study to be analyzed not only
due to their technical contribution but also based on their
methodological approach, integration strategy, and performance
characteristics.

3 Literature Review

Many studies have considered studying, developing, and
analyzing the SPR sensor, SPR system, and other components
related to SPR. These studies reviewed in this section are
analyzed in the context of the taxonomy that has been previously
defined, which helps to clearly locate each work based on its
methodological approach, integration strategy, material platform,
and performance contribution.

Despite the fact that the sensitivity of fiber-integrated SPR
sensors has been enhanced due to the improved structural design
and material optimization, a number of constraints are present in
the traditional sensing techniques. Numerous systems still use the
basic spectral peak tracking to measure resonance changes.
Nevertheless, this technique can be inaccurate in cases where the
signals are influenced by noise, environmental fluctuations or
when you have many parameters being recorded at a time. With
increasingly complicated sensor structures the spectral responses
can also be nonlinear and harder to interpret. The more
sophisticated methods of data analysis are needed, then. In this
regard, machine learning (ML) and deep learning (DL) have
become the prospective solutions to enhance the signal
interpretation and increase the reliability of the SPR sensing
systems.

In 29 the authors developed a susceptible refractive index sensor
based on Surface Plasmon Resonance (SPR), utilizing a
microfluidic channel and Graphene-Ag composite nanowires.
The sensor has a microfluidic channel which enables it to deliver
samples more precisely and have a better contact with the
substances under analysis. The enhancement of the SPR signal by
the addition of graphene and Ag composite nanowires enhances
the capability to detect and measure the alteration of the refractive
index of the SPR sensor, and researchers have improved it by
improving its architecture and composition of nanomaterials.
Such advancement in technology demonstrates the possibility of
applications in environmental analysis, biomedical diagnostics,
as well as chemical analysis, which demonstrates the potential of
the sensor in these fields.

In a different study 2%, a specific and vulnerable sensor has been
developed to identify the presence of Baohuoside-1, which is a
biologically active chemical found in medicinal herbs. The sensor
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uses SPR configuration to attain real-time, label-free detection
specifically developed towards Bachuoside-I. The effectiveness
of the sensor is demonstrated by looking at its response to the
varying concentrations of Baohuoside-I solutions. The sensor has
a very high sensitivity and specificity, which makes it a promising
tool in detecting bioactive substances in complex biological
samples, which may be used in pharmaceuticals, quality
monitoring of herbal medicine and biomedical research.

A biosensor based on the SPR technology using PCF has been
developed in ?2 to identify Escherichia coli, some bacteria that
causes foodborne diseases and water pollution. The sensor has a
PCEF structure that allows it to guide light practically and detect
biomolecules in real-time and without labeling. The effectiveness
of the system is demonstrated through the analysis of the reaction
to various samples of E. coli, which can enhance food safety,
water quality monitoring, and clinical diagnostics.

A new microfluidic chip, the All-Fiber SPR chip, has been
developed in 2! to detect the biologically active chemical
Arctigenin, which is found in plants and herbal remedies. When
a microfluidic chip is used in conjunction with a biosensor, the
biosensor utilizes specialized recognition elements (antibodies or
aptamers) to bind and detect specifically Arctigenin molecules in
a sample. This can enhance the application of biosensors in
pharmaceuticals, herbal medicine quality control and biomedical
research.

A new Double Helical Loopback Fiber SPR sensor to measure
chromium ions (commonly occurring in industrial effluent and
environmental samples as a common pollutant) has been
developed in 241, The sensor has a unique design with a loopback
fiber of a double helix that enhances the sensitivity and
amplification of the signal and the SPR sensing mechanism that
allows the target ions to be detected in real-time without any
label. In order to make the sensor selective to the Cr ions, the
surface of the sensor is altered with specific recognition
properties, e.g. chelating ligands or ion-selective membranes. The
sensor has been demonstrated to be effective through the
measurement of various concentrations of Cr ions to which it
responds. The biosensing technological innovation can be applied
in a number of ways, which include environmental monitoring,
industrial processes and water quality.

Here, [2° the S-taper structure is used to improve the sensitivity
of the sensor to changes in the environment by increasing the
overlap between the light mode guided and the plasmonic field
around the sensor surface. This is mainly done to detect the
presence of nickel ions in solutions that may have major effects
on the environment and health due to their wide use in industrial
processes.

