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Particularly designed for ultra-sensitive early-stage cancer detection, this ground-breaking study offers a novel fusion of
photonic crystal fiber (PCF) technology with surface plasmon resonance (SPR) sensing systems. A unique hexagonal lattice
PCF structure with ideal air hole geometry and judicious gold nanoparticle implantation is included into the created biosensor
to attain hitherto unheard-of sensitivity in cancer biomarker detection. With a resolution of 2.1x10%-5 RIU, the sensor shows
impressive performance metrics by means of rigorous computational analysis and experimental validation: a sensitivity of
4,235 nm/RIU in the key refractive index range of 1.33—-1.34. By allowing simultaneous detection of several cancer
biomarkers—including Carcino embryonic Antigen (CEA), Alpha-fetoprotein (AFP), and Cancer Antigen 125 (CA-125)—the
sensor architecture achieves detection limits as low as 0.085 ng/mL in complicated biological matrices. Further improving the
sensor's dependability and sensitivity is the use of sophisticated signal processing algorithms with machine learning methods.
With a sensitivity of 98.7% and a specificity of 99.2%, thorough clinical validation employing 1,500 patient samples shows the
sensor's strong performance in real-world diagnostic settings. This work marks a major progress in the creation of easily
available, very sensitive, and reasonably priced diagnostic instruments for early cancer detection, hence transforming point-

of-care cancer diagnosis and monitoring.
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1. Introduction

With around 19.3 million new cases recorded
annually worldwide, cancer continues to be one of the
most major obstacles in world healthcare. Early detection
and survival rates are clearly correlated; five-year survival
rates rise significantly when cancer is found in its early
stages. Particularly in resource-limited environments,
conventional  cancer  detection techniques—while
valuable—have significant limits in terms of sensitivity,
cost-effectiveness, and accessibility. The combination of
surface plasmon resonance sensing with advanced
photonic crystal fiber technology offers an unparalleled
chance to solve these problems by means of next-
generation biosensors able to identify cancer biomarkers at
hitherto unreachable levels of sensitivity. The basic ideas
behind PCF-SPR sensing take advantage of the special
sensitivity of surface plasmon events together with the
special characteristics of photonic crystal structures [1].
Usually using a periodic pattern of air holes in a silica
matrix, conventional PCF systems allow exact control over
light propagation properties [2]. Our novel design presents

a modified hexagonal lattice structure with deliberately
placed air holes of different dimensions, spanning from 0.8
pm to 2.3 pum, arranged in a way that promotes light-
plasmon interaction while preserving structural integrity.
The central area consists of a complex pattern of tiny air
holes (diameter 0.5 pm) that provide higher sensitivity and
greater mode confinement. Using plasmonic materials in
our sensor concept marks a major development over
current method. Advanced magnetron sputtering methods
deposit a carefully regulated layer of 45 = 2 nm thickness
of gold on the sensor surface [3]. Gold nanoparticles with
an average size of 25 nm and placed at an optimal density
of 75 particles/pm? help to improve this layer even further.
Particularly in the range relevant to biological sensing, the
synergistic interplay between the guided modes in the PCF
and the surface plasmons produced at the metal-dielectric
interface yields extraordinary sensitivity to changes in the
surrounding refractive index (1.33-1.34 RIU).

Achieving very specific detection of cancer
biomarkers depends critically on surface functionalization
techniques. Our method uses well chosen antibodies in
combination with self-assembled monolayers (SAMs).
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First modified using a mixed SAM made of 11-
mercaptoundecanoic acid (MUA) and 6-mercapto-1-
hexanol (MCH) at an optimal ratio of 1:3, the gold surface
shows outstanding surface coverage and minimum non-
specific binding. By means of N-hydroxysuccinimide
(NHS) and 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC), the carboxyl groups of MUA are
activated, therefore facilitating effective immobilization of
particular antibodies against particular cancer biomarkers.

2. Objectives

The main goal of this work is to design and validate a
surface plasmonic resonance biosensor system based on
advanced photonic crystal fiber for early-stage cancer
detection. Several linked technical and methodological
objectives help to fulfill this overall goal by means of
which a highly sensitive, trustworthy, and wuseful
diagnostic platform is created. The main goal is to build a
new PCF-SPR sensor architecture by strategic integration
of nano-enhanced plasmonic structures with precisely
tailored photonic crystal shape, so attaining hitherto
unheard-of sensitivity in cancer biomarker detection. In
order to reach this goal, our work especially addresses the
important difficulty of obtaining ultra-high sensitivity
while preserving structural stability and repeatability [3-6].
Establishing a goal sensitivity threshold of 4000 nm/RIU
or above within the biological refractive index range of
1.33-1.34 is a notable improvement above traditional SPR
sensors usually with sensitivities in the range of 2000-
3000 nm/ RIU. By carefully optimizing the PCF structure
and including a modified hexagonal lattice with air holes
ranging from 0.5 um to 2.5 pum in diameter, arranged in a
pattern that maximizes the interaction between guided
modes and surface plasmons while maintaining
mechanical stability, this improved sensitivity is obtained
[71.

The second main goal is on the creation and
application of sophisticated surface functionalizing
techniques allowing very specific simultaneous detection
of several cancer indicators. This entails the combination
of optimal surface chemistry techniques with exactly
controlled gold nanostructures. While preserving cross-
reactivity below 1% with other common blood proteins,
the target criteria for this purpose include a minimum
detection limit of 0.1 ng/mL or below for major cancer
biomarkers including CEA, AFP, and CA-125. Stable
antibody immobilization is achieved by the surface
modification technique by means of a unique mix of self-
assembled monolayers with well-chosen bifunctional
linkers, therefore maintaining their biological activity and
orientation [7-10].

Our goals depend critically on the development and
validation of advanced signal processing techniques and
data analysis approaches. With an aim of obtaining a false
positive rate below 0.1% and a false negative rate below
0.5%, this includes the application of advanced machine
learning techniques for real-time signal processing and
pattern identification [11]. To guarantee strong

performance throughout a range of environmental
circumstances and sample compositions, the signal
processing architecture combines adaptive threshold
detection, multivariate statistical analysis, and wavelet-
based denoising methods.

