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ABSTRACT
Artificial intelligence (Al)-enabled optical
sensing technologies

represent a

transformative paradigm in biomedical
offering unprecedented

accuracy and real-time disease detection

diagnostics,

capabilities. This study investigates the

integration of machine learning and deep
learning algorithms with optical biosensors
for enhanced biomedical applications. The
objective was to systematically analyze the
performance metrics of Al-enhanced optical
sensors across various detection modalities

including  surface plasmon resonance,

fluorescence, Raman spectroscopy, and

colorimetric  sensing. A comprehensive

review  methodology — was  employed,

analyzing peer-reviewed literature from
2020-2022 extract

to quantitative

performance data. The hypothesis posited
that Al integration significantly improves

and  detection

sensitivity,  specificity,
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accuracy compared to conventional optical
sensing methods. Results demonstrated that
Al-enhanced optical biosensors achieved
detection accuracies ranging from 91% to
98%, with sensitivities between 5,000-24,000
nm/RIU for SPR-based systems. Discussion
revealed that convolutional neural networks
and support vector machines emerged as the
most effective algorithms for spectral data
analysis. The study concludes that Al-
enabled optical biosensors represent a
for

diagnostics, early cancer detection, and

promising  frontier point-of-care
personalized medicine applications.

Keywords: Artificial intelligence, Optical
biosensors,  Machine

learning,  Deep

learning, Biomedical diagnostics.

1. INTRODUCTION
The convergence of artificial intelligence and
optical has

sensing technologies

revolutionized the landscape of biomedical
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diagnostics, creating novel opportunities for
early disease detection and precision
medicine applications (Weng et al., 2020).
Traditional optical biosensors, while offering
label-free and non-invasive  detection
capabilities, have  faced  significant
limitations in terms of signal processing
complexity, specificity in complex biological
matrices, and real-time data interpretation.
The integration of machine learning
algorithms has addressed these challenges by
enabling automated feature extraction,
pattern recognition, and predictive modeling
from high-dimensional spectral data (Jin et
al., 2020). Optical biosensors operate on the
principle ~ of  transducing  biological
recognition events into measurable optical
signals, including changes in refractive
index,  fluorescence  intensity, light
absorption, or Raman scattering patterns.
These sensing modalities have demonstrated
exceptional  sensitivity to  molecular
interactions, making them particularly
valuable for detecting disease biomarkers at
clinically relevant concentrations (Lussier et
al., 2020). However, the complexity of
biological samples, characterized by
heterogeneous compositions and interfering
substances, often generates noisy spectral
data that requires sophisticated analytical

approaches for accurate interpretation.
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Artificial intelligence, particularly machine
learning and deep learning methodologies,
has emerged as a powerful solution for
processing and analyzing optical biosensor
data. Supervised learning algorithms such as
support vector machines, random forests, and
artificial neural networks have demonstrated
remarkable capabilities in classification
tasks, enabling accurate differentiation
between healthy and diseased states (Haick &
Tang, 2021). Deep learning architectures,
including convolutional neural networks and
recurrent neural networks, have shown
superior  performance in  extracting
hierarchical features from spectral images
and time-series data, achieving classification
accuracies that often surpass traditional
chemometric methods.

The biomedical applications of Al-enabled
optical sensing span across multiple domains,
including cancer diagnostics, infectious
disease detection, metabolic monitoring, and
neurodegenerative disease screening. Surface
plasmon resonance biosensors, enhanced
with machine learning algorithms, have
demonstrated exceptional sensitivity in
detecting cancer biomarkers with detection
limits in the picomolar range (Karki et al.,
2022). Similarly, Raman spectroscopy
combined with deep learning has enabled
non-invasive tissue characterization and
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bacterial identification with accuracies
exceeding 95% (Kothari et al., 2021). The
integration of Al has also facilitated the
development of portable, point-of-care
devices capable of real-time diagnosis,
addressing critical healthcare challenges in
resource-limited settings. Despite these
advances, several challenges remain in
translating Al-enabled optical biosensors
from laboratory prototypes to clinical
applications. These include the need for
large, diverse training datasets, ensuring
model interpretability and clinical validation,
addressing regulatory requirements, and
developing standardized protocols for data
acquisition and preprocessing. This study
aims to comprehensively analyze the current
state of Al-enabled optical sensing
technologies for biomedical applications,
examining performance metrics, algorithmic
approaches, and clinical implications.

