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ABSTRACT

Intelligent Spectroscopy represents a paradigm shift in medical diagnostics by moving beyond traditional,
subjective, and time-consuming techniques. This emerging approach integrates Raman spectroscopy (RS)
for non-destructive molecular fingerprinting, artificial intelligence (Al) for automated and high-accuracy
data analysis, and advanced electronics/photonics for system miniaturization and signal enhancement.
This synergistic integration addresses the inherent limitations of conventional Raman techniques,
including weak signal intensity and the complexity of biological spectral data. As a result, Intelligent
Spectroscopy enables real-time, label-free, and objective molecular diagnosis at the point of care and
during surgical procedures. Early clinical and preclinical studies demonstrate significant promise in
applications such as cancer detection (e.g., colorectal and breast cancer), surgical margin assessment, and
infectious disease identification, paving the way toward personalized and precision medicine.
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1. INTRODUCTION

The growing demand for faster, more accurate, and minimally invasive diagnostic tools has
accelerated the integration of advanced physical and computational technologies in modern
medicine. Raman spectroscopy (RS) is a powerful vibrational spectroscopic technique that
provides a unique molecular fingerprint by measuring the inelastic scattering of light. This
capability offers exceptional chemical specificity and sensitivity to subtle biochemical alterations
associated with pathological conditions such as cancer [1,6].

Despite its strong analytical potential, the clinical translation of RS has been limited by two
primary challenges. First, Raman scattering is an inherently weak process, resulting in low signal
intensity and limited sensitivity. Second, the resulting spectra are high-dimensional and complex,
requiring expert interpretation and time-consuming analysis [1,7].

Intelligent Spectroscopy addresses these challenges through a multidisciplinary integration of
enhanced Raman techniques, advanced electronics, and artificial intelligence (Al).
Signal-enhancement strategies such as surface-enhanced Raman spectroscopy (SERS) and
spatially offset Raman spectroscopy (SORS) improve sensitivity and penetration depth, while
miniaturized electronic and photonic components enable portable instrumentation. Concurrently,
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sophisticated Al algorithms, including deep learning, enable rapid, automated, and highly
accurate spectral interpretation, transforming RS into a practical clinical decision-support tool
[2,5].

2. LITERATURE REVIEW

2.1. Related Work: The Convergence of Spectroscopy and Artificial Intelligence

The concept of Intelligent Spectroscopy is the culmination of decades of independent
advancements in molecular sensing (Raman spectroscopy) and computational analysis (Artificial
Intelligence). This review highlights the foundational work and recent breakthroughs that define
this emerging paradigm.

2.1.1. Foundation of Raman Spectroscopy in Biomedicine

The concept of Intelligent Spectroscopy is the culmination of decades of advancement in
molecular sensing and computational data analysis, integrating Raman Spectroscopy (RS) with
Artificial Intelligence (Al) to create a powerful diagnostic platform. Since its inception, RS has
been recognized as a valuable, label-free technique capable of generating a unique molecular
fingerprint of biological tissues and fluids [8], reflecting pathological changes in nucleic acids,
lipids, and proteins. Initial biomedical applications, dating back to the late 1960s [9],
demonstrated its promise in fields like oncology and histopathology. However, the technique's
inherent limitations—primarily the weak Raman signal, the presence of strong autofluorescence
background, and the high-dimensionality of the resulting spectral data—historically restricted its
clinical utility [10]. Early attempts to process this complex information relied on traditional
chemometric methods, such as Principal Component Analysis (PCA) and Partial Least Squares
(PLS) [11] [12], which required significant human expertise for feature selection and struggled
with noisy, heterogeneous clinical data [9].

The subsequent evolution of machine learning (ML) provided the computational horsepower
necessary to overcome these spectral processing bottlenecks [13]. Following the initial "Expert
Systems" of the 1970s, the application of classical ML algorithms like Support Vector Machines
(SVMs) [13] and Linear Discriminant Analysis (LDA) began to achieve reliable classification
metrics in spectroscopic diagnostics, successfully distinguishing between healthy and diseased
samples across various biofluids and tissue types [14] [15]. A major paradigm shift occurred with
the advent of Deep Learning (DL) [16] architectures, particularly Convolutional Neural Networks
(CNNs) [17] [18]. DL models bypassed the labor-intensive step of manual feature engineering,
automatically extracting relevant "spectral biomarkers" from raw, noisy Raman spectra. This
capacity to handle complex data non-linearly has dramatically boosted diagnostic performance
and model robustness, making high-accuracy classification metrics achievable for time-sensitive
clinical applications.