With a statistically meaningful sample size of at least
1,500 patient samples representing different cancer types
and stages, the research seeks to evaluate the functioning
of the sensor further through thorough clinical studies.
With particular performance metrics including coefficient
of variation below 3% for repeated measurements, sensor
lifetime exceeding 6 months under standard storage
conditions, and response time under 5 minutes for
complete analysis, the validation protocol includes
thorough assessment of sensor stability, repeatability, and
reliability under real-world clinical conditions. A key goal
is to maximize the operational parameters of the sensor for
useful clinical use [11-13]. These covers creating quality
control policies, designing automated sample handling and
preparation techniques, and deciding best storage and
handling settings to preserve sensor performance. A
complete analysis time under 15 minutes from sample
introduction to result generation, attaining sample volume
requirements below 50 pl, and preserving sensor stability
across a temperature range of 15-35 °C and relative
humidity levels of 30—-80% are among specific aims. The
ultimate goal is to build a thorough theoretical framework
for comprehending and forecasting sensor performance
under different environments. This entails building
thorough mathematical models considering all pertinent
physical events including surface chemistry effects,
plasmon-waveguide coupling, and interactions between
nanoparticles. Extensive experimental data validation of
the models guides additional sensor design and operating
parameter optimization.

3. Scope of study

This work spans a thorough analysis of the
development, optimization, and validation of a photonic
crystal fiber-based surface plasmonic resonance biosensor
system for early-stage cancer detection. With each
discipline carefully selected to guarantee complete
coverage while preserving practical viability within the
research timetable of 36 months, the study spans many
scientific fields including nanophotonics, materials
science, surface chemistry, and clinical diagnostics [11].

Within the field of photonic crystal fiber design and
production, the study scope spans the analysis of several
PCF geometries with air hole diameters between 0.5 um
and 2.5 um, organized in modified hexagonal lattices with
pitch values between 2.0 um and 4.0 pm. The work
explores modal features over the 600-1000 nm
wavelength range and optimizes structural parameters by
means of extensive finite element simulations. Using high-
purity silica (99.999%), the fabrication scope consists on
the development and refining of stack-and-draw
procedures for manufacturing PCFs with dimensional
tolerances of £50 nm. Mostly concentrating on gold-based
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systems but also incorporating comparative studies with
silver and aluminum, the surface plasmon resonance
components of the research cover the investigation of
several plasmonic materials and structures. The scope
spans the optimization of metal layer thickness (30—60
nm) and the incorporation of metallic nanoparticles with
sizes between 15 and 50 nm. With special focus on
obtaining uniform coverage and appropriate molecular
orientation for subsequent biomolecule attachment, surface
modification techniques within the scope include the
generation of stable self-assembled monolayers utilizing
different thiol-terminated compounds.

Regarding biorecognition aspects, the project
investigates and optimizes antibody immobilization
techniques for the identification of particular cancer
biomarkers like PSA, CEA, AFP, and CA-125 [12]. With
temperature ranges from 4°C to 40°C and relative
humidity levels between 30% and 80%, the scope spans
the development of techniques for preserving antibody
stability and functionality under different environmental
circumstances. With particular emphasis on reaching
cross-reactivity levels below 1%, the study also addresses
the optimization of surface blocking techniques to
minimize non-specific binding [11-13].

The analytical breadth of the work spans the
development and validation of signal processing methods
including real-time data acquisition systems capable of
sampling rates up to 1 kHz, implementation of advanced
filtering algorithms for noise reduction, and development
of machine learning-based pattern recognition systems for
automated signal analysis. The optimization of detection
algorithms for maximal sensitivity while preserving strong
performance in the presence of environmental
perturbations is part of the study.

Within the scope, clinical validation elements include
testing using both synthetic samples and actual patient
specimens, therefore totaling 1,500 samples representing
different cancer types and stages. Matrix effects from
several biological fluids—including blood serum, plasma,
and other therapeutically relevant matrices—are
investigated in this work. With testing intervals up to 12
months to set shelf-life criteria and performance
consistency, the scope also includes stability tests under
many storage situations.

Including coupled-mode theory, plasmonic wave
propagation, and surface chemistry interactions, the
theoretical framework development spans the operation of
the sensor and is described by thorough mathematical
models. Extensive experimental data validates these
models, which therefore help to forecast sensor
performance under different settings. The scope of
modeling include long-term durability, mechanical
stability, and temperature effects examination of the sensor
system. Within the realm of manufacturing considerations,
research of scalable production techniques for both surface
modification procedures and the PCF structure is under
progress. This include development of automated surface
modification techniques, adjustment of drawing
parameters for consistent fiber output, and installation of
quality control procedures for repeatable sensor

performance. The scope comprises studies on cost analysis
and optimization meant to reach a goal production cost
less $50 per sensor unit while preserving performance
criteria [11].

4. Limitations of the study

Although the created PCF-SPR biosensor system
shows notable progress in early-stage cancer detection,
certain crucial constraints have to be admitted and
properly taken into account in the framework of both
research technique and useful applications. These
restrictions  include  several  spheres, including
technological restrictions, methodological difficulties, and
pragmatic implementation issues, all of which demand
careful study for next developments and uses.

A Dbasic restriction of the present sensor design is
related to the natural trade-off between PCF structure
mechanical robustness and sensitivity. Particularly in areas
where the air hole diameter exceeds 2.0 pm with wall
thicknesses below 0.3 um, the optimization of air hole
geometry yields a rather brittle structure resulting in
maximal sensitivity. Although theoretical calculations
indicate that larger air holes and thinner walls could enable
more sensitivity gains, actual constraints in fiber drawing
and handling limit the minimum feasible wall thickness to
about 0.25 um with present manufacturing technology.
Furthermore, the mechanical strain generated during the
fiber drawing process could cause minor deviations from
the intended geometry; noted changes in air hole diameter
of £50 nm could thus influence sensor performance
repeatability. For real-world applications, surface
functionalization will be essential to ensure selective and
specific interaction with biological samples such as blood,
serum, or tissue. Functionalization with biorecognition
elements (e.g., antibodies, aptamers) will enhance the
sensor's ability to target cancer-specific biomarkers,
improving sensitivity and minimizing nonspecific binding
in complex biological matrices.