2. LITERATURE REVIEW

The integration of artificial intelligence with
optical  biosensing  technologies  has
witnessed exponential growth over the past
decade, with significant advancements
reported between 2020 and 2022. Weng et al.
(2020) provided a comprehensive analysis of
machine learning applications in biosensor
technology, demonstrating how algorithms

including principal component analysis, k-
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nearest neighbors, and deep neural networks
enhance  sensor  performance  across
electrochemical and optical platforms. Their
work established fundamental frameworks
for preprocessing spectral data and
implementing appropriate machine learning
architectures based on data characteristics
and analytical objectives. Surface plasmon
resonance (SPR) biosensors represent one of
the most extensively studied optical sensing
platforms for Al integration. Karki et al.
(2022) reviewed advances in SPR-based
biosensor technologies for cancer cell
detection, highlighting how machine learning
optimization improves sensitivity and figure
of merit. Their analysis revealed that Al-
enhanced SPR sensors achieve wavelength
sensitivities exceeding 20,000 nm/RIU for
detecting various cancer cell types. Kaur et
al. (2022) demonstrated that MXene-based
fiber-optic SPR sensors, when combined
with machine learning approaches, achieve
exceptional performance in colorectal cancer
diagnosis, with mean squared errors below
0.02 in predictive models.

Raman spectroscopy has emerged as a
particularly promising modality for Al
integration due to its ability to provide
detailed molecular fingerprints of biological
samples. Kothari et al. (2021) investigated
the application of Raman spectroscopy
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combined with artificial intelligence for
breast cancer detection, reporting that
machine learning algorithms could predict
Bayesian probabilities of malignancy with
high accuracy. Their findings demonstrated
that support vector machines and random
forest classifiers effectively distinguished
between cancerous and normal tissue based
on spectral features related to lipid, protein,
and nucleic acid composition (Tang et al.,
2021). The non-invasive nature of Raman
spectroscopy, combined with Al-driven
analysis, offers significant advantages for
intraoperative tumor margin assessment and
early-stage cancer screening. Fluorescence-
based optical biosensors have also benefited
substantially from Al integration. Research
has shown that convolutional neural
networks can effectively process
fluorescence microscopy images and spectral
data, enabling automated cell classification
and biomarker quantification. Deep learning
models have demonstrated capabilities in
denoising fluorescence signals, correcting for
photobleaching effects, and extracting
quantitative information from complex
fluorescence patterns. These advancements
have particular relevance for high-throughput
screening applications and multiplexed

biomarker detection.
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The development of Al algorithms
specifically tailored for optical biosensor data
has been a major research focus. Lussier et al.
(2020) comprehensively reviewed deep
learning and artificial intelligence methods
for Raman and surface-enhanced Raman
scattering, identifying key algorithmic
approaches  including  one-dimensional
convolutional neural networks for spectral
classification and autoencoders for feature
extraction and dimensionality reduction.
Their work emphasized the importance of
data augmentation techniques and transfer
learning strategies for addressing limited
training data availability in biomedical
applications (Haick & Tang, 2021). Recent
studies have also explored the integration of
optical biosensors with Internet of Things
ecosystems and cloud computing platforms,
enabling distributed data processing and real-
time decision support. Jin et al. (2020)
discussed the challenges and prospects of Al
biosensors, emphasizing the critical roles of
material innovation, signal acquisition
systems, and intelligent decision-making
algorithms. Their analysis highlighted that
while significant progress has been made,
challenges related to data privacy,
computational complexity, and clinical
validation remain barriers to widespread
clinical adoption. The literature consistently
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demonstrates that Al integration enhances
multiple performance parameters of optical
biosensors, including sensitivity, specificity,
limit of detection, dynamic range, and
response time. However, gaps remain in
standardization of data collection protocols,
development of interpretable Al models, and
establishment of regulatory frameworks for
Al-assisted diagnostic devices. This research
aims to address these gaps by providing
systematic analysis of performance metrics
and identifying best practices for Al-enabled
optical biosensor development.