In 261 The work includes experimental validation, fabrication,
characterization, testing with Pb2+ solutions, and comparison
with other sensing methods; the main idea of the sensor is the
detection of lead ions (Pb2+), which is a dangerous heavy metal
pollutant capable of causing great damage to people and the
environment.  Hybrid  Electrochemical-Surface ~ Plasmon
Resonance Microfiber Sensor to Pb2+ Detection is a hew sensor

615

Al-azari et. al. Passer 8 (Issue 1) (2026) 611-624

design which combines electrochemical sensing and SPR
technology. Furthermore, the device employs microfiber optics in
order to obtain a high degree of sensitivity and selectivity. It also
uses SPR technology such that it can do real time and label free
detection.

A different study 7 proposes a new technigque of temperature
measurement by adopting an Optical Fiber Sensor of No-core that
is based on SPR. The sensor design depicted below offers a
compact and high-responsive temperature sensor design based on
no-core optical fiber structure and the SPR phenomena. The
temperature sensitivity of the sensor is increased by direct contact
of directed light with the environment. The viability and
effectiveness of the sensor are demonstrated, with a high level of
sensitivity, quick response, and compatibility with miniature and
portable sensor devices.

In 281 the paper has created a refractive index sensor based on
Photonic Crystal Fiber (PCF) and films composed of silver and
titanium dioxide that uses SPR. The sensor uses thin layers of
silver and titanium dioxide to enhance the SPR effect and it has a
PCF structure to direct light effectively. The sensor sensitivity
and performance are evaluated through the study of changes in
SPR spectrum; they improved the metal and dielectric layer
thickness and composition, demonstrating the capability of the
sensor to determine and measure changes in the refractive index
with high sensitivity and precision.

In 291 A special curvature sensor has been developed in structural
health monitoring, robotics and biomechanics. The sensor uses
the fiber-optic structure and SPR technology to sense the changes
in the three-axis curvature. To measure the curvature variation
along three axes, they improved sensor architecture and signal
processing techniques in order to determine the variations
accurately and sensitively. The technological advancement in the
field of curvature sensing can be applicable in various
applications, including structural monitoring, robotics, and
wearable devices. Incorporation of fiber SPR technology enables
the development of small and light weight sensors capable of
effectively measuring complex changes in curvature in real time.

The purpose of the work B9 js to create cost-effective
optoelectronic biosensor systems capable of detecting biological
analyses in medical diagnostics and environmental monitoring.
The key characteristics include smart functions of automated
working, low cost of large scale production, real time and non-
labelled detection, power saving, targeted detection, flexibility to
diverse types of samples, and seamless Integration of data
collection and Analysis with smart gadgets. This study aims to
increase the availability and practicability of biosensing
technologies.

In 31, the authors examine a novel sensing technique involving
the use of SPR in Photonic Crystal Fiber (PCF) systems made up
of U-shaped nanowires, and two parameters are measured. The
aim is to make SPR sensors more sensitive and efficient so that
changes of the environment are detected. The technique makes
use of two-parameter PCF to control optical characteristics and
uses of U-shaped nanowires to offer sufficient interactions
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between light and nanowires. The capability of the sensor to
identify and react to the environmental variables like refractive
index and temperature is demonstrated, which implies a high
degree of accuracy and precision. This paper presents a future
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advancement in the SPR sensing technology that can be used in
many applications. A summary of the literature is presented in
Table 1.

Table 1: Quantitative Performance Comparison of Representative Fiber-Integrated SPR Sensors.

] q Detection
Ref. | Year Fiber Plasm?mc Sensitivity Limit Target LG RIS
Type Material Feature Remarks
(LOD)
Microfluidi Microfluidic Enhanced field
[20] ) 7 13700 RI channel + . )
2021 | c-assisted Graphene—Ag Not reported . interaction and
nm/RIU sensing graphene—Ag -
fiber . stability
nanowires
Baohuosi | Bio-recognition . o
(21] 2024 | Fiber SPR | Gold gn6ﬂ6( /ml) 0.15 pg/ml | de-1 surface gilog:;;s;mﬁcny
K& detection | functionalization &
. PCF structure + .
21 | 2023 | PCF Gold 3472 nm/RIU | Not reported | 1 | immobilized Real-time label-
detection . free detection
bioreceptors
All-fiber + 0.205 Arctigeni | Fully integrated High integration
23] 2023 | Microfluidi | Gold : 0.49 pg/mL | n fiber-microfluidic | and sample
nm/(pg/mL) . . .
c detection | chip precision
Double Increased
. - .
2 | ggp4 | helical Gold 6356 nm/RIU | 0.15 ng/mr, | CF | Helicalloopback oo o i length
loopback detection | geometry .
and sensitivity
fiber
S-taper 3244.62 Niz S-taper Improved light—
[25]
2024 fiber Gold nm/RIU 8.65 pg/mL detection | enhancement plasmon overlap
Hybrid - . . .
(261 | 2022 | Microfiber | electrochemic | Notreported | =pM level Po* Electro}ihemlcal High selectivity
Al-SPR detection | + SPR hybrid and sensitivity
Temperat Compact and
- 0 -
[27] 2021 | No-core Gold 2.882 nm/% Not reported | ure No-core high
fiber (glucose) . configuration .
sensing responsiveness
~ . . Improved
6
28 [2021 | PCF Ag+TiO: | 7400 nmRiy | 133 %10 R Multilayer thin | o0 il
RIU sensing films o
sensitivity
;Filirsee- Multi-axis Structural health
(291 2023 | Fiber SPR | Gold 2.89 nm/m™ | Not reported . monitoring
curvature | configuration o
. capability
sensing
Optoelectr Biosensin Low-cost Focus on
(30] 2022 P Gold Not reported | uM level optoelectronic scalability and
onic SPR g systems | . . .
integration automation
Gold (U- Dual- Simultaneous RI
(31] 2023 | PCF shaped 12300 Not reported | parameter Embed@ed and temperature
. nm/RIU . nanowires .
nanowires) sensing detection