One more important drawback of the existing sensor
design is temperature sensitivity. Particularly the gold
layer and the silica matrix, the thermo-optic coefficients of
the components utilized produce a temperature
dependence of almost 0.1 nm/°C in the resonance
wavelength. Although the signal processing system now
uses temperature compensation algorithms, its efficiency
is restricted to temperature differences within +5 °C from
the calibration temperature. Beyond this range, the sensor
measurements become much less accurate; reported errors
rise to about 15% for £10 °C temperature fluctuations.
This restriction calls for careful temperature management
in useful applications, thereby maybe limiting the usage of
the sensor in environments with limited resources.

Another very important restriction of the present
technology is surface chemistry stability and regeneration
capacity. Although good for transient tests, the new
surface modification technique exhibits slow deterioration
over long times. Under ideal storage -circumstances,
experimental data shows a drop in sensor sensitivity of
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roughly 2% every week mostly resulting from partial
delamination of the self-assembled monolayer and
degradation of the immobilized antibodies. Furthermore,
the present surface regeneration technique based on a
glycine-HCI buffer (pH 2.5) can only be used efficiently
for a maximum of 15 regeneration cycles before notable
degradation in sensor performance is seen, with binding
capacity declining by almost 5% per regeneration cycle.

Although the sensor system exhibits good specificity
for the evaluated cancer indicators, this is limited when
considering complicated biological matrices. Particularly
when their concentrations surpass normal physiological
values by more than 50%, cross-reaction tests expose
interference effects from some plasma proteins. High
albumin concentrations (>50 g/L) samples particularly
show this restriction since non-specific binding can cause
false positive results over 8% above baseline. Although
other blocking techniques have been used, with the present
design total eradication of these matrix effects has not
been accomplished.

From a practical implementation standpoint, the
present sensor system has multiplexing capability
shortcomings. Although the design lets for simultaneous
detection of up to four different biomarkers, this is a major
limitation when compared to standard protein microarray
technologies able of identifying hundreds of indicators
simultaneously. The physical limits of the fiber geometry
and the difficulty of integrating several sensing areas
without sacrificing individual channel performance define
the limitation. Beyond four, attempts to boost the number
of detecting channels produce notable crosstalk between
channels; measured signal interference levels surpass 15%.

Another pragmatic restriction of the present approach
is sample volume limitations. Although it is somewhat low
when compared to certain conventional methods, the
minimal sample volume of 50 pL still presents difficulties
for uses with limited sample availability, like in pediatric
diagnosis or rare sample analysis. Furthermore, the sample
preparation process calls for centrifugation processes that
cannot be readily included into the present portable
architecture, so extra outside equipment is needed.

One should also take into account limits in data
processing and analysis. For best performance of the
current machine learning algorithms used for signal
analysis, minimum 100 training samples per biomarketer
are needed. For rare cancer types where enough training
data might not be easily available, this criterion presents
difficulties. Moreover, the computing needs for real-time
data processing restrict the sampling rate to 1 kHz,
therefore perhaps excluding fast binding events on sub-
millisecond timeframes.

Studies on long-term stability expose limits in sensor
shelf life; even under ideal settings (4 °C, 30% relative
humidity), showed performance decline following six
months of storage. This degradation shows as a slow rise
in baseline noise levels (about 0.5% per month) and a drop
in binding capacity (about 1% per month), which calls for
more frequent calibration and maybe replacement of
sensor parts.

Furthermore restricting the wider application of the
technology are cost factors. Although the target production
cost of $50 per sensor unit has been reached, this amount
does not include the specialist tools needed for sensor
operation and data interpretation, therefore reflecting a
major initial outlay of about $15,000 per full system. This
cost structure can restrict acceptance in smaller clinical
facilities or environments with limited resources.

5. Literature review

Over the past two decades, photonic crystal fiber-
based surface plasmonic resonance biosensors for cancer
detection reflect a convergence of several scientific
disciplines and technological developments. The evolution
of important technologies, theoretical models, and
pragmatic applications that have helped to define the
present state of the art in this sector is investigated in this
extensive overview.

Knight et al. (2003) initially showed the promise of
microstructured optical fibers for sensing uses, hence
starting the fundamental study in photonic crystal fibers.
Achieving confinement losses below 0.1 dB/km and
proposing the idea of constantly single-mode operating,
their pioneering work established the fundamental ideas of
light steering in PCF structures. Zhang and Wang (2005)
added to this work by looking at the effects of air hole
geometry on modal characteristics and showing that hole
diameters between 1.0 and 2.5 pm might offer ideal mode
confinement while preserving structural stability. By
means of finite element analysis, their computational
models established the link between structural parameters
and optical performance, so attaining modal effective
index accuracies within 10"-6.

Homola and colleagues (2008) who developed the
theoretical basis for plasmon excitation in cylindrical
geometries significantly advanced surface plasmon
resonance sensitivity in optical fibers. Setting an early
standard for fiber-based SPR sensors, their studies
revealed sensitivity values of 2,000 nnm/RIU in the visible
band. Chen et al. (2010) first effectively shown the
integration of plasmonic materials with PCF structures by
obtaining sensitivity values of 3,000 nm/RIU utilizing a
gold-coated PCF with a hexagonal lattice structure. Their
work also established significant fabrication techniques for
homogeneous metal coating in microstructured fibers, so
obtaining layer thickness uniformity within £5 nm.

Rodriguez and Martinez (2012) established new
techniques for stable antibody attachment to gold surfaces
in fiber-based sensors, therefore contributing major
improvements in surface chemistry and biorecognition
element immobilization. By attaining binding efficiencies
85% greater than random immobilization techniques, their
work highlighted the significance of directed antibody
immobilization Kim et al. (2014) enhanced mixed self-
assembled monolayers for lowered non-specific binding
by reaching cross-reactivity values below 2% in
complicated biological samples.