3. OBJECTIVES

1. To systematically evaluate the
performance metrics of Al-enhanced
optical biosensors across different
sensing modalities (SPR,
fluorescence, Raman, colorimetric)
for biomedical applications.

2. To analyze the effectiveness of
various machine learning and deep
learning algorithms in improving
sensitivity, specificity, and detection
accuracy of optical Dbiosensing
platforms.

4. METHODOLOGY

This research employed a systematic review
and meta-analytical approach to investigate
Al-enabled optical sensing technologies for

biomedical applications. The study design
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incorporated ~ comprehensive literature
search, data extraction, quantitative analysis,
and synthesis of findings from peer-reviewed
publications spanning the period 2020-2022.
The literature search was conducted using
Google Scholar, PubMed, Web of Science,
and IEEE Xplore databases, employing
specific search terms including "artificial
intelligence optical biosensors," "machine
learning biomedical sensing," "deep learning
Raman spectroscopy,” "SPR machine
learning  cancer," and  "fluorescence
biosensor CNN." Inclusion criteria required
studies to report quantitative performance
metrics such as sensitivity, specificity,
accuracy, detection limit, or area under curve
values for Al-enhanced optical biosensors
applied to biomedical diagnostics. Sample
selection focused on peer-reviewed original
research articles and comprehensive reviews
published between January 2020 and
December 2022. Studies were excluded if
they lacked sufficient quantitative data,
focused solely on theoretical modeling
without experimental validation, or did not
specifically address biomedical applications.
A total of 847 articles were initially
identified, of which 156 met the inclusion

criteria after screening titles and abstracts.

Full-text review of these articles yielded 68
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studies with sufficient data for quantitative
analysis.

Data  extraction involved systematic
collection of information regarding optical
sensing modality, Al algorithm type,
biomedical application, performance metrics,
sample size, and clinical relevance. For each
study, key parameters including detection
sensitivity, specificity, accuracy, limit of
detection, dynamic range, and response time
were recorded. Information about training
dataset size, validation methodology, and
clinical validation status was also extracted.
The analytical techniques employed included
descriptive  statistics for summarizing
performance metrics across different sensing
modalities and Al algorithms. Comparative
analysis was performed to evaluate the
relative effectiveness of various machine
learning approaches including support vector
machines, random forests, k-nearest
neighbors, and deep learning architectures

such as convolutional neural networks and
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significance was assessed using appropriate
tests, with p-value threshold set at 0.05.
Quality assessment of included studies was
performed using established criteria for
diagnostic studies,

accuracy including

evaluation of reference standard
appropriateness, blinding procedures, and
reporting completeness. Studies were
classified as high, moderate, or low quality
based on methodological rigor and reporting
standards. Synthesis of findings involved
both narrative and quantitative approaches,
examining trends across different optical
sensing modalities and identifying factors
associated with superior Al-biosensor
performance.

5. RESULTS

The systematic analysis of Al-enabled optical
biosensors revealed substantial performance
improvements across multiple sensing
modalities and biomedical applications. The
following tables present comprehensive data

extracted from studies conducted between

recurrent

neural

networks.

Statistical

2020 and 2022.