This convergence has driven significant breakthroughs across a broad spectrum of medical
applications, achieving diagnostic accuracies often exceeding 90% in numerous studies. In
oncology, RS-AI systems have proven highly effective in distinguishing tumor margins from
surrounding healthy tissue in real-time during surgery, with demonstrated success in colorectal,
breast, and brain cancer models. Beyond solid tumors, advanced techniques like Surface-
Enhanced Raman Spectroscopy (SERS) [19] coupled with ML have facilitated the ultra-sensitive,
non-invasive detection of disease-specific biomarkers in biofluids for early detection of renal cell
carcinoma. The application extends to systemic and neurodegenerative disorders, where RS-ML
is being used to classify Alzheimer's disease using cerebrospinal fluid and differentiate arthritic
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conditions, confirming the potential of objective, molecular-level diagnosis for complex, multi-
component pathologies. The current direction in the field is increasingly focused on developing
Explainable Al (XAI) models to ensure transparency and build clinical trust [20], addressing the
"black-box" issue often associated with complex neural networks.

Despite these achievements, widespread clinical adoption remains hindered by critical
translational challenges that the concept of Intelligent Spectroscopy is specifically designed to
address. Most high-performance demonstrations still rely on bulky, laboratory-grade
instrumentation, preventing true point-of-care or seamless intraoperative use. Furthermore, many
studies suffer from limited clinical validation, relying on small, single-center datasets that may
inflate performance metrics. Therefore, the present work focuses on the synergistic, system-level
integration of three key components: high-specificity Raman molecular sensing, robust Al
processing, and advanced electronics and photonics for miniaturization and signal enhancement.
This approach is crucial for demonstrating a reliable, cost-effective, and real-time diagnostic
solution that bridges the gap between laboratory success and practical clinical reality.

3. METHODS: THE TRIPARTITE INTEGRATION

3.1. Raman Spectroscopy and Signal Acquisition

Raman spectroscopy serves as the foundational molecular sensing modality in Intelligent
Spectroscopy systems [6]. Its clinical utility is significantly enhanced through specialized
adaptations. One of the most prominent approaches is surface-enhanced Raman spectroscopy
(SERS), which employs plasmonic nanostructures—typically gold or silver nanoparticles—to
generate intense localized electromagnetic fields. These fields amplify the inherently weak
Raman signal by several orders of magnitude, enabling the sensitive detection of
low-concentration biomarkers in complex biological matrices such as blood, urine, and saliva
[2,21].

Another critical technique is spatially offset Raman spectroscopy (SORS), which is designed to
overcome the strong scattering of light in biological tissues. By spatially separating the excitation
and collection points, SORS selectively collects Raman photons originating from deeper
subsurface layers. This capability enables non-invasive detection of lesions beneath the tissue
surface, particularly in applications involving skin, bone, and breast tissue [4].

In addition, fiber-optic Raman probes facilitate in vivo and intraoperative measurements. These
miniaturized and flexible probes can be integrated with endoscopes or surgical instruments,
allowing real-time, non-destructive molecular analysis directly within the body or during surgical
procedures. Such integration significantly expands the clinical applicability of RS [4,22].

3.2. Electronics, Photonics, and Miniaturization

The transition of Raman spectroscopy from laboratory research to routine clinical use depends
critically on advances in electronic and photonic instrumentation [4]. Miniaturized spectrometers,
incorporating compact solid-state lasers and high-sensitivity CMOS or CCD detectors, have
replaced traditional benchtop systems. These compact and cost-effective devices enable
point-of-care diagnostics by allowing molecular analysis to be performed directly at the bedside
or in outpatient settings.

Equally important is the integration of high-speed electronics and embedded systems capable of

real-time spectral acquisition and processing. These systems interface seamlessly with Al-based
analytical units, which rapidly convert raw spectral data into clinically interpretable diagnostic
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results—often within seconds [2,4]. The combination of miniaturization and real-time processing
is essential for time-critical clinical applications such as surgical guidance and rapid disease
screening.

3.3. Artificial Intelligence and Spectral Analysis

Artificial intelligence constitutes the computational core of Intelligent Spectroscopy, enabling the
transformation of complex, high-dimensional spectral data into actionable diagnostic information
[23]. Following spectral acquisition, Al algorithms perform preprocessing steps such as noise
reduction, baseline correction, and normalization. Subsequently, advanced feature-extraction and
classification methods—often based on deep learning (DL) architectures such as convolutional
neural networks (CNNs)—identify subtle spectral patterns associated with specific disease states.
These models are trained on large, annotated datasets to recognize molecular signatures linked to
malignancy, infection, or metabolic dysfunction. The result is a rapid, objective, and reproducible
diagnostic output that surpasses traditional visual interpretation. The typical Al workflow used in
Intelligent Spectroscopy is summarized in Table 1.

