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1. Introduction

Raman spectroscopy (RS) is a nondestructive analytical method
based on the interaction of electromagnetic radiation with the
molecules in a sample. It provides information about the geom-
etry and vibrational states of the scattering molecules and reflects
the molecular symmetry and chemical groups.[1] In special cases,
it can also be used for rotational (gas state measurement) and
electronic (resonance techniques) monitoring.[2] Multiple cellular
metabolites, including amino acids, nucleic acids, carbohydrates,

lipids, cytochrome C, and carotenoids, have
been characterized using this method, with
each molecule showing a unique spectral
fingerprint.[3,4]

RS can be coupled with microscopy. This
so called chemical imaging provides detailed
spatial information about themolecular con-
tent of the samples. An important advantage
of RS is that it is not significantly hindered
by the spectra of water molecules, thereby
allowing in vivo measurements. Moreover,
the signal can also be obtained through opti-
cal fibers suitable for endoscopic evaluations,
such as those used in digestive fiber-optic
endoscopy and arthroscopy. Raman spectral
intensity can be enhanced by the adsorption
of molecules onto metal nanostructures, and
this approach is used in surface-enhanced
Raman scattering (SERS).[5]

In RS, the examined sample is irradiated
with laser light (Figure 1). RS is based on
inelastic collisions in which a photon pro-
vides part of its energy to the molecule and
a less-energetic photon is emitted. The scat-
tered radiation thus changes wavelength,

and the molecule is excited to an excited vibrational state. The
Raman spectrum reflects the dependence of the intensity of
the scattered radiation on the wavelength change (“Raman
shift”).[1–6] The Raman spectral bands correspond to specific
vibrations in the molecules.[1,6]

RS and microscopy have recently been explored for many bio-
medical applications (Figure 2 and Table 1), including imaging of
the chemical composition of cells and tissues and analyzing cel-
lular metabolism.[3,6] Owing to its noninvasiveness, adaptability,
and speed of measurement, RS appears to be a potentially useful
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This review explores the potential of Raman spectroscopy and microscopy (RS) in
clinical medicine, focusing on the diagnostic and therapeutic applications across
multiple disciplines. For example, RS has proven effective in distinguishing
between healthy and malignant cells or tissues, monitoring metabolic changes,
and characterizing various biomolecular processes. Further applications include
cancer detection and monitoring of neurodegenerative diseases, cardiovascular
and gastrointestinal research, liquid biopsies, intraoperative guidance, and early
disease diagnoses. Challenges such as signal interference, standardization issues,
and limited clinical application are discussed. These show that better sensitivity,
reproducibility further clinical validations, and standardization across different
laboratories are needed in the future. In many areas, such as hematology,
oncology, infectious diseases, neurology, gastroenterology, reproductive medicine,
rheumatology, and cardiovascular research RS has contributed to early diagnoses,
therapy monitoring, and intraoperative guidance. The development indicates that
large-scale multicenter studies, harmonized protocols, reference databases, and
close collaboration with regulatory agencies will be helpful to establish RS as a
reliable clinical tool. Then RS may become a widely adopted method for diag-
nostics, patient stratification, and treatment monitoring across medicine.
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diagnostic method that is also applicable to studies of molecular
processes in medicine. Because of its general availability, ease of
use, and sensitivity in identifying and classifying lesion tissues, it
has garnered considerable interest for clinical applications.[7]

Despite its obvious advantages and high resolution at the molec-
ular level, RS faces several critical limitations that hinder its
wider clinical application and diagnostic accuracy (Table 2).
One of the most significant challenges is the background fluores-
cence noise, which can often drown out the weak Raman signal –
especially in biological samples rich in endogenous fluorophores
such as hemoglobin, porphyrins and aromatic amino acids.[8]

This interference reduces the signal-to-noise ratio and compli-
cates spectral interpretation. Furthermore, signal interference
from overlapping Raman bands can obscure diagnostically rele-
vant features, especially when analyzing complex tissues or het-
erogeneous samples where multiple biomolecules contribute to
similar vibrational modes.[9]

The low scattering efficiency – since only about 1 in 106–108

incident photons contribute to the Raman effect – limits sensitivity
and requires long acquisition times or high laser power, which can
lead to photodamage in sensitive biological samples.[10]

To mitigate fluorescence interference, one widely used strat-
egy is shifted excitation Raman difference spectroscopy (SERDS),

which uses two slightly different excitation wavelengths to sub-
tract a constant fluorescence background from the Raman sig-
nal.[11] Another approach is near-infrared (NIR) excitation,
which reduces fluorescence due to its lower energy, although this
comes at the cost of reduced Raman scattering cross sections.[12]

Surface-enhanced Raman spectroscopy (SERS) additionally
addresses the sensitivity issue by amplifying Raman signals
up to 106-fold usingmetal nanostructures, although reproducibil-
ity and surface chemistry effects remain challenges.[13] Emerging
solutions also include computational noise reduction and back-
ground subtraction techniques based on machine learning,
which increase spectral clarity and classification accuracy.[14]

Additionally, coherent Raman techniques, such as coherent
anti-Stokes Raman scattering (CARS) and stimulated Raman
scattering (SRS), offer improved signal intensity and faster imag-
ing capabilities, but require complex instrumentation.[15]

Increasing the signal to noise ratio sometimes requires long
accumulation times, which may hinder applications of Raman
spectroscopy for rapid imaging.[16] Nonstandard RS protocols
in different laboratories may hinder comparisons of results
and the development of reliable diagnostic standards. Despite
the generally noninvasive nature of RS, its application in clinical
practice may be complicated by the need for pretreatment or

Figure 1. Raman spectroscopy and microscopy, A) Measurement (simplified), the sample (e.g., separated cells) is laser-irradiated. Most photons pass
unchanged, while some are absorbed, scattered elastically (Rayleigh scattering) or inelastically (Raman scattering). The unchanged and Rayleigh photons
are filtered out, and only the Raman-scattered photons with changed wavelength are detected. An optical grid sorts out the scattered photons according to
their energy/wavelength. A charge-coupled device (CCD) camera is typically used as the detector; the signal is then amplified by electronics, and the image
can be processed by computer software. B) The illustration of Raman (red) and Rayleigh (green) scattering. C) Energy-level diagram showing molecular
states involved in Rayleigh and Raman scattering. In Rayleigh scattering, a molecule stays in the ground state and photon of the same wavelength as the
original one is emitted. Raman scattering can be divided into two types – Stokes and anti-Stokes. In the first one, a molecule is excited to a higher
vibrational energy level and a photon with smaller energy than the original one is emitted. In anti-Stokes scattering, a molecule is initially already excited
to a higher energy level, passes to a lower one, and emits photon with a higher energy than the original one.
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specific conditions for some sample types.[17] Analysis of Raman
spectra frequently requires complex data-processing methods, in
particular in the microscopic applications, which can be labori-
ous and require specific expertise.

Future improvements are likely to result from integrated mul-
timodality platforms that combine RS with complementary
optical, biochemical, or imaging techniques to increase sensitiv-
ity and diagnostic specificity regarding clinical settings.[18–20]

Although studies have reported high sensitivity and specificity
for disease detection under controlled conditions,[21,22] these
results are not always directly transferable to heterogeneous
clinical populations. Factors such as inter-individual biological
variability (e.g., hydration, comorbidities, skin pigmentation),
differences in sample preparation, instrument calibration, and
operator technique can cause significant variability in spectral
outputs.[23,24] Furthermore, the lack of standardized acquisition
protocols and spectral preprocessing methods limits the compara-
bility of results across institutions.[25] Recent efforts to incorporate
machine learning algorithms and standardized analytical proce-
dures have shown promise in improving reproducibility,[26] but
large-scale multicenter studies are still needed to validate the con-
sistency of Raman spectroscopy in real-world clinical settings.[27]

Addressing these technical and biological sources of variability will
be essential for wider clinical implementation of the method.

RS shows significant potential in distinguishing diseases that
exhibit overlapping biochemical profiles, due to its ability to
detect unique vibrational modes of molecular bonds in biological
samples. RS is highly sensitive to changes in the biochemical
composition of tissues or biological fluids, including proteins,
carbohydrates, nucleic acids, and lipids, which are often altered
in disease states. However, the specificity of RS in differentiating
diseases with similar molecular signatures – such as different
types of cancer, autoimmune diseases, or neurodegenerative dis-
orders –may be limited when relying solely on raw spectral data.
This challenge is addressed by integrating multivariate statistical
approaches, such as principal component analysis (PCA) and
partial least squares discriminant analysis (PLS-DA), which allow
the identification of subtle spectral differences that may not be
apparent by visual inspection alone.[28,29] In addition, disease-
specific changes in protein secondary structures or lipid satura-
tion levels can manifest as distinct spectral signatures, allowing
for the distinction of biochemically similar conditions.[30]

However, the diagnostic specificity of RS is influenced by fac-
tors such as sample type (e.g., serum vs. tissue), inter-individual
variability, and the presence of overlapping inflammatory or met-
abolic processes.[31] Therefore, while RS offers an effective
approach to disease differentiation without the need for labeling,
its effectiveness is greatly enhanced when combined with

Figure 2. Overview of Raman spectroscopy application in medicine. Various biological samples including blood, tissues, saliva, cerebrospinal fluid (CSF),
and other body fluids can be analyzed using RS to obtain molecular fingerprints without the need for labels or contrast agents. A range of applications is
enabled across disciplines such as oncology, hematology, neurology, gastroenterology, cardiology, infectious diseases, rheumatology, and reproductive
medicine.
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complementary diagnostic techniques and robust machine learn-
ing systems.[10]

Standardization of RS methods across laboratories is essential
to ensure reproducibility, comparability, and regulatory accep-
tance of RS-based diagnostics. However, achieving interlabora-
tory standardization poses significant challenges due to inherent
variability in instrumentation, sample preparation, data acquisi-
tion parameters, and data analysis protocols. Key factors affecting
spectral output include laser power and wavelength, detector sen-
sitivity, optical alignment, objective specifications, and environ-
mental conditions such as temperature and humidity.[32]

Furthermore, biological samples are inherently heterogeneous,
and differences in handling, storage, and matrix composition
further complicate reproducibility.[33]

Without standardized protocols, even small variations in exper-
imental setup can lead to substantial spectral differences that com-
promise the reliability of interstudy comparisons. Despite these
obstacles, standardization is feasible and increasingly necessary,
especially as RS moves toward clinical applications.

A significant and increasingly recognized limitation in the
clinical translation of Raman spectroscopy (RS) is the prevalence
of erroneous or imperfect data analysis, which often leads to
overestimation of diagnostic performance. Many studies report

high classification accuracy using RS in detecting diseases; how-
ever, these results are often based on inappropriate validation
strategies, such as data leakage between training and test sets,
improper cross-validation, or the use of preprocessed data in
ways that compromise independence between datasets.[34,35]

For example, it is not uncommon for spectra from the same
patient or tissue sample to appear in both the training and
validation sets, artificially inflating performance metrics.
Furthermore, overfitting machine learning models to small or
unbalanced datasets further undermines the generalizability of
these results. These analytical pitfalls not only challenge pub-
lished findings but also hinder regulatory acceptance and clinical
confidence. Some studies described its strict methodological
transparency, consistent data allocation, and standardized valida-
tion protocols to ensure that reported diagnostic accuracies
reflect true predictive utility and not statistical artifacts.[34,35]

Addressing these issues is critical for the future of RS, especially
given its direction toward integration with artificial intelligence
in clinical diagnostics.

A crucial first step is the development of comprehensive
reference materials – biological or synthetic samples with
well-characterized and reproducible spectral profiles – that can
serve as calibration standards. Organizations such as the

Table 2. Challenges and solutions in clinical Raman spectroscopy.

Challenge Description Proposed solutions Notes

Fluorescence
interference

Background fluorescence from
endogenous fluorophores can