Table 1: Performance of AI-Enhanced SPR Biosensors for Cancer Detection

Cancer Al Sensitivity Detection Sample Reference

Type Algorithm (nm/RIU) Accuracy (%) Size

Breast CNN 20,428 97.1 156 Kaur et al., 2022

Cervical k-NN 19,750 93.3 124 Kruczkowski et
al., 2021

Colorectal SVM 24,000 95.8 189 Kaur et al., 2022
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Skin Random 1,250 92.4 98 Karki et al., 2022
Forest
Blood ANN 6,250 94.9 142 Karki et al., 2022

As shown in Table 1, Al-enhanced surface
plasmon resonance biosensors demonstrated
exceptional sensitivity values ranging from
1,250 to 24,000 nm/RIU across different
cancer types. The colorectal cancer detection
system utilizing support vector machines
achieved the highest wavelength sensitivity
at 24,000 nm/RIU, while maintaining a
detection accuracy of 95.8%. Breast cancer
convolutional  neural

detection  using

networks showed sensitivity of 20,428

nm/RIU with 97.1% accuracy, indicating

superior performance in distinguishing
malignant from normal cells. The cervical
cancer detection platform employing k-
nearest neighbors algorithm achieved 93.3%
accuracy with a sensitivity of 19,750
nm/RIU. These results demonstrate that Al
SPR

with  different

integration  substantially enhances

biosensor performance,
algorithms showing varying effectiveness
depending on the specific cancer type and

biomarker characteristics.

Table 2: Raman Spectroscopy with Deep Learning for Biomedical Diagnostics

Application Deep Learning | Classification Sensitivity Specificity Reference
Model Accuracy (%) (%) (%)
Breast Cancer | 1D-CNN 98.0 97.5 98.3 Kothari et al.,
Tissue 2021
Bacterial ResNet-18 96.8 95.2 97.8 Tang et al,
Identification 2021
Drug Detection in | CNN 98.1 97.8 98.5 Weng et al,
Urine 2020
Colorectal Tissue | SVM 94.5 93.8 95.2 Tang et al,
2021
COVID-19 CNN 97.2 96.5 97.9 Lussier et al.,
Detection 2020

Table 2 presents the performance metrics of

Raman spectroscopy combined with deep
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learning algorithms for various biomedical
diagnostic applications. Drug detection in
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urine using convolutional neural networks
achieved the highest classification accuracy
of 98.1%, with sensitivity and specificity
values of 97.8% and 98.5%, respectively.
Breast cancer tissue classification employing
one-dimensional ~ convolutional = neural
networks demonstrated 98.0% accuracy,
indicating exceptional discriminatory power
between malignant and benign tissues based

on molecular vibrational signatures. Bacterial

identification using ResNet-18 architecture
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achieved 96.8% accuracy, showcasing the
capability of deep learning models to process
complex Raman spectra for pathogen
detection. COVID-19 detection through
Raman spectroscopy with CNN analysis
reached 97.2% accuracy, demonstrating
relevance for infectious disease screening
applications. These findings confirm that
deep learning substantially improves Raman
spectroscopy's diagnostic capabilities across

diverse biomedical applications.

Table 3: Fluorescence Biosensors with Machine Learning Algorithms

Biomarker ML Detection Limit | Linear Range | Accuracy | Reference
Algorithm (U/mL) (%)

AFP (Liver | Random Forest | 0.005 0.01-100 93.3 Weng et al., 2020

Cancer)

CA 15-3 (Breast | SVM 0.01 0.05-200 95.6 Haick & Tang, 2021

Cancer)

B-hCG ANN 0.235 mIU/mL 0.5-500 94.2 Jin et al., 2020

Glucose Ensemble 0.8 mg/dL 20-600 96.8 Weng et al., 2020
Methods

Cortisol Deep Learning | 0.5 ng/mL 1-100 92.5 Haick & Tang, 2021

Table 3 illustrates the performance of
fluorescence biosensors integrated with
machine learning algorithms for detecting
various biomarkers. The alpha-fetoprotein
detection system using random forest
algorithm achieved an ultralow detection
limit of 0.005 U/mL with 93.3% accuracy,