Table I: This is to clarify the AI Workflow in Intelligent Spectroscopy. This table illustrates the sequential
Al-driven analytical pipeline used in Intelligent Spectroscopy, beginning with spectral preprocessing to
remove noise, fluorescence background, and intensity variations, followed by feature extraction techniques
that reduce the high dimensionality of Raman spectral data while preserving biologically relevant
information. The final classification stage employs machine learning and deep learning algorithms to
automatically identify disease-specific molecular patterns and generate real-time, objective diagnostic
outputs. This workflow enables rapid, reproducible, and high-accuracy molecular diagnosis from complex
spectroscopic data.

fluorescence removal,

(e.g., Genetic

Step Function Key AI/ML Outcome
Techniques
Preprocessing Noise reduction, Baseline correction Clean, comparable

spectral data.

dimensionality (~ 1000
data points) to essential
components.

Analysis (PCA), Partial
Least Squares (PLS)

normalization. Algorithms),
Normalization (e.g.,
SNV)
Feature Extraction | Reducing high Principal Component Reduced, biologically

relevant feature set.

Classification Automated decision- Support Vector Real-time diagnostic
making and pattern Machines (SVM), output (e.g.,
recognition. Random Forest (RF), "Malignant" vs.

Convolutional Neural "Benign").
Networks (CNN)

4. RESULTS AND DISCUSSION

4.1. High-Accuracy Cancer and Disease Diagnosis

The integration of Raman spectroscopy with advanced Al algorithms has produced diagnostic
platforms capable of exceptionally high accuracy in disease classification, particularly in
oncology. RS captures comprehensive biochemical fingerprints of tissues and biofluids, while
Al—especially deep learning models—extracts complex multivariate patterns that are
imperceptible to human observers.
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Clinical studies have demonstrated that this synergy can achieve diagnostic performance
comparable to, or exceeding, conventional histopathology. Table II summarizes representative
clinical and preclinical studies demonstrating the diagnostic performance of Al-assisted Raman
spectroscopy across multiple diseases, reported accuracies frequently exceed 90%. The selected
results emphasize machine learning and deep learning—based classification approaches because
they are particularly well suited to handling the high dimensionality, nonlinearity, and
multivariate nature of Raman spectral data, where conventional univariate or rule-based methods
show limited robustness. Deep learning models are highlighted for endoscopic and intraoperative
applications due to their superior feature-learning capability and real-time inference speed, while
ensemble and classical machine-learning methods are included for biofluid analysis, where
smaller datasets and interpretability are often prioritized. Compared with traditional
histopathology or biochemical assays, these approaches enable non-destructive, label-free, and
rapid molecular diagnosis, demonstrating their clinical relevance and practical advantages for
real-time decision-making and point-of-care deployment.

Table II: Overview of clinical applications of Al-assisted Raman spectroscopy, including the employed
machine-learning and deep-learning models and their corresponding diagnostic performance.
The table highlights how Intelligent Spectroscopy enables accurate, rapid, and non-invasive disease
classification by combining molecular Raman fingerprints with advanced computational analysis in real
clinical scenarios.

Application AI/ML Reported Key Benefit Reference
(Disease) Technique Used Accuracy/Sensitivity
Gastric Cancer Deep Learning 96.2% Accuracy in Real-time [3, 9]
(Endoscopy) (CNN/ResNet) Early Cancer classification
Diagnosis during endoscopy
Colorectal Machine Learning | High Accuracy, Intraoperative 9]
Abnormality Reduced False margin assessment
Positives
Lung Cancer Ensemble Machine | 77% to 85% Non-invasive [10]
(Liquid Biopsy) Learning Accuracy (Blood screening and
Plasma) monitoring
Arthritis SERS + Machine High Clinical Affordable, 2]
(Biofluid) Learning Sensitivity/Specificity | scalable in-clinic
screening

4.2. Advantages over Conventional Methods

Intelligent Spectroscopy offers several compelling advantages over traditional diagnostic
approaches such as histopathology and biochemical assays (Figure 1). Unlike conventional
methods that require invasive tissue sampling, chemical staining, and prolonged laboratory
processing, Intelligent Spectroscopy provides label-free, non-destructive analysis based on
intrinsic molecular composition.

Diagnostic results are obtained in seconds rather than hours or days, and Al-based interpretation
minimizes inter-observer variability inherent in human assessment. Furthermore, system
miniaturization enables deployment at the point of care or intraoperatively, improving clinical
workflow efficiency and supporting real-time decision-making (Table III).
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Cancer diagnosis
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Type of studies: Quantification of drug substances
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(e.g., blood) Detection of Evaluation of nanoscale substances
metabolic diseases
Type of studies:
Biological samples
(e.g., urine)

Figure 1: Raman spectroscopy explains and describes of Biomedical applications in a simple form [12].

Table III: Comparative analysis of conventional histopathological diagnostics and Intelligent
Spectroscopy—based approaches.This table contrasts the fundamental analytical principles, invasiveness,
time to diagnosis, and level of operator dependence of traditional histopathology with Al-assisted Raman

spectroscopy, highlighting the advantages of objective, rapid, and non-destructive molecular diagnosis
enabled by Intelligent Spectroscopy.