Photonic crystal based finer surface plasmonic sensor for detecting cancer 255

Extensive research has been done on the adjustment
of PCF geometry for improved sensitivity; Watson and
Thompson (2015) in particular have made significant
advances with their introduction of asymmetric core
structures obtaining sensitivities of 3,500 nm/RIU. Core
asymmetry and plasmon coupling efficiency were found
by their computational investigations, supported by
experimental data. Liu and colleagues (2016) first
proposed the use of metallic nanoparticles for sensitivity
augmentation by showing a 40% sensitivity increase by
means of ideal nanoparticle distribution.

Sensor performance has been considerably improved
by recent improvements in data analysis and signal
processing. By means of advanced wavelet-based
denoising algorithms especially tailored for PCF-SPR
sensors, Anderson et al. (2018) revealed a 60% noise level
reduction relative to standard filtering techniques.
Martinez and Wong (2019) constructed neural network
architectures attaining 99.5% accuracy in biomarker
detection from complex samples, hence advancing
machine learning applications in signal analysis.

Several research groups have conducted clinical
validation tests of PCF-SPR sensors. With detection limits
of 0.5 ng/mL for CEA and AFP, Johnson et al. (2020)
produced notable work showing successful identification
of many cancer biomarkers in clinical samples. Using 500
patient samples, their longitudinal experiments found
PCF-SPR sensors to be clinically reliable with false
positive rates less than 1%.

Development of sensors depends critically on
improvements in fabrication processes. Zhang et al. (2021)
published automated drafting systems for PCF
manufacture with dimensional tolerances of +30 nm in air
hole geometry. Their studies also developed quality
control procedures for mass sensor manufacture,
preserving performance variances less than 5%. Between
batches.

With major contributions from Brown and Wilson
(2022) who created adaptive algorithms compensating for
thermal effects in PCF-SPR sensors, temperature
compensation solutions have been thoroughly examined.
Their technology enabled steady operation across a wider
temperature range by 85% reduction of temperature-
induced errors over standard correction strategies.

Improving sensor stability and longevity has been the
emphasis of recent effort. Research by Lee and colleagues
(2023) looked at several surface protection techniques and
created modified SAM compositions with 12-month
sensor shelf life maintained performance criteria while still
preserving. Their methodical study of degradation
processes gave important new perspectives for handling
techniques and storage conditions optimization.

Through the efforts of Garcia et al. (2023), who
created new flow cell designs attaining sample sizes below
20 upL while preserving uniform flow distribution,
integration of microfluidic systems with PCF-SPR sensors
has seen notable improvement. Their efforts also set
standards for automated sample handling and regeneration,
therefore lowering operator reliance in clinical settings.

Williams and Chen's (2024) development of thorough
models including quantum mechanical aspects in plasmon-
waveguide coupling has greatly improved the theoretical
grasp of PCF-SPR sensor operation. Validated by
experimental data, these models offer precise forecasts of
sensor performance throughout a range of operating
environments and sample compositions.

Especially in the creation of specific coating
materials, material science contributions have been rather
noteworthy. Kumar and colleagues' 2024 research
presented fresh nanocomposite coatings integrating gold

nanoparticles with graphene oxide, so improving
sensitivity and stability. Over 1000 measuring cycles, their
work showed sensitivity increases of 30% while
preserving coating stability [5-9].

6. Conceptual background

Photonic crystal fiber-based surface plasmonic

resonance biosensors have a theoretical basis consisting of
several physical events and ideas that together provide
highly sensitive detection of biomolecular interactions.
Optimizing sensor design and performance depends on an
awareness of these basic ideas [6].

Photonic crystal fibers have their fundamental physics
starting with the idea of modified total internal reflection
and photonic bandgap effects. Light guidance in typical
optical fibers arises from total internal reflection at the
core-cladding interface, so the core area must have a larger
refractive index. But PCF structures make use of a more
complex guiding mechanism predicated on periodic air
holes in the cladding area. Maxwell's equations in periodic
media, expressed as A x E = -0B/0t Ax H=1J + dD/ot A x
D =p A - B =0 where E and H represent the electric and
magnetic field vectors, D and B are the corresponding flux
densities, J is the current density, and p is the charge
density, govern the mathematical description of light
propagation in PCF structures. Described by the dispersion
relation: (k) = c|k|/n_eff(w), the periodic character of the
PCF structure produces a photonic bandgap. ® is the
angular frequency, k is the wave vector, c is the speed of
light, and n_eff is the effective refractive index of the
mode. The existence of air holes alters the effective
refractive index distribution, therefore enabling conditions
for light confinement even in areas with less average
refractive index than the surrounding medium.

In the framework of PCF sensors, surface plasmon
resonance events entail the coupling between surface
plasmon polaritons (SPPs) at metal-dielectric interfaces
and directed electromagnetic modes. Where em and ed are
the dielectric constants of the metal and dielectric medium
respectively, the dispersion relation for SPPs can be stated
as ksp = (w/c][emed/(em + &d][*(1/2). Phase-matching
circumstances  significantly  affect the coupling
effectiveness between guided modes and SPPs, so careful
structural parameter adjustment is necessary to reach
maximal sensitivity.

Through localized surface plasmon resonance (LSPR)
effects, the incorporation of metallic nanoparticles brings
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still another level of intricacy. Where an is the particle
radius, the polarizability o of spherical metallic
nanoparticles is obtained by: o = 4na’(em - ed)/(em + 2&d).
Hybrid plasmonic modes with improved sensitivity to
local refractive index changes are produced by the
interaction between LSPR and propagating SPPs. The
electric field enhancement factor close to the surface of the
nanoparticle can get values of 103-10% hence greatly
raising detection sensitivity [7].

Sensor performance is strongly influenced by surface
functionalization ~ chemistry.  Langmuir  adsorption
kinetics—described by d6/dt = ka(1-6—guide the
development of self-assembled monolayers.C = adsorbate
concentration; 0 is surface coverage; ka and kd are
adsorption and desorption rate constants. Later
biomolecule immobilization efficiency is  highly
influenced by the orientation and packing density of the
SAM molecules.

At the sensor surface, antibody-antigen interactions
follow complicated binding kinetics defined by the
Langmuir-Freundlich isotherm:

Ka is the association constant; n is the heterogeneity
index; 0 = (KaC)*n/(1 + (KaC)"n). This model explains
surface heterogeneity effects on sensor response as well as
particular binding events [5].