enabling early hepatocellular carcinoma

ISSN: 2456-4265
JMEC 2024

diagnosis. CA 15-3 breast cancer biomarker
detection employing support vector machines
demonstrated a detection limit of 0.01 U/mL
and 95.6% accuracy across a wide linear
range of 0.05-200 U/mL. Glucose monitoring
systems utilizing ensemble methods achieved
96.8% accuracy with detection limits of 0.8

mg/dL, showing promise for continuous
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diabetes management. The B-hCG detection
platform with artificial neural networks
reached 94.2% accuracy at a detection limit
of 0.235 mIU/mL. These results indicate that
machine enables

learning  integration
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fluorescence biosensors to achieve clinically
relevant detection limits while maintaining

high accuracy across diverse biomarker

types.

Table 4: Comparison of Al Algorithms in Optical Biosensor Applications

Al Algorithm | Average Accuracy (%) | Computational | Training Data | Best Application
Complexity Required

CNN 97.4 High Large (>1000 samples) | Image-based sensing

SVM 94.8 Medium Medium (200-1000) Spectral classification

Random Forest | 93.6 Medium Medium (200-1000) Multiclass problems

k-NN 92.1 Low Small (50-200) Simple classification

ANN 95.2 High Large (>1000 samples) | Non-linear patterns

Table 4 provides comparative analysis of
different Al algorithms utilized in optical
biosensor applications, revealing distinct
performance characteristics and optimal use
cases. Convolutional neural networks
demonstrated the highest average accuracy at
97.4%, but required large training datasets
(>1000 samples) and exhibited high
computational complexity, making them
most suitable for image-based sensing
applications.  Support vector machines
achieved 94.8% accuracy with medium
computational requirements and training data
needs (200-1000 samples), proving effective

for spectral classification tasks. Random

forests showed 93.6% accuracy and medium
complexity, performing well in multiclass
classification problems. K-nearest neighbors
exhibited the lowest computational
complexity but achieved 92.1% accuracy,
making it  appropriate  for  simple
classification tasks with limited training data.
Artificial neural networks reached 95.2%
accuracy, excelling at capturing non-linear
patterns but requiring substantial
computational resources and large datasets.
These findings guide algorithm selection
based on specific application requirements

and available computational resources.

Table 5: Clinical Performance Metrics of AI-Enabled Point-of-Care Optical Sensors
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G
Device Type Detection Target | Response Time | Portability | Clinical Validation | Reference
(min) Status
SPR Cancer 8 High Preclinical Haick & Tang,
Smartphone Biomarkers 2021
Portable Raman | Bacterial 12 Medium Clinical Trial Phase | Tang et al.,
Infection II 2021

Fluorescence Cardiac Troponin | 5 High FDA Approved Weng et al,
Strip 2020
Colorimetric COVID-19 15 High Emergency Use Lussier et al.,
Chip Antibodies 2020
Wearable Glucose Continuous High Clinical Validation | Jin et al., 2020
Optical

Table 5 summarizes the clinical performance Portable Raman systems for Dbacterial

characteristics of Al-enabled point-of-care

optical ~sensors, highlighting practical

implementation considerations. The
fluorescence strip reader for cardiac troponin
detection demonstrated the fastest response
time at 5 minutes with high portability and
FDA approval status, representing the most
clinically mature Al-enabled optical sensor
platform. COVID-19 antibody detection
using colorimetric chips achieved 15-minute
response time with emergency use
authorization, demonstrating rapid clinical
translation

during pandemic response.

infection detection exhibited 12-minute
response time and are currently in Phase II
clinical trials. Wearable optical glucose
sensors enabled continuous monitoring with
high portability and clinical validation status.
SPR smartphone-based systems for cancer
biomarker detection showed 8-minute
response time but remain in preclinical
development stage. These findings indicate
varying stages of clinical translation, with
regulatory approval dependent on validation

rigor and clinical utility demonstration.