Feature Traditional Histopathology Intelligent Spectroscopy
Analysis Basis Cell/Tissue Morphology Molecular
(Subjective) Composition/Fingerprint
(Objective)
Time to Result Hours (Frozen Section/Pathology | Seconds/Real-Time
Lab)
Invasiveness Requires Tissue Removal Non-Invasive (Light Probe)
(Biopsy)
Analysis Skill Pathologist's Expertise Required | Automated (Al-driven
classification)

The comparison presented in Figure 2 scientifically clarifies the operational advantages of
Intelligent Spectroscopy over Traditional Histopathology by visualizing the relative diagnostic
burden across four critical clinical features. In this visualization, the high bar representing
Histopathology indicates a less favorable status compared to the low bar for Intelligent
Spectroscopy. Specifically, Intelligent Spectroscopy drastically reduces the burden of
Invasiveness (Non-Invasive Light Probe vs. Biopsy requirement) , Time to Result (Seconds/Real-
Time vs. Hours) , and Operator Dependence (Automated Al-driven Classification vs.
Pathologist's Expertise Required). Furthermore, the figure highlights the shift from a Subjective
analytical basis (Cell/Tissue Morphology) inherent in histopathology toward the Objective
assessment of Molecular Composition/Fingerprint provided by Al-assisted Raman spectroscopy.
Collectively, Figure 2 wvisually underscores the transformative potential of Intelligent
Spectroscopy to enable rapid, non-destructive, and objective molecular diagnosis at the point of
care.
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Figure 2: Comparative visualization of the burdens associated with traditional histopathology (red) versus
Intelligent Spectroscopy (blue) across key diagnostic features. The higher bar indicates a less favorable
metric, demonstrating that Intelligent Spectroscopy offers advantages in invasiveness, time to result,
operator dependence, and analytical objectivity compared to conventional methods.

4.3. Challenges and Future Directions

Despite its transformative potential, several challenges must be addressed before widespread
clinical adoption. One major concern is the limited interpretability of complex deep learning
models, often described as “black boxes.” This limitation underscores the importance of
developing explainable Al (XAI) methods that provide transparent, molecular-level justifications
for diagnostic decisions [5,24]. Such transparency is essential for clinician trust and regulatory
approval.

Another critical challenge is the lack of standardized protocols for spectral acquisition,
preprocessing, and analysis across different instruments and institutions. Addressing this issue
requires large-scale, multicenter prospective clinical trials to validate model robustness and
generalizability under real-world conditions [1].

4.4. Scientific Implications

The convergence of Raman spectroscopy, advanced photonic/electronic miniaturization, and
artificial intelligence establishes Intelligent Spectroscopy as a disruptive diagnostic paradigm
with direct implications for precision medicine and real-time clinical decision-making. By
enabling molecular-level characterization of tissues and biofluids without invasive sampling, this
approach shifts diagnostics from morphology-based, operator-dependent methods toward
objective, reproducible, and label-free molecular fingerprinting. The demonstrated ability of Al-
assisted Raman platforms to achieve accuracies exceeding 90% in cancer and biofluid analysis
highlights their potential to complement or replace conventional histopathology in time-critical
contexts such as intraoperative margin assessment and point-of-care screening. Furthermore, the
integration of explainable Al frameworks and standardized acquisition protocols will be essential
to ensure clinical trust, regulatory compliance, and cross-institutional reproducibility.
Collectively, these advances position Intelligent Spectroscopy as a scientifically robust and
clinically scalable technology capable of transforming early detection, surgical guidance, and
personalized therapeutic monitoring.
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5. CONCLUSION

The integration of Raman spectroscopy with high-speed electronics and advanced artificial
intelligence establishes Intelligent Spectroscopy as a powerful new paradigm in medical
diagnostics and personalized treatment. This multidisciplinary platform enables rapid, label-free,
and objective molecular analysis, overcoming key limitations of conventional diagnostic
techniques.

By shifting high-resolution molecular diagnostics from centralized laboratories to the point of
care and the operating room, Intelligent Spectroscopy has the potential to fundamentally
transform healthcare delivery. Continued advancements in hardware miniaturization, explainable
Al, and clinical validation will be essential to fully realize its role in precision medicine and
real-time therapeutic decision-making.

REFERENCES

[1]  Noureen Siraj, David K. Bwambok, Pamela Brady, Megan E. Taylor, G. Baker, Mujeebat
Bashiru, Samantha Macchi, Amanda Jalihal, Iris Denmark, Thuy Le, Brianda Elzey, David
Pollard, S. O. Fakayode, (2021). Raman spectroscopy and multivariate regression analysis in
biomedical research, medical diagnosis, and clinical analysis. Applied Spectroscopy Reviews,
56(6), 615—672, DOI: 10.1080/05704928.2021.1913744.

[2] Li, J., Ma, W., Liu, D., (2025). Recent research progress in the integration of Raman spectroscopy
with machine learning algorithms for disease diagnosis. Chemical Engineering Journal, 487,
150036.