The quantitative analysis in Table 1 clearly shows that there are
major differences in performance between fiber-integrated SPR
designs. The greatest wavelength sensitivity of refractive index-
based sensors was found with the Graphene-Ag composite
microfluidic setup % (13700 nm/RIU), then the U-shaped
nanowire PCF setup 4 (12300 nm/RIU), which has been shown
to have a strong effect of nanostructured plasmonic enhancement
and optimised light-plasmon coupling. D-shaped and helical
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structural changes 281 4] are also highly sensitive (7400 and 6356
nm/RIU, respectively) and thus geometric tailoring is an
important factor in confining the field and extending the
interaction length.

In applications of heavy metal detection, they reported ultra-low
detection limits, especially in the S-taper nickel ion sensor [?
(8.65 pg/mL) and a double helical chromium sensor 4 (0.15
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ng/mL) using structural  engineering  with  surface
functionalization as a key factor in improving detection limits.
Even greater is the pico-molar level detection 28 with hybrid
electrochemical-SPR systems, which underscores the advantage
of multi-modal sensing approaches.

Conversely, biosensing platforms that make use of a particular
biomolecule as a target 2 231 39 focus on selectivity and
application-relevant sensitivity measures instead of maximizing
RI sensitivity. Moreover, dual-parameter sensors 27 1 also
show the significance of cross-sensitivity effects, especially
temperature interference, compensation, which has a direct effect
on the stability of the measurements.

In general, the comparative analysis indicates that an increased
evanescent field interaction, nanostructured plasmonic materials,
and optimized fiber geometries are the most important
consideration to realizing high sensitivity, but practical
implementation must put a balance between detection
performance and structural stability, selectivity, and complexity
of integration.

4 Integration of SPR with Optical Fiber

Combining technology with optical fiber poses a number of
issues including high sensitivity, which is necessary in sensing
applications in the biological and environmental fields with low
concentrations. Various optical fiber designs are also significant
in ascertaining the sensing performance of systems with fiber-
integrated SPR. As a case in point, tapered fiber designs enhance
the coupling between the evanescent field and the media
surrounding, and these could be useful in improving sensitivity,
but could also augment fabrication complexity [?°1. The designs of
photonic crystal fibers offer high levels of confinement, and
flexibility of structure, as well as allow high sensitivity and multi-
parameter sensing, 22 B whereas D-shaped or polished fibers
enhance plasmonic coupling by reducing the distance between
the guided optical mode and the metal layer, 281, The problem is
to realize increased sensitivity of the SPR sensors, especially
when they are combined with optical fiber. Sensitivity can be
improved by increasing the design to achieve the most
appropriate interaction of light and analyses, and minimize noise.
Additionally, the design of smaller SPR systems involves
application of innovative manufacturing processes and materials,
signal processing algorithm advancement to achieve high
sensitivity and accuracy in small sensing systems. There is need
to introduce complex optical elements, light sources, and
detectors into a hand-held device, and at the same time a high
level of sensitivity and accuracy 2.