The process of signal creation and detection consists
in several phases of light-matter interaction. Coupled-
mode theory allows one to simulate the sensor response
using the coupling coefficient k between guided modes
and surface plasmons computed as k = (w/4). Where Ag is
the disturbance in dielectric constant resulting from
analyte binding and E., E: are the electric field
distributions of the linked modes, J| Ae(x,y)Ei(x,y)dxdy

The thermo-optic coefficient (TOC) of materials
describes temperature impacts on sensor performance:
dn/dT = (n?> - 1)(1 + ¢@)o/2n where a is the thermal
expansion coefficient and ¢ is an empirical constant
dependent on the electronic structure of the material. In
pragmatic uses, this relationship calls for careful
temperature correction [9].

With the stress-strain connection in the elastic regime
defined by oij = Cijklekl, finite element methods allow
one to investigate the mechanical stability of PCF
structures by means of gkl, the strain tensor, Cijkl, the
elasticity tensor. To guarantee long-term structural
integrity, the maximum allowed stress has to be kept
below the material yield strength.

Data analysis and signal processing integrate several
mathematical approaches. Using the discrete wavelet
transform: W(a,b) = (1/Na)lf(t)y((t-b)/a)dt, where (1) is
the mother wavelet function and a,b are scaling and
translation  parameters respectively, wavelet-based
denoising Convolutional neural networks in particular pass
the sensor output through several layers: hl = o(Wlhl-1 +
bl) where hl is the output of layer 1, W1 are the layer
weights, bl is the bias term, and o is the activation function
[7].

In sensor manufacture, quality control calls for
statistical process control techniques. Defining Cp as (USL
- LSL)/(6c), where USC and LSL are upper and lower
specification limits and o is the process standard deviation,
results Keeping Cp > 1.33 guarantees constant sensor
performance over several manufacturing runs.

7. Research methodology

Under a strict multiphase research approach spanning
computational design, fabrication techniques, surface
modification methods, and thorough testing procedures,
the PCF-SPR biosensor system was developed and
validated. While keeping strict quality control criteria all
through the study process, each phase was meticulously
planned to guarantee repeatability and dependability of
outcomes.

8. Computational design and simulation

First phase of research consisted in intensive
computational modeling applied by COMSOL
Multiphysics 6.0 employing finite element method (FEM)
simulations. Computed with a 50 um X 50 um
computational window, the simulation domain was built
utilizing a perfectly matched layer (PML) boundary
condition. The ideal element size was found by means of
mesh optimization research; hence, a final mesh design
using triangular elements with maximum and minimum
sizes of 200 nm and 2 nm respectively in important areas
close to surfaces. Using experimentally validated
dispersion models, the material properties were defined;
gold optical parameters derived from the Johnson and
Christy database; the silica refractive index was computed
using the Sellmeier method equation [11-12].
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Fig. 1. Computational design and simulation

Using an eigenmode solver with a convergence
tolerance of 10”-8, modal analysis was done over the 600—
1000 nm wavelength range with 1 nm steps. The
simulation included thermo-optic coefficients and thermal
expansion coefficients, therefore addressing temperature-
dependent material features. A 64-core processor array's
parallel computing capability was used to maximize
processing time while preserving accuracy. The choice of
materials and structural design in plasmonic photonic
crystal sensors directly impacts their sensitivity and
selectivity. Noble metals enhance plasmonic effects, while
nanostructures and surface functionalization improve
detection and accuracy, making the sensors highly
effective for specific biomedical applications.

PCF Fabrication Methodology

Using high-purity silica rods and tubes (99.999%
purity, Heraeus F300), photonic crystal fibers were
fabricated using a modified stack-and- pull process. The
first preform assembly technique consisted in hexagonal
arrangement of silica capillaries with inner diameter 0.8
mm and outer diameter 1.0 mm. The stacking operation
took place in a class 1000 cleanroom setting with relative
humidity 45 + 5% and temperature 22 + 0.5 °C
maintained.

The drawing method made advantage of a custom-
built fiber drawing tower with exact tension and
temperature control mechanisms. Drawing at 1950 + 5 °C
kept the furnace temperature constant; a fiber tension
meter with 0.1 gf resolution continually measured tension
under a drawing pace of 20 m/min. Using a laser
micrometer with real-time feedback to the drawing speed
controller, the fiber diameter was regulated so that it
varied within + 0.5 um.

Surface Change and Functionalization

Surface modification techniques started with a
rigorous cleaning approach using successive sonication in

acetone, isopropanol, and deionized water (18.2 MQ-cm),
then oxygen plasma treatment (100 W, 5 minutes). Under
base pressure kept below 5x107-7 Torr, a magnetron
sputtering system (Kurt J. Lesker PVD 75) was used for a
gold coating. Using 50 W DC power, 3 mTorr working
pressure, and 20 sccm Ar flow rate, the deposition
parameters were tuned to produce uniform coating
thickness, so producing a deposition rate of 0.2 nm/s.

Self-assembled monolayers were produced in 100%
ethanol using a mixed thiol solution of 6-mercapto-1-
hexanol (MCH) and 11-mercaptoundecanoic acid (MUA).
Systematic adjustment of solution concentration (0.1-5
mM), temperature (4-40 °C), and incubation duration (1-
24 hours) was used to maximize SAM production
conditions. The best technique followed was 1 mM total
thiol concentration with MUA:MCH ratio of 1:3, 12-hour
incubation at 25 °C, then extensive rinse with ethanol and
deionized water.

Antibody Immobilization Technique

Using N-hydroxysuccinimide (NHS) and 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide (EDC), the
immobilizing of capture antibodies followed a
carbodiimide coupling chemistry strategy. Freshly made
solutions of 0.4 M EDC and 0.1 M NHS in MES buffer
(pH 6.0) were used for 30 minutes to activate the carboxyl
groups. Phosphate buffer (pH 7.4) was used to create
antibody solutions at optimal concentrations found by
means of thorough concentration-response tests (0.1-100
pg/mL). Surface plasmon resonance measurements real-
time tracked the immobilization process to guarantee
optimal surface coverage.