Table 6: AI-Enhanced Optical Biosensor Performance Across Sensing Modalities

Sensing Average Average Specificity | Average Primary Advantage
Modality Sensitivity (%) Accuracy (%)

SPR 18,125 nm/RIU 94.6 94.7 Label-free detection
Raman N/A 96.4 96.9 Molecular specificity
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Fluorescence 0.11 U/mL LOD 95.2 94.5 High sensitivity
Colorimetric N/A 91.8 92.3 Visual readout
SERS N/A 97.1 97.6 Ultra-sensitivity

Table 6 presents aggregated performance 6. DISCUSSION

metrics across different optical sensing
modalities integrated with Al algorithms.
Surface-enhanced Raman scattering (SERS)
achieved the highest average specificity
(97.1%) and (97.6%),

discriminatory

accuracy
demonstrating  superior
capabilities for complex biological samples.
Raman spectroscopy showed excellent
average specificity of 96.4% and accuracy of
96.9%, offering molecular-specific

information through vibrational
fingerprinting. Surface plasmon resonance
biosensors exhibited average sensitivity of
18,125 nm/RIU with 94.7% accuracy,
providing label-free real-time monitoring
capabilities. Fluorescence-based systems
achieved average detection limits of 0.11
U/mL with 94.5% accuracy, demonstrating
high sensitivity for biomarker quantification.
Colorimetric sensors showed 92.3% accuracy
with visual readout capability, enabling
resource-limited settings applications. These
comparative metrics guide modality selection

based on specific diagnostic requirements,

sample types, and clinical contexts.
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The comprehensive analysis of Al-enabled
optical biosensors reveals transformative
advances in  biomedical  diagnostic
capabilities, with performance improvements
spanning multiple dimensions including
sensitivity, specificity, speed, and clinical
applicability. The integration of machine
learning and deep learning algorithms has
addressed fundamental limitations of
conventional optical sensing technologies,
enabling automated pattern recognition,
noise reduction, and quantitative biomarker
analysis in complex biological matrices.
Surface plasmon resonance biosensors, when
enhanced with Al algorithms, demonstrated
exceptional sensitivity values exceeding
20,000 nm/RIU for cancer detection
applications, surpassing conventional SPR
systems by factors of 2-3 (Karki et al., 2022).
This enhancement stems from Al's capability
to optimize sensor design parameters,
process complex refractive index changes,
and extract subtle spectral features indicative
of biomolecular interactions. The variability

in optimal AI algorithms across different

cancer types (Table 1) suggests that
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algorithm selection should be tailored to
specific biomarker characteristics and sample
complexity. Convolutional neural networks
proved particularly effective for breast cancer
detection, likely due to their superior
capability in processing spatially-resolved
SPR imaging data and extracting hierarchical
features from complex spectral patterns
(Kaur et al., 2022).

Raman spectroscopy combined with deep
learning emerged as one of the most
promising  Al-enabled optical sensing
modalities, achieving classification
accuracies approaching 98% across diverse
biomedical applications (Table 2). The
exceptional performance of one-dimensional
convolutional neural networks for Raman
spectral analysis aligns with the sequential
nature of spectral data and the need to capture
local spectral features while maintaining
computational efficiency (Kothari et al.,
2021). The success of ResNet-18 architecture
for bacterial identification demonstrates that
deeper neural networks can effectively
handle the high-dimensional feature space of
Raman spectra, extracting meaningful
molecular  signatures that  distinguish
between closely related bacterial species.
However, the requirement for large training
datasets (>1000 samples) presents challenges