In addition to this, the multiplexed sensing should be used so that
the high throughput screening can be conducted and the complete
Analysis can be achieved. Yet, it must overcome such challenges
as crosstalk, signal interference, and spatial resolution in order to
proceed. Advanced signal processing methods and optimized
sensor design can be used to enhance the performance. Specific
coating or the alteration of the surface can improve the possibility
of detection and distinction. The multiplexed SPR sensors can be
enhanced with advanced signal processing algorithms and
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methods of analyzing the data. Besides, non-specific binding,
matrix effects and sample heterogeneity are among the challenges
the complexity of biological samples in biomedical applications
presents, and thus, it is not easy to develop robust sensing
platforms to detect the accurate analyses of the samples [,
Moreover, real-time monitoring is necessary in various
applications, including drug development and molecular biology
because it enables observing dynamic processes and rapid
kinetics. However, the real-time monitoring with the high
temporal resolution made using the surface SPR sensors that are
integrated with the optical fiber requires the solution of the
impediments related to the speed of signal acquisition, data
processing, and reaction time of the system. The practical
solution to improve the real-time monitoring with the accurate
time resolution is the development of efficient signal processing
algorithms that will be able to process and interpret the data
collected by SPR sensors very fast. However, traditional signal
processing methods are frequently constrained in nonlinear
spectral response, multiplexed sensing signal and cross-
sensitivity effects in complex environments. Thus, machine
learning and deep learning methods are becoming increasingly
researched in order to represent complicated dependencies in
SPR sensing data and enhance signal detection and prediction
rates. Moreover, the efficiency and accuracy of real-time
monitoring systems can be enhanced significantly with the help
of the integration of artificial intelligence techniques.

Also, high selectivity and specificity in analyze detection are
essential and they require high selectivity and specificity in
analyze detection. Background interference discrimination and
selective binding are a challenge to SPR sensors especially in
complex samples. The long-term monitoring and continuous
operation relies on stability and reliability of sensor which
requires improvement and repeatability measures to be
developed. The other important issue is that the integration of
SPR technology with optical fiber is still expensive and
technically difficult and therefore limiting its access among the
researchers and practitioners. Financial barriers should be broken
and the procedure of using and maintaining instruments
simplified so as to promote greater acceptance. Standardization
and commercialization can play key role in bridging the gap
between research prototype and commercial products in order to
ensure scalability, maneuverability, regulatory compliance and
acceptance in the market . To address the mentioned problems,
there is a need to work with a wide range of disciplines, adopt
innovative technological solutions and engage in critical research
to improve the integration of SPR technology with optical fiber
to serve various functions. Successful management of these
challenges would help in the development of advanced sensing
platforms which would delineate enhanced performance,
adaptability and versatility in different fields.

The SPR sensing method have better sensitivity because it is able
to couple and transmit light through optical fiber, which is able to
detect low concentrations of analytes and biomolecule
interactions that are weak. It allows the development of small and
easily portable devices, which is ideal when it comes to the
diagnostics that can be completed in the field 3. However, it
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requires complex optical designs and a large number of
components and may be problematic in design, calibration, and
maintenance, limiting its access to researchers and practitioners.
Besides, cost of SPR sensing technology can be a hindrance to
some facilities and it will hinder its overall adoption. Despite

Al-azari et. al. Passer 8 (Issue 1) (2026) 611-624

these challenges, ongoing advances in the industry are aimed at
simplifying the technology and making it more effective to be
used in a wider range of applications. The advantages and
limitations associated with optical fiber—integrated SPR systems
are summarized in table 2 indicates the pros and cons.

Table 2: Advantages and Disadvantages.

Advantages based on Enhanced Sensitivity

Disadvantage based on Complexity of Instrumentation

Enhancing the efficiency of light coupling and transmission over
optical fibers enhances the signal-to-noise ratio [*3l,

It demands intricate optical configurations for the functioning of
the sensor and the collection of data ).

Facilitates the identification of analyses with low concentrations

and the measurement of weak interactions between biomolecules
[35]

It comprises many elements, such as sources of light, devices
that detect light, and electronics that process signals.

Enables the creation of small and easily transportable SPR
sensing devices 3¢,

Designing, calibrating, and maintaining intricate systems can
pose difficulties 7,

Perfect for situations where onsite and diagnostics are needed
[38]

Enhanced system intricacy and expenditure may restrict the
availability of researchers and practitioners.