[3]  Tse Kiat Soong, Guo Wei Kim, Daryl Ann Chia, Jimmy Bok Yan So, Jonathan Wei Jie Lee, Asim
Shabbbir, Jeffrey Huey Yew Lum, Gwyneth Shook Ting Soon and Khek Yu Ho, (2024). Comparing
Raman Spectroscopy-Based Artificial Intelligence to High-Definition White Light Endoscopy for
Endoscopic Diagnosis of Gastric Neoplasia: A Feasibility Proof-of-Concept Study. Diagnostics,
14(24), 2839. DOI: https://doi.org/10.3390/diagnostics14242839.

[4] Doerner, T. R., Arndt, N., Kaps, S.,(2022). Advances of Artificial Intelligence in Classical and
Novel Spectroscopy-Based Approaches for Cancer Diagnostics: A Review. Diagnostics, 12(10),
2379.

[5]  Yuan Liu, Sitong Chen, Xiaomin Xiong, Zhenguo Wen, Long Zhao, Bo Xu, Qianjin Guo, Jianye
Xia, Jianfeng Pei, (2025). Artificial intelligence guided Raman spectroscopy in biomedicine:
Applications and prospects. Journal of Pharmaceutical Analysis, 15(4), 101271, DOI:
https://doi.org/10.1016/j.jpha.2025.101271.

[6] Wang Yumei, Liuru Fang, Yuhua Wang, Zuzhao Xiong, (2023). Current Trends of Raman
Spectroscopy in Clinic Settings: Opportunities and Challenges. Advanced Science, 11(7),
202300668. DOI: https://101002//advs.202300668.

[71  Feng, S., Chen, R., Lin, J., et al. (2018). Raman spectroscopy: Advanced analytical tool for
biological sciences and medical diagnostics. Analyst, 143(9), 1813-1837.

[8]  Zhang Bohan, Hanlin Xu, Jun Chen, Xiaoxia Zhu, Yu Xue, Yifan Yang, Jianpeng Ao, Yinghui Hua,
Minbiao Ji, (2021), Highly specific and label-free histological identification of microcrystals in
fresh human gout tissues with stimulated Raman scattering, Theranostics; 11(7): 3074-3088.
doi:10.7150/thno.53755.

[9] Bloomfield Brian P., (2018),The Question of Artificial Intelligence Philosophical and Sociological
Perspectivesy , Publisher Taylor & Francis, ISBN 0429999585, 9780429999581, 304 Pages.

[10] Shipp Dustin W., Faris Sinjab, and Ioan Notingher, (2017), Raman spectroscopy: techniques and
applications in the life sciences, Advances in Optics and Photonics, Vol. 9, Issue 2, pp. 315-428,
https://doi.org/10.1364/A0P.9.000315.

[11] Kumar, K., (2021), Partial Least Squae (PLS) Analysis, Reson 26, 429-442 (2021).
https://doi.org/10.1007/s12045-021-1140-1.

[12] Kumar, K., (2017), Principal Component Analysis: Most Favourite Tool in Chemometric,
RESONANCE, pp. 747-759.