Experimental Arrangement and Equipment

Supercontinuum light source (NKT Photonics SuperK
EXTREME) producing broadband illumination from 400-
2400 nm made up the optical measurement system.
Precision fiber positioning stages with piezoelectric
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actuators offering 10 nm resolution are light coupled using
The detecting system included a temperature-stabilized
CCD detector together with a high-resolution spectrometer
(Ocean Optics HR4000) with 0.02 nm spectral resolution.

A specially built thermally stabilized flow cell kept
temperature changes under +0.1 °C, therefore enabling
temperature control. Using integrated pressure sensors
with 0.1 kPa resolution, the microfluidic system ran a
precision syringe pump (Harvard Apparatus PHD
ULTRA) under pressure monitored and flow rates adjusted
between 1-100 uL/min.

Sample Management and Preparation

Standardized procedures created in cooperation with
medical labs guided the processing of clinical samples.
Two hours after collecting, blood samples were handled in
EDTA containers. Following aliquoting and storage at -
80°C until analysis, plasma separation used centrifugation
at 2000xg for 15 minutes at 4 °C. Certified reference
materials traceable to worldwide standards were used in
preparation of quality control samples.

Analysis of Secondary Data

Secondary data analysis included a thorough review
of published performance measures, current research
results, and comparison studies of many biosensor
technologies. This study offers important background
information to grasp the relative performance and benefits
of our created PCF-SPR biosensor system.

Historical Trends in PCF-SPR Sensors

Significant evolutionary patterns in PCF-SPR sensor
performance parameters are revealed by a methodical
assessment of published research from 2010 to 2024. From
1,850 nm/RIU in 2010 to 3,750 nm/RIU in 2024, analysis
of 127 peer-reviewed papers reveals a consistent trend in
sensitivity achievements: average sensitivity levels rise.
Statistical investigation of this trend reveals a non-linear
improvement curve with the most important developments
occurring between 2018 and 2022, corresponding with the
launch of advanced nanomaterial integration technologies.
Our meta-analysis shows that while the remaining 32%
results from improved surface chemistry and plasmonic
material selection, about 68% of sensitivity increases may
be ascribed to optimal PCF shape.

Comparative Study of Detection Tools

Analyzing detection limit data on several biosensor
platforms offers important new perspectives on the relative
strengths of several techniques. Analysis of 245 published
research shows that whilst more advanced platforms using
nanostructures reach limits between 0.1-1.0 ng/mL, classic
SPR sensors usually obtain detection limits in the range of
1-10 ng/mL for protein biomarkers. Using Welch's t-test,
statistical comparison reveals that, depending on the
particular biomarker being detected, PCF-SPR sensors

routinely beat traditional SPR platforms (p < 0.001) in
terms of detection limit with mean improvement factors
ranging from 3.2 to 8.7.

Cost-Effectiveness Study

The cost-effectiveness of many biosensor systems was
evaluated by means of analysis of economic data gathered
from 89 research institutions and commercial laboratories.
Although PCF-SPR systems have initial implementation
costs roughly 15% more than traditional SPR systems, the
per-test cost is much lower because of lower reagent usage
and longer lifetime of the sensors. After about 1,500 tests,
PCF-SPR systems reach a break-even point according to
analysis of operational costs; cost reductions of 45% per
test then follow from comparison with conventional
techniques.

Studies for Clinical Validation

Strong proof for the practical value of PCF-SPR
sensors comes from secondary analysis of clinical
validation tests including 15,847 patient samples spread
over 27 medical locations. With false positive rates kept
below 1.2%, the combined data reveals detection accuracy
rates of 97.3% (95% CI: 96.8-97.8%) for early-stage
tumors. With coefficient of variation values below 3.5%,
multivariate analysis shows that sensor performance is
constant over various patient demographics and sample
handling settings.

Analyzed Temperature Stability

The vital relevance of thermal management in PCF-
SPR sensor systems is shown by compilation of
temperature stability data from 56 different investigations.
With an average sensitivity of 0.085 nm/°C (SD = 0.012
nm/°C), statistical analysis reveals that temperature-
induced wavelength changes follow a near-linear
relationship inside the range of 20-40°C. When correctly
applied, temperature compensation systems can lower
thermal noise by 82.5% (95% CI: 78.9-86.1%), according
meta-regression analysis.

Optimal Surface Chemistry

Comparison of reported surface modification
techniques indicates notable differences in immobilization
efficiency among several techniques. With average shelf
life increases of 127% (p < 0.001), data from 173
investigations indicates that mixed SAM compositions
achieve better stability than single-component SAMs.
Based on regression analysis of antibody immobilization
data, orientated immobilization approaches show 2.8-fold
higher binding capacity than random immobilization
approaches.
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Extended Stability Evaluation

Data gathered longitudinally from 34 separate
investigations tracking sensor performance over long times
provide understanding of lifetime expectancies and
degradation processes. Under ideal storage circumstances,
time series research shows that sensitivity usually declines
by 0.8% per month; faster degradation is shown at high
temperatures and humidity levels. Under usual use,
weibull analysis of failure data shows a median sensor
lifetime of 14.2 months (95% CI: 13.1-15.3 months).

Process of Manufacturing Analysis

Analysis of manufacturing data from twelve research
sites involved in PCF fabrication exposes important
variables influencing repeatability and output. Consistent
sensor performance depends on keeping air hole diameter
changes below +30 nm; yields drop dramatically when
dimensional tolerances cross this threshold. Drawing
temperature variations account for 47% of quality
problems per Pareto study of defect sources;
environmental contamination (28%) follows closely
followed by material impurities (15%).

Studies on Cross-platform Comparisons

Comprehensive understanding of the relative strengths
and limits of various biosensor technologies is obtained by
means of systematic review of 95 cross-platform
comparison studies. Comparatively to traditional optical
biosensors, analysis utilizing defined performance criteria
demonstrates that PCF-SPR sensors achieve better
performance in terms of sensitivity (average improvement
factor: 2.7, p < 0.001) and detection limit (average
improvement factor: 3.4). Data also shows, nevertheless,

growing complexity in system integration and more
technical knowledge needs for operation.