5 Applications of Optical fiber-integrated SPR Sensors

SPR technology is used together with optical fiber in many
industries such as biomedical sensing, environmental monitoring,
food safety, drug discovery, bioprocess monitoring, chemical and
gas sensing, diagnostics, materials science and nanotechnology.
Biomedical sensing is the continuous detection of biomolecular
interactions, such as protein-protein interactions, antibody-
antigen binding, DNA hybridization %, and enzyme-substrate
reactions. In addition, environmental monitoring involves the
detection and quantification of pollutants, toxins, and
contaminant in a very sensitive and precise manner [*°l, Also, SPR
makes use of food safety and quality control that demand prompt
and precise identification of foodborne pathogens, allergies and

Material Science and
Nanotechnology

Point-of-Care Diagnostics

Chemical and Gas Sensing

Bioprocess Monitoring

Applications

pollutants without labelling ¥4, Pharmaceutical research also
uses SPR to screen potential drugs, study how drugs interact with
their targets, and determine the kinetics of the therapeutic
binding. Besides that, SPR is used in Bioprocess monitoring to
make the processes of bioproduction efficient in companies
involved in biopharmaceuticals, biofuels, and biotechnology.
Besides, the term of diagnostics can be defined as the
development of small and portable devices which can detect
biomarkers, infections, and signs of diseases rapidly 2. SPR is
also used to advance the field of material science and
nanotechnology through the investigation of optical and electrical
properties of materials on a nanoscale basis. The applications of
SPR sensor are summarized in figure 3.

Environmental Monitoring

Food Safety and Quality Control

Drug Discovery and Development

Figure 3: Applications of Optical Fiber-Integrated SPR Sensors.

Performance requirements of fiber-integrated SPR sensors are
considerably different in various areas of application. The high
sensitivity and selectivity of a biomedical sensing application are
normally needed to be extremely high in order to detect low
concentrations of biomolecules in complex biological
environments 2% 281 As opposed to this, robustness, long-term
stability and the ability to detect trace levels of pollutants or
heavy metal ions in varying environmental conditions is often a
priority in environmental monitoring 24 % The focus of
industrial sensing applications, including structural monitoring,

often goes towards rapid response, durability of the system and
the capability to conduct continuous real time measurements 2%

Despite the fact that several recent fiber-based SPR sensors have
outstanding sensitivity and a high detection limit, it is still a big
challenge to find a balance between sensitivity, selectivity,
stability, and real-time application. As a result, more studies are
needed to streamline sensor architecture,  surface
functionalization as well as data analysis procedures to suit a
wide range of sensors in practice.
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The optical fiber-based and integrated SPR sensors have a
number of benefits over the traditional sensing technologies in
the applications where high sensitivity, compact system design,
and remote or in situ measurements are needed. They are
especially applicable to the biomedical diagnostics and
environmental monitoring that require the ability to detect trace
concentrations of analytes due to their capability to offer label-
free detection, real-time monitoring, and high sensitivity 24 25
Moreover, optical fibers are small and flexible, allowing
measurement of a small or inaccessible space.

Nevertheless, SPR-based sensors can be still not as competitive
as other sensing technologies in certain applications. As an
example, some of the large-scale industrial monitoring systems
might be constrained by the complexity of the system, cost, and
stability over time, which could reduce its pervasiveness.
Moreover, other electrochemical or spectroscopic methods of
sensing can provide easier instrumentation and reduce the cost of
operation in regular measurements 21

6 Recent Advances in Research and Development

Integrating the SPR technology and the optical fiber is a new
multidisciplinary field that may potentially offer solutions to
more basic problems in sensing and diagnostics elsewhere. The
direction that researchers are moving to discover the new
capabilities and uses of optical fiber integrated SPR sensors is
through advancements in materials science, photonics, and
bioengineering.

There have been some integration solutions discussed like
mounting the SPR-active materials on the optical fiber cores,
incorporation of microfluidic channel to carry out the samples
and tapering the fiber shapes to allow increase in sensitivity.
Considering such aspects as the shape of sensors, the material
used in them, surface functionalization method, and signal
transduction systems, sensor design and engineering is
considered rather attentively. Optical fiber-integrated SPR
sensors are being used in several fields, such as in biomedicine,
environmental protection, food safety and in monitoring
processes of industries 431

Limitations in the optical fibers optical fibers such as the lack of
sensitivity, complications of using instruments and sensitivity to
the outside environment are weaknesses to the potential of optical
fiber integrated SPR sensors. In the absence of these concerns,
researchers are considering more sophisticated signal processing
environments, emerging sensor fabric and miniature sensor
technologies to make these sensors more useful and applicable in
several applications. Moreover, attempts are underway to
stabilize and reproducible fiber integrated SPR sensors to enable
reliable and accurate measurements. It is also trying to come up
with new sensor designs and production processes to break the

current limitations and improve the capabilities of these sensors
[44]

Recent trends in fiber-based SPR sensors prove to represent both
true technology break even and advances. Major advances have
been made in the form of introducing nanostructured plasmonic
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materials, hybrid sensing systems, and multi-parameter sensing
systems. Indicatively, sensors based on nanowires, tapered fiber
geometries, and photonic crystal fiber (PCF) have been shown to
enhance sensitivities significantly and set extremely low
detection limits that can be used in trace-level biochemical and
environmental detection Bl

Conversely, most of the studies that are reported are incremental
advancements that mainly aim at optimizing existing designs,
including changing the thickness of metal layers, altering the
material used in the coating, or making slight improvements in
the sensitivity by changing the structure. These refinements do
help achieve optimization of performance, but they usually do not
change the sensing mechanism or system architecture. The
difference between these two kinds of developments is significant
to comprehend the real technological development in fiber-
integrated SPR sensing studies.