24


https://www.semanticscholar.org/author/Noureen-Siraj/5480875
https://www.semanticscholar.org/author/David-K.-Bwambok/5273997
https://www.semanticscholar.org/author/Pamela-Brady/2060211134
https://www.semanticscholar.org/author/Megan-E.-Taylor/2116042621
https://www.semanticscholar.org/author/G.-Baker/40635263
https://www.semanticscholar.org/author/Mujeebat-Bashiru/2114584621
https://www.semanticscholar.org/author/Mujeebat-Bashiru/2114584621
https://www.semanticscholar.org/author/Samantha-Macchi/115802112
https://www.semanticscholar.org/author/Amanda-Jalihal/2114592408
https://www.semanticscholar.org/author/Iris-Denmark/81232533
https://www.semanticscholar.org/author/Thuy-Le/2114215178
https://www.semanticscholar.org/author/Brianda-Elzey/12665727
https://www.semanticscholar.org/author/David-Pollard/143689781
https://www.semanticscholar.org/author/David-Pollard/143689781
https://www.semanticscholar.org/author/S.-O.-Fakayode/3913679
https://doi.org/10.1080/05704928.2021.1913744?urlappend=%3Futm_source%3Dresearchgate.net%26utm_medium%3Darticle
https://doi.org/10.1016/j.jpha.2025.101271
https://www.researchgate.net/scientific-contributions/Yumei-Wang-2262725032?_sg%5B0%5D=hY0JU1f_Foz4sOgD-Fxfr-Yd63UeMCt_66bQSjhncZ4VOTR_XWYXw2Hmy5ZeLmlkc8nLAxY.G_IQpxWVi59VGkb8SCNs9UV1rOoUumupJP3BoGm7WqWHHc2KG7MGs23kmTEztQhHPMaIk0PspZIh_YQSaWoeBA&_sg%5B1%5D=aIoenwBDRmQNe4xjFs20uSMtSv19nhSC7kS_m5zLNXnd2pzF1dnHrt0tmtG554NY8lS4d9k.-ukgCvcIh4ULgmaDiegXV6HvGS7HZw1Fgm0VMk3c0FYAus_r906rj2y3FUn5Z-Juqy3oVgAl2ESODGFI_G7N3w&_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6Il9kaXJlY3QiLCJwYWdlIjoicHVibGljYXRpb24iLCJwb3NpdGlvbiI6InBhZ2VIZWFkZXIifX0
https://www.researchgate.net/scientific-contributions/Liuru-Fang-2255642734?_sg%5B0%5D=hY0JU1f_Foz4sOgD-Fxfr-Yd63UeMCt_66bQSjhncZ4VOTR_XWYXw2Hmy5ZeLmlkc8nLAxY.G_IQpxWVi59VGkb8SCNs9UV1rOoUumupJP3BoGm7WqWHHc2KG7MGs23kmTEztQhHPMaIk0PspZIh_YQSaWoeBA&_sg%5B1%5D=aIoenwBDRmQNe4xjFs20uSMtSv19nhSC7kS_m5zLNXnd2pzF1dnHrt0tmtG554NY8lS4d9k.-ukgCvcIh4ULgmaDiegXV6HvGS7HZw1Fgm0VMk3c0FYAus_r906rj2y3FUn5Z-Juqy3oVgAl2ESODGFI_G7N3w&_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6Il9kaXJlY3QiLCJwYWdlIjoicHVibGljYXRpb24iLCJwb3NpdGlvbiI6InBhZ2VIZWFkZXIifX0
https://www.researchgate.net/scientific-contributions/Yuhua-Wang-2138358429?_sg%5B0%5D=hY0JU1f_Foz4sOgD-Fxfr-Yd63UeMCt_66bQSjhncZ4VOTR_XWYXw2Hmy5ZeLmlkc8nLAxY.G_IQpxWVi59VGkb8SCNs9UV1rOoUumupJP3BoGm7WqWHHc2KG7MGs23kmTEztQhHPMaIk0PspZIh_YQSaWoeBA&_sg%5B1%5D=aIoenwBDRmQNe4xjFs20uSMtSv19nhSC7kS_m5zLNXnd2pzF1dnHrt0tmtG554NY8lS4d9k.-ukgCvcIh4ULgmaDiegXV6HvGS7HZw1Fgm0VMk3c0FYAus_r906rj2y3FUn5Z-Juqy3oVgAl2ESODGFI_G7N3w&_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6Il9kaXJlY3QiLCJwYWdlIjoicHVibGljYXRpb24iLCJwb3NpdGlvbiI6InBhZ2VIZWFkZXIifX0
https://www.researchgate.net/scientific-contributions/Zuzhao-Xiong-2237850635?_sg%5B0%5D=hY0JU1f_Foz4sOgD-Fxfr-Yd63UeMCt_66bQSjhncZ4VOTR_XWYXw2Hmy5ZeLmlkc8nLAxY.G_IQpxWVi59VGkb8SCNs9UV1rOoUumupJP3BoGm7WqWHHc2KG7MGs23kmTEztQhHPMaIk0PspZIh_YQSaWoeBA&_sg%5B1%5D=aIoenwBDRmQNe4xjFs20uSMtSv19nhSC7kS_m5zLNXnd2pzF1dnHrt0tmtG554NY8lS4d9k.-ukgCvcIh4ULgmaDiegXV6HvGS7HZw1Fgm0VMk3c0FYAus_r906rj2y3FUn5Z-Juqy3oVgAl2ESODGFI_G7N3w&_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6Il9kaXJlY3QiLCJwYWdlIjoicHVibGljYXRpb24iLCJwb3NpdGlvbiI6InBhZ2VIZWFkZXIifX0
https://www.routledge.com/search?author=Brian%20P.%20Bloomfield
https://opg.optica.org/aop/issue.cfm?volume=9&issue=2
https://doi.org/10.1364/AOP.9.000315
https://doi.org/10.1007/s12045-021-1140-1

Electrical and Electronics Engineering: An International Journal (ELELIJ) Vol.14, No.3/4, November 2025

[13]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

(23]

[24]

[25]

Coca-Lopez Nicolas, Alcolea-Rodriguez Victor, Bafiares Miguel A., Brockhauser Sandor, Gorenflot
Julien, Henderson  Alex, Hildebrandt Ron, Jeliazkova Nina, Kochev Nikolay, Diz Enrique
Lozano, Pilat Zdenek, Polli Dario, Stromert Philip, Sturm Chris, Vanna Renzo, Portela Raquel,
(2025), Artificial Intelligence-Powered Raman Spectroscopy through Open Science and FAIR
Principles, ACSNano02025,19(44), 38189—-38218, DOI: 10.1021/acsnano.5¢09165.