for clinical implementation, particularly for
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rare diseases or novel pathogen detection
where limited samples are available (Tang et
al.,  2021). Fluorescence  biosensors
integrated with machine learning algorithms
achieved clinically relevant detection limits
ranging from nanomolar to picomolar
concentrations, enabling early disease
diagnosis when biomarker concentrations are
low (Table 3). The superior performance of
ensemble methods for glucose monitoring
suggests that combining multiple weak
learners effectively addresses the complexity
of physiological glucose fluctuations and
inter-individual variability. The achievement
of wide linear ranges (e.g., 0.05-200 U/mL
for CA 15-3) indicates that Al algorithms can
effectively compensate for non-linear sensor
responses and maintain accuracy across
clinically relevant concentration ranges.
However, translation to point-of-care settings
requires consideration of user interface
design, result interpretation, and quality
control mechanisms to ensure reliable
performance in non-laboratory environments
(Weng et al., 2020).
The comparative analysis of Al algorithms
(Table 4) reveals important trade-offs
between accuracy, computational
complexity, and data requirements. While
convolutional neural networks achieved the
(97.4%), their
110
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computational demands and large training
data requirements limit applicability in
resource-constrained settings or for rapid
deployment in emerging disease scenarios.
Support vector machines offer an attractive
balance between accuracy (94.8%) and
practical implementation considerations,
making them suitable for portable diagnostic
devices with  limited computational
resources. The lower accuracy of k-nearest
neighbors (92.1%) is offset by minimal
computational requirements, suggesting
utility for initial screening applications where
subsequent confirmatory testing is available.
Point-of-care implementation remains a
critical challenge for Al-enabled optical
biosensors, despite impressive laboratory
performance metrics (Table 5). The
fluorescence strip reader for cardiac troponin
represents the most successful clinical
translation, benefiting from established
regulatory pathways for point-of-care cardiac
markers and clear clinical utility. In contrast,
SPR smartphone-based systems remain in
preclinical stages, reflecting challenges in
achieving robust performance across diverse
sample types and environmental conditions.
The successful emergency use authorization
of COVID-19 antibody detection systems
demonstrates that regulatory flexibility can

accelerate clinical translation during public
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health emergencies, though long-term
clinical validation remains necessary
(Lussier et al., 2020).

The aggregated performance across sensing
modalities (Table 6) demonstrates that SERS
and Raman spectroscopy achieve the highest
accuracy and specificity, while fluorescence-
based systems offer superior detection limits.
This suggests that optimal sensor selection
depends on specific diagnostic requirements:
SERS for applications requiring molecular-
specific identification, fluorescence for
ultrasensitive biomarker quantification, and
SPR for label-free kinetic monitoring. The
integration of Al enables these modalities to
approach their theoretical performance limits
while addressing practical challenges of
signal processing and data interpretation
(Haick & Tang, 2021). Several limitations
warrant consideration. First, most studies
employed retrospective analysis of banked
samples rather than prospective clinical
validation, potentially introducing spectrum
real-world

bias and  overestimating

performance. Second, the lack of
standardized protocols for data acquisition,
preprocessing, and model validation hinders
inter-study  comparisons and  clinical
translation. Third, most AI models function
as "black boxes," limiting clinician trust and

regulatory acceptance. Future research
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should prioritize explainable Al approaches
that provide interpretable outputs and

uncertainty quantification (Jin et al., 2020).

7. CONCLUSION

This comprehensive analysis demonstrates
that Al-enabled optical biosensors represent
a transformative technology for biomedical
diagnostics, achieving performance metrics
that meet or exceed clinical requirements
across multiple disease applications. The
integration of machine learning and deep
learning algorithms with optical sensing
modalities  including ~ SPR,  Raman
spectroscopy, and fluorescence has enabled
detection sensitivities, specificities, and
accuracies ranging from 92% to 98%,
substantially ~ surpassing conventional
analytical methods. The study reveals that
algorithm selection should be guided by
specific application requirements, with
convolutional neural networks optimal for
image-based data, support vector machines
for spectral classification, and ensemble
methods for complex multivariate problems.
Despite impressive laboratory performance,
clinical translation requires addressing
challenges in standardization, regulatory
validation, and interpretability. Future
directions should focus on developing

explainable Al  models, establishing
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standardized validation protocols,
conducting prospective clinical trials, and
integrating Al-biosensors with digital health
ecosystems for personalized medicine
applications. The convergence of artificial
intelligence  and  optical  biosensing
technologies promises to revolutionize early
disease detection, point-of-care diagnostics,

and precision medicine delivery.
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