Despite major progress in laboratory-scale demonstrations of
fiber-integrated SPR sensors, there are still limitations in their
laboratory-to-commercial translation that affect fiber-based SPR
sensors in general. Many high performance sensor designs are
based on complex nanostructures and high precision fabrication
process which make the production cost high and could not be
easily reproduced. In addition, long term stability, calibration
reliability and environmental robustness are also major
challenges for sensing applications in the real world.
Furthermore, to combine optical sensing components and
compact electronic systems to acquire data and control the sensor
in real-time poses other engineering challenges. These limitations
suggest that there is a large difference between the prototypes
demonstrated in laboratories and the commercialization of SPR
sensing platforms, with the challenge of scaling of fabrication
methods as well as effectively employing system integration
strategies therefore highlighted herein 231

7 Machine Learning and Deep Learning

Machine learning and deep learning methods can greatly improve
sensors in terms of sensitivity, accuracy and efficiency. A variety
of data obtained by SPR sensing systems can be processed with
the assistance of machine learning and deep learning tools.
Spectral data is the most typically used where changes in
refractive index or concentration of an analyte are determined by
analyzing resonance wavelength shifts or intensity changes.
Besides that, angular interrogation data, temporal response
signal, and image-based measurements of SPR can be also useful
to gather the data on the basis of which the data analysis may be
performed. The generation of these datasets is usually done by
experimental measurements on the basis of SPR sensing
platforms or by numerical simulation of optical responses in a
variety of sensing conditions. To verify reliability, the obtained
datasets are usually checked on the calibration samples, reference
measurements, and statistical evaluation procedures and then
utilized to train and test machine learning models.

The above principles can be applied in an infinite number of
activities that may affect SPR sensors such as analysis of data,
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signal processing, reduction of noise, and predictive modelling.
These machine learning algorithms can examine high amounts of
data and determine trends and make a prediction regarding sensor
behavior. This assists the scientists to learn the principle

mechanics of SPR sensing and sensor performance maximization
[45]

Deep learning methods can be used to further develop the
performance of SPR sensors through the use of a neural network
that has many interconnected layers to train. The models have the
capability of detecting certain biomolecules or analyses in
complex mixtures which leads to better precision and specificity
of detection. Deep learning has the ability to enhance the
resolution and sensitivity of SPR sensors, automate data analysis
processes, and reduce the need to involve the user 48,

Through the application of the power of artificial intelligence,
SPR sensing devices will be equipped with the capacity to
analyze complex biological samples quickly and accurately,
leading to faster and more accurate diagnostics of diseases and
increased monitoring of the effectiveness of treatment. Besides,
machine learning algorithms can provide useful information
about the dynamics between molecules, which can contribute to
the understanding of biological processes and the creation of new
therapeutic strategies by researchers [#71,

Although the potential of machine learning and deep learning in
SPR sensing system has a significant potential, a number of
computation and hardware limitations still exist. Some state of
the art ML/DL models have huge computational and memory
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needs as well as processing capabilities, which can restrict their
use in portable or point-of-care SPR measurements. Moreover,
real-time sensing applications require low latency prediction and
real-time processing of large data volumes, which may be
challenging if a complicated neural network model is employed.
Thus, the implementation of Al-assisted SPR sensing systems
requires lightweight algorithms and devices integration that
would allow the practical use of the innovative approach.

Within the near future, a number of Al-assisted SPR applications
seem to be realistically attainable, especially in such fields as
automated signal interpolation, noise-removal, and smart-
calibration of sensing-systems. Machine learning models can
help detect resonance changes, counteract environmental
changes, and enhance true-to-life detection of the analytes in a
complex sensing scenario. Nevertheless, not all applications put
forward are very practical at the present because of the technical
limitations and data-related ones. To illustrate, more generalized
Al models that can effectively record the response of SPR to a
range of sensing platforms and analytes need large, high-quality
datasets that are not common at present. Moreover, the
application of deep learning models in handheld SPR instruments
is still limited by hardware limitations and the computational
energy.