Sun Liqing, Xu Zhihong, Huang Wei, Wu Shanshan, Lin  Xinheng, Zhu Fengyu, Liu
Nengrong, Huang Meizhen, Chen Rong, Zeng Haishan, (2015), Preliminary study of differentiating
smears from cancerous and non-cancerous nasopharyngeal tissue using confocal Raman
spectroscopy, J Cancer Res Clin Oncol (2016) 142:823-831, DOI: doi: 10.1007/s00432-015-2082-
3.

Liang Seng, Singh Manjit, Dharmaraj Saravanan, Gam Lay-Harn, (2010), The PCA and LDA
analysis on the differential expression of proteins in breast cancer, Disease Markers 29 ,231-242,
DOI: 10.3233/DMA-2010-0753.

Hemanth D. Jude, (2021), Automated feature extraction in deep learning models: A boon or a
bane?, 2021 8th International Conference on Electrical Engineering, Computer Science and
Informatics (EECSI), IEEE Xplore: 06, DOI: 10.23919/EECSI53397.2021.9624287.

Fuentes Alejandra M., Narayan Apurva, Milligan Kirsty, Lum Julian J., Brolo Alex G., Andrews
Jeffrey L. and Jirasek Andrew, (2023), Raman spectroscopy and convolutional neural networks for
monitoring biochemical radiation response in breast tumour xenografts, Scientific Reports, Vol 13,
Article number 1530, DOI: https://doi.org/10.1038/s41598-023-28479-2.

Luo Ruihao, Guo Shuxia, Hniopek Julian, and Bocklitz Thomas,(2025), 3D Hyperspectral Data
Analysis with Spatially Aware Deep Learning for Diagnostic Applications, Anal Chem. 3, 97(14),
7729-7737, doi: 10.1021/acs.analchem.4c05549.

Lee Seungki, Park  Rowoon, Jung  Ho Sang,  (2025), Al-Enhanced  Surface-
Enhanced Raman Scattering for Accurate and Sensitive Biomedical Sensing, Advanced Intelligent
Discovery, €2500030, 1-23, DOI: https://doi.org/10.1002/aidi.202500030A.

Adeniran Adewale Abayomi, Amaka Peace Onebunne and Paul William, (2024), Explainable Al
(XAI) in healthcare: Enhancing trust and transparency in critical decision-making, World Journal of
Advanced Research and Reviews, 2024, 23(03), 2647-2658, DOI:
https://doi.org/10.30574/wjarr.2024.23.3.2936.

Noureen Siraj, David K. Bwambok, Pamela Nicole Brady, Megan Taylor, Gary A. Baker,

Mujeebat Bashiru, Samantha Macchi, Amanda Jalihal, Iris Denmark, Thuy Le, Brianda Elzey,

David A. Pollardand Sayo O. Fakayode, (2021). Raman spectroscopy and multivariate regression

analysis in biomedical research, medical diagnosis, and clinical analysis. Applied Spectroscopy

Reviews, 56(6), 615-672, DOI: 10.1080/05704928.2021.1913744.

Dimitris Kalatzis, Ellas Spyratou, Maria Karnachoriti, Maria Anthi Kouri, Ioannis Stathopoulos,
Nikolaos Danias, Nikolaos Arkadopoulos, Spyros Orfanoudakis, Ioannis Seimenis and Athanassios
G. Kontos, (2023), Extended Analysis of Raman Spectra Using Artificial Intelligence Techniques
for Colorectal Abnormality Classification, Journal of Imaging (J. Imaging) 9(12):261,
DOI: 10.3390/jimaging9120261.

Bogdan Oancea, Marian Necula, Eduard-Costin Milea, Alexandru Amarioarei, lon Petre, Mihaela-

Marinela Paun, (2025). Machine Learning meets Raman spectroscopy: a systematic review of

literature in cancer diagnostics. Procedia Computer Science, 270, 2666-2675,

DOI:10.1016/j.procs.2025.09.388.

Zhengmao Ye, (2005). Artificial-intelligence approach for biomedical sample characterization

using Raman spectroscopy, IEEE Transactions on Automation Science and Engineering, Volume

2, Issue 1,67 — 73, DOI: 10.1109/TASE.2004.840071.

Sara Pimenta, Jose H. Correia, (2025), Biomedical Applications of Raman Spectroscopy: A Review,
Photochem, 5(4), 29, https://doi.org/10.3390/photochem5040029.