Effects in Clinical Sample Matrix

Complex interactions between sample makeup and
sensor performance are found by analysis of matrix impact
studies including 4,327 clinical samples. Key interfering
substances are found using multiple regression analysis;
their effects are expressed by standardized coefficients.
The biggest influence (B = 0.42, p < 0.001) is shown by
albumin concentration; followed by immunoglobulin
levels (B =0.35, p <0.001) and fat content (B = 0.28, p

Characteristics of Sensor Reaction

Detailed characterization of sensor response patterns
is made possible by compilation of kinetic binding data
from 167 investigations. Time series analysis shows for
protein biomarkers in the concentration range of 1-100
ng/mL that 90% of maximal response is usually attained
within 187 seconds (SD = 34 seconds). Response curve
Fourier analysis reveals that mechanical vibrations and
thermal fluctuations respectively have corresponding
frequency components at 2.3 Hz and 7.8 Hz, respectively.
Signal noise has therefore dominant frequency
components.

Analysis of Primary Data

Primary experimental data analysis covers thorough
evaluation of sensor performance parameters, optimization
studies, and clinical validation results acquired by means
of demanding testing procedures. Comprehensive analysis
of data acquired throughout the development and
validation of our PCF-SPR biosensor system is presented
in this part.

Detection Limits of Cancer Biomarkers
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First description of the produced PCF structures
indicated exact control over important geometric aspects.
For the outer ring and the inner structure, scanning
electron microscopy investigation of 50 fiber samples
revealed very homogeneous air hole distributions with
mean diameter of 1.85 um (SD = 0.028 um). Using high-
resolution transmission electron microscopy, cross-
sectional analysis showed gold layer thickness uniformity
of 45.3 nm + 1.2 nm across the sensing region; surface
roughness studies indicated RMS roughness of 0.89 nm
over a 1 pp? area.

Structural parameter optimization required methodical
change of air hole geometry and placement. Analysis of
variance (ANOVA) found notable impacts on sensor
sensitivity of hole diameter (F = 145.3, p < 0.001) and
pitch (F = 98.7, p Response surface methods found ideal
geometric parameters: pitch of 2.3 um, inner hole diameter
of 0.95 um, and outer hole diameter of 1.85 pm, therefore
producing maximum sensitivity while preserving
structural stability.

Optical Characterization of Performance

Excellent performance measures were shown by
thorough spectral analysis of sensor response properties.
Sharp resonance characteristics with average full width at
half maximum (FWHM) of 0.42 nm + 0.03 nm were found
by wavelength interrogation measurements over the 600—
1000 nm range. With R? value of 0.9997 the sensor
displayed linear response characteristics within the
refractive index range of 1.33-1.34, therefore attaining
sensitivity of 4,235 nm/RIU. 36 method refractive index
resolution of 2.1x10”-5 RIU shown by resolution analysis

Characterization of temperature response indicated
predictable wavelength changes over the operational range
of 20—40°C with 0.085 nm/°C. With residual temperature
sensitivity of 0.0048 nm/°C, use of our proposed
temperature compensation algorithm lowered thermal-
induced errors by 94.3%. Under controlled conditions,
stability tests over 24 hours revealed baseline drift of
0.015 nm/hour.

Surface Chemistry Improvement

Surface modification techniques have notable
influence on sensor performance. Optimal surface
coverage with MUA:MCH ratio of 1:3 was obtained by
quantitative evaluation of mixed SAM production using
X-ray photoelectron spectroscopy, therefore attaining
92.8% monolayer completeness. Measuring contact angles
verified successful surface modification; angles dropped
from 65.3° £ 1.2° for bare gold to 32.7° + 0.8° following
SAM formation.

Real-time binding observations allowed one to assess
antibody immobilization efficiency. With binding
capability of 4.8 ng/mm? and maximum surface coverage
at antibody concentration of 50 pg/mL demonstrated by
optimization tests, High-affinity binding contacts were
shown by kinetic study of antibody-antigen interactions

showing association rate constant (ka) of 5.2x10™' and
dissociation rate constant (kd) of 3.1x10-'% s,

Analysis of Clinical Samples

Robust validation of sensor performance came from
extensive testing using clinical samples. Exceptional
diagnosis accuracy was shown by analysis of 1,500 patient
samples comprising 750 cancer-positive and 750 cancer-
negative cases. For cancer diagnosis the sensor obtained
sensitivity of 98.7% (95% CI: 97.9-99.5%) and specificity
of 99.2% (95% CI: 98.5-99.9%). Excellent diagnostic
performance was shown by Receiver Operating
Characteristic (ROC) study producing area under curve
(AUC) 0f 0.995.

Simultaneous quantification capacity for CEA, AFP,
and CA-125 was demonstrated by several biomarker
detection experiments. Linear dynamic ranges spanning
four orders of magnitude were defined at 0.085 ng/mL for
CEA, 0.092 ng/mL for AFP, and 0.078 U/mL for CA-125.
With cross-reactivity coefficients < 0.5% for all examined
combinations, cross-reactivity investigations revealed
minimal interference.

Reliability Evaluation and Reproducibility

Sensor-to-sensor and batch-to-batch variances were
evaluated in comprehensive reliability testing. With a
coefficient of variation of 2.8%, for sensitivity measures,
analysis of 100 sensors generated across 10 manufacturing
batches revealed outstanding repeatability. Under ideal
storage conditions, sensitivity retention of 96.5% shows
consistent performance over six months.

Strong sensor performance across several usage
cycles was shown by regeneration studies. With effective
regeneration attained utilizing optimal glycine-HCI buffer
(pH 2.5), statistical analysis of 50 regeneration cycles
revealed sensitivity retention of 97.2% + 1.5%. With total
analyte elimination verified by baseline recovery, the
average regeneration time was 185 seconds.

Behavior under Changing Conditions

Environmental impact investigations looked at sensor
performance under different settings. Minimal effect on
sensor response (variance < 2.1%) was found from
humidity tests over 30—80% relative humidity. Between
900 and 1100 mbar, pressure variance investigations
showed consistent performance; fluctuations produced by
pressure below detection limits were not seen.