The integration of machine learning and deep learning methods
in SPR sensing technology will help revolutionize the field of
biomedical research and make significant advances in healthcare.
Table 3 below presents various that are related to the application
of machine learning to the SPR.

Table 3: The use of machine learning and deep learning for the SPR system/sensor.

Al N Software
Ref. e nqnes Method Objective Strength /Hardware
The work utilizes the | To advance the working of dT:sei n(e))rz}t:irl;liltzsel(liei }Slf:;g;
. Taguchi methodology, a | PCF-SPR sensors to locate gne g .
Machine . Lo . sensitivity, higher | Taguchi  approach
. rigorous  optimization | the most considerable
(48] learning . accuracy, and accelerated | and ANOVA
. method, to | design factors and . . . .
algorithms . o reaction times in | analysis
. systematically assess and | optimize them to produce .
and genetic. . e comparison to  early
enhance the design | peak sensitivity, accuracy desions or conventional
parameters of sensors and reaction time. op tir%l ization techniques
This entails training the | To improve the mode
Al model with data sets | categorization of PCF-SPR Enhanced mode
that accurately depict | sensors  with  artificial categorization  enhances COMSOL™
Machine various  patterns  of | intelligence (AD) the & recision of sensor Multiphysics ~ and
[49] learning and | behavior. Subsequently, | techniques. Mode P h . neural network
dee th del i loved f ¢ ation i responses, hence boosting CNN
P e model is employed to | categorization is necessary | . sensitivity and ( )
learning, forecast the  mode | to optimize the sensitivity L
. . e reliability of the PCF-SPR
categorization in real- | and specificity of the Sensors
time applications. sensor in identification of ’
different analyses.
Dee The study outlines the | The objective of the work | Application of deep | CMOS camera
(50] learrrl)in process of creating and | is to improve the accuracy | learning in SPR | (MT9P006,
& educating deep learning | of measuring SPR-based | measurement enables | Huatengvision).
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models using a dataset | angular scanning detection | better detection of changes | And A gas flow
produced from SPR | by utilizing deep learning | in refractive index and | control system
angular scanning studies. | methods. therefore enhances the
Multiple neural network sensitivity and
designs are investigated performance of the sensor.
to identify the most
efficient model for
improving measurement
accuracy.

Machlne .| The researchers utilize . e
learning in . . To improve the sensitivity . .
Lo machine learning . These strategies facilitate
combination and precision of LSPR . .
. methods to analyze the . . g the discovery of distinct
with o sensors in  identifying . CellSens software
[51] . intricate data produced patterns or  signatures
localized SARS-CoV-2 by | 1. . and  spectrometer
by LSPR sensors when | . . . linked to the existence of | .
surface incorporating machine . . (iHR320 HORIBA
Plasmon exposed to samples learning techniques _into the virus, hence enhancing
containing SARS-CoV-2 . detection capabilities.
resonance articles the sensing process.
(LSPR) P :
They subsequently
developed and instructed
a sophisticated deep The model underwent
neural network, most | To enhance the precision | training to directly predict
Dee likely a convolutional | and effectiveness of phase | phase information from
[52] learrli)in neural network (CNN), | imaging in SPR | input photos, eliminating | UNet (ANNs)
& to acquire knowledge of | microscopy by integrating | the necessity for
the intricate patterns and | a deep learning system. conventional phase
characteristics linked to extraction procedures.
phase changes in SPR
pictures

The use of ML and DL techniques in SPR optical fiber sensors
may significantly improve their performance in several aspects.

-

' Precision

Enhanced Sensitivity and

Signals:

Early Identification of Faint

Data

Benefits of using DL,ML
in SPR optical fiber < 7

sensor

Analysis of Large and Complex

Real-Time Sensing
Performance:

[ Prediction and Trend Analysis ]

[ Material discrimination ]

~ [ Optimal Sensor Design ]

Figure 4: Benefits of using DL and ML in SPR Sensors.
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Improved Response Models: (Enhanced Sensitivity and
Precision) (ML) and (DL) methods can increase the accuracy of
sensor data analysis by effectively identifying complex
relationships between signal and physical variables. This can
improve the sensitivity of the sensor to detect small changes
around the environment. In addition, noise can be reduced
through the application of convolutional neural networks (CNNs)
that can be used to filter undesired noise and enhance sensor
signal quality.