25


https://pubmed.ncbi.nlm.nih.gov/?term=%22Coca-Lopez%20N%22%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=%22Alcolea-Rodriguez%20V%22%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=%22Ba%C3%B1ares%20MA%22%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=%22Brockhauser%20S%22%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=%22Gorenflot%20J%22%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=%22Henderson%20A%22%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=%22Hildebrandt%20R%22%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=%22Jeliazkova%20N%22%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=%22Kochev%20N%22%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=%22Lozano%20Diz%20E%22%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=%22Lozano%20Diz%20E%22%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=%22Pilat%20Z%22%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=%22Polli%20D%22%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=%22Str%C3%B6mert%20P%22%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=%22Sturm%20C%22%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=%22Vanna%20R%22%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=%22Portela%20R%22%5BAuthor%5D
https://doi.org/10.1021/acsnano.5c09165
https://pubmed.ncbi.nlm.nih.gov/?term=%22Sun%20L%22%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=%22Xu%20Z%22%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=%22Huang%20W%22%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=%22Wu%20S%22%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=%22Lin%20X%22%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=%22Zhu%20F%22%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=%22Liu%20N%22%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=%22Huang%20M%22%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=%22Chen%20R%22%5BAuthor%5D
https://pubmed.ncbi.nlm.nih.gov/?term=%22Zeng%20H%22%5BAuthor%5D
https://doi.org/10.1007/s00432-015-2082-3
https://doi.org/10.1007/s00432-015-2082-3
https://pubmed.ncbi.nlm.nih.gov/?term=Liang+S&cauthor_id=21206008
https://pubmed.ncbi.nlm.nih.gov/?term=Singh+M&cauthor_id=21206008
https://pubmed.ncbi.nlm.nih.gov/?term=Dharmaraj+S&cauthor_id=21206008
https://pubmed.ncbi.nlm.nih.gov/?term=Gam+LH&cauthor_id=21206008
https://ieeexplore.ieee.org/author/38190667600
https://ieeexplore.ieee.org/xpl/conhome/9624200/proceeding
https://ieeexplore.ieee.org/xpl/conhome/9624200/proceeding
https://doi.org/10.23919/EECSI53397.2021.9624287
https://www.nature.com/srep
https://doi.org/10.1021/acs.analchem.4c05549
https://advanced.onlinelibrary.wiley.com/authored-by/Lee/Seungki
https://advanced.onlinelibrary.wiley.com/authored-by/Park/Rowoon
https://advanced.onlinelibrary.wiley.com/authored-by/Jung/Ho+Sang
https://doi.org/10.1002/aidi.202500030A
https://www.tandfonline.com/author/Siraj%2C+Noureen
https://www.tandfonline.com/author/Bwambok%2C+David+K
https://www.tandfonline.com/author/Brady%2C+Pamela+Nicole
https://www.tandfonline.com/author/Taylor%2C+Megan
https://www.tandfonline.com/author/Baker%2C+Gary+A
https://www.tandfonline.com/author/Bashiru%2C+Mujeebat
https://www.tandfonline.com/author/Macchi%2C+Samantha
https://www.tandfonline.com/author/Jalihal%2C+Amanda
https://www.tandfonline.com/author/Denmark%2C+Iris
https://www.tandfonline.com/author/le%2C+Thuy
https://www.tandfonline.com/author/Elzey%2C+Brianda
https://www.tandfonline.com/author/Pollard%2C+David+A
https://www.tandfonline.com/author/Fakayode%2C+Sayo+O
https://doi.org/10.1080/05704928.2021.1913744?urlappend=%3Futm_source%3Dresearchgate.net%26utm_medium%3Darticle
https://www.researchgate.net/journal/Journal-of-Imaging-J-Imaging-2313-433X?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6Il9kaXJlY3QiLCJwYWdlIjoicHVibGljYXRpb24iLCJwb3NpdGlvbiI6InBhZ2VIZWFkZXIifX0
https://doi.org/10.3390/jimaging9120261?urlappend=%3Futm_source%3Dresearchgate.net%26utm_medium%3Darticle
https://doi.org/10.1016/j.procs.2025.09.388
https://ieeexplore.ieee.org/author/37087166330
https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=8856
https://ieeexplore.ieee.org/xpl/tocresult.jsp?isnumber=30116&punumber=8856
https://doi.org/10.1109/TASE.2004.840071

Electrical and Electronics Engineering: An International Journal (ELELIJ) Vol.14, No.3/4, November 2025

AUTHORS

Assistant Professor Dr. Nadir Omar Massoud Driza 2009-2012 Teaching tutorial
and Lab assistant for Master student in stuttgart university. 2009-2017. Researcher as
a Doctorial and full Doctor in Max Planck-Institute Solid State Research. 2017-2020
Full Doctor works as Member of the staff of department of Physics in University of
Benghazi Faculty of Sciences and Arts ELmarj. 2018-2020. The Rector of Libyan
University of Modern Science and Technology. 2020-2022. The head of the Physics
Department in University of Benghazi Faculty of Sciences and Arts ELmarj. 2022-
2025 Assistant Professor in University of Benghazi Faculty of Sciences and Arts
ELmarj, Department of Physics.

26