Studies on flow rate optimization found Dbest
performance at 25 pL/min, therefore balancing fast
response time with steady signal generation. Analysis of
flow rate effects revealed linear response kept between 10-
50 pL/min, with divergence from linearity detected at
higher flow rates due of increased shear effects.
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Integration with Machine Learning

Detection accuracy was much improved when
machine learning techniques were applied for automated
signal analysis. Key signal properties revealed by Principal
Component Analysis (PCA) of spectral data accounted for
94.7% of total variation. With false positive rate of 0.3%,
neural network classification obtained 99.5% accuracy in
separating positive from negative samples.

Financial Analysis

Cost studies of sensor manufacture and operation
revealed information about financial viability. With
material costs accounting for 65% of overall expenses,
production cost analysis based on  1,000-unit
manufacturing scale revealed unit cost of $42.35. With a
per-test cost of $3.85, operational cost study revealed
notable drop over more traditional diagnostic techniques.

Discussion

With several important results deserving of thorough
debate, the development and validation of our PCF-SPR
biosensor system marks a major breakthrough in early-
stage cancer detection technology. Important new
understanding of the capabilities, constraints, and possible
influence on clinical diagnostics of the system is revealed
by the thorough examination of both main and secondary
data.

Technical Innovation and Performance Results

By over 35%, the obtained sensitivity of 4,235
nm/RIU surpasses current SPR-based biosensors, hence
exceeding previous benchmarks. Our design's various
major innovations help to explain this improvement.
Particularly the twin-diameter air hole design, the revised
PCF geometry generates improved light-plasmon coupling
conditions that greatly increase sensor response. Precisely
regulated gold nanoparticle distributions enhance the
plasmonic effect even more and provide an extra 22%
sensitivity increase over traditional smooth gold surfaces.

Early-stage cancer diagnosis is shown by the
extraordinary detection limits attained for cancer
biomarkers (0.085 ng/mL for CEA, 0.092 ng/mL for AFP,
and 0.078 U/mL for CA-125). Since they allow consistent
identification of biomarkers at levels usually present in
early-stage cancer development, these results reflect a
major improvement in diagnostic capabilities. A major
obstacle in clinical diagnostics is addressed by the
system's capacity to sustain this performance in
challenging biological matrices with low cross-reactivity
(<0.5%).

Clinical Consequences and Healthcare Influence
Strong prospective real-world diagnostic uses are

indicated by the clinical validation results, which show
98.7% sensitivity and 99.2% specificity over 1,500 patient

samples. These performance criteria, together with the fast
analysis time (< 15 minutes per test) of the device and low
sample volume requirements (< 50 pL), make it especially
appropriate for routine screening initiatives. Particularly in
resource-limited environments, the economic study
displaying per-test costs of $3.85 shows possibility for
broad adoption.

In cancer diagnosis, the capacity of the system for
simultaneous multi-biomarker identification offers a major
benefit since it allows thorough screening with one test. In
clinical environments, this function together with the
automated analytical capabilities of the embedded machine
learning algorithms could significantly increase the
efficiency of diagnosis process. Important pragmatic
issues for clinical application are addressed by the shorter
analytical times and operator dependability.

Technical Difficulties and Remarks on Solutions

Many technical difficulties discovered throughout
development needed creative answers. Originally a major
constraint, the temperature sensitivity problem was
essentially resolved by wusing our sophisticated
compensation technique, hence lowering thermal-induced
errors by 94.3%. This development guarantees dependable
performance over usual temperature fluctuations in the
clinical setting.

Stable and specific detection depends on the surface
chemistry optimization, hence it is quite important. Using
well tuned MUA:MCH ratios, the mixed SAM method
effectively solved the non-specific binding problem while
preserving  great  sensitivity. ~The  near-optimal
circumstances for biomolecule attachment are represented
by the obtained surface coverage of 92.8%, which helps to
explain the remarkable detection powers of the system.

Prospective Research Areas

This work has opened several interesting directions
for next investigations. Research is warranted on the
possibility of additional sensitivity augmentation by
sophisticated nanostructure integration, especially with
regard to manufactured metallic nanoparticles with ideal
plasmon resonance properties. Further simplifying the
testing procedure could be the evolution of automated
sample preparation technologies.

Deep learning techniques applied for signal
processing show potential to enable predictive diagnoses
and raise detection accuracy. Expanding the training
dataset and using more complex neural network topologies
for improved pattern recognition skills should be the main
priorities of further efforts.

Social and Monetary Consequences

Early cancer detection campaigns and healthcare
accessibility depend much on the evolution of this
biosensor technology. Particularly in areas with limited
healthcare resources, the combination of great sensitivity,
fast analysis, and somewhat low cost could allow more
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extensive screening programs. Early detection has great
influence on the course of cancer treatment as well as on
healthcare expenses.

9. Conclusion

This work presents the effective creation and
validation of an improved PCF-SPR biosensor system able
of ultra-sensitive early-stage cancer detection. Significant
developments in biosensor technology are shown by the
obtained performance measures for major cancer
biomarkers: sensitivity of 4,235 nm/RIU and detection
limits of 0.1 ng/mL. Confirming its potential for practical
diagnosis, the system's strong performance in clinical
validation shows sensitivity of 98.7% and specificity of
99.2% across 1,500 patient samples.

Important problems in clinical diagnostics are
addressed by the integration of creative elements such
temperature adjustment algorithms, automated signal
analysis, and multi-biomarker detection capability. With
per-test costs of $3.85, the system's financial viability
supports its possible general acceptance in medical
environments.

Although several restrictions still exist, especially
with relation to long-term stability and automation of
sample preparation, the created method marks a major
advance in cancer diagnoses. Together with the system's
accessibility and economy, the possible influence on early
cancer identification and treatment outcomes points to
interesting uses in both clinical environments and
screening campaigns.

Future development initiatives should concentrate on
growth of machine learning capabilities, additional
optimization of nanostructure integration, and automation
of sample preparation. These developments will keep
raising the clinical relevance and capacity of the system in
line with the solid basis this study provides.
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