Early Detection of Weak Signals: DL can identify weak trends
in the data, and this enables it to identify signals that would
otherwise go unnoticed through the conventional method.
Detecting small changes in refractive index or concentration is
critical, and can detect highly complicated trends in the data that
would otherwise be missed by standard analysis methods 531,

Large and Complex Data Analysis: SPR sensors produce large
volumes of data. This data can be optimally analyzed by ML and
DL and the results may yield useful insights that can be not easily
detected by conventional methods of analysis.

Real-Time Sensing Performance: ML has a high response rate,
as it provides quick sensor data processing, which provides
instant feedback to applications requiring immediate response >4,

Prediction and Trend Analysis: ML models can be applied to
predict environmental changes in the future based on the current
and historical data. This enhances the ability of the sensor to
respond to changes that are about to take place I,

Discrimination of materials: DL methods can discriminate fine
differences between different materials and can discriminate
substances in SPR sensors with high accuracy %,

Ideal Sensor Design: With automated data analysis, machine
learning can help to create more efficient SPR sensors through
optimization of the sensor structure or components to improve
performance based on some criteria.

Alongside the mentioned methods, smart sensing systems and
sensor data analysis methods have recently been studied to
enhance the performance of monitoring and detection.

Recent research has been focused on the development of fiber
optic sensing systems for environmental and structural parameter
monitoring using advanced sensor configuration. Such sensing
platforms are able to sense small variations of physical
parameters and can be combined with modern data analysis
techniques to enhance measurement accuracy and reliability in
measurement and monitoring applications [,

Another study discussed the intelligent sensor-based monitoring
systems for the performance improvements of the wireless
sensing networks. The results showed that optimized sensing and
data transmission strategies can improve the efficiency of
monitoring and the reliability of the system in distributed sensing
environments, indicating the increasing importance of smart

sensing technologies in the applications of modern engineering
[57]
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8 Future Directions and Emerging Trends

Scientists are in the process of developing miniature devices that
can be easily integrated into portable and handheld devices.
These mini-sized devices are supposed to be used in diagnostics
as well as in field applications. In addition, multiplexing and
high-throughput screening are equally gaining interest. Multiplex
SPR instruments are currently being engineered to examine
multiple analyses simultaneously within the same experiment.
Also, there is the use of high throughput screening technologies
to screen large libraries of chemicals at a rapid rate [,

One of the promising studies nowadays is nanoparticle-enhanced
SPR, which should enhance the sensitivity and selectivity of SPR
sensors. The study can be used in a number of fields, including
detection, environmental monitoring, and clinical diagnostics.
Researchers are now exploring novel methods of data processing,
such as machine learning and deep learning algorithms and
artificial intelligence in general to increase the sensitivity,
specificity, and accuracy of SPR measurement, 59,

Surface modification on SPR: To enhance the sensitivity and
specificity of the SPR based assays, surface modifying of the SPR
surfaces with special ligands, antibodies or other biomolecules
can enhance the detection of target analyses % The integration
of SPR with other sensory systems such as electrochemical
sensors, optical sensors and microfluidics are known as hybrid
sensory systems. This performance can be enhanced by such a
combination because this will provide more information and will
enhance the overall performance of sensing platforms. In
conclusion, the future directions and research directions, in SPR,
are focused on expanding the prospects of the SPR technology to
be used in the biological, environmental and industrial field.

9 Conclusion

In conclusion, this review provides a comprehensive insight into
the recent developments regarding fiber-integrated Surface
Plasmon Resonance (SPR) sensing technology, and the enhanced
potential in biomedical diagnostics, environmental and industrial
sensing. The literature reviews reveal that the advances in optical
fiber arrangements, nanostructured plasmonic materials and
hybrid architectures of sensing have improved significantly the
sensitivity of sensors, detection limit and capabilities of system
integration. Certain comparative reviews of current designs
indicate that structural engineering, material optimization as well
as better sensing configuration is an important component of
improving the overall sensor performance. Even with these
developments, the large-scale implementation of fiber-integrated
SPR systems is limited by a number of issues, which include the
complexity of fabrication, system robustness and cost and a
combination of complex sensing signals interpretation in the
conditions of real-world usage. Here, combination of machine
learning and of deep learning techniques has potential prospects
of improving signal interpretation, increasing noise resistance,
and being able to optimize sensing platforms intelligently and
using smart (data-driven) methods. The trend in upcoming studies
is expected to be the evolution of scalable fabrication process,
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better methodology of surface functionalization and the
standardization of sensory data used to enable feasible
application of intelligent SPR systems. It is expected that the
combination of sophisticated plasmonic sensing technologies and
artificial intelligence will speed up the achievement of next-
generation smart SPR sensing systems that can work
autonomously, make decisions in a real-time fashion, and ensure
reliable work under various working conditions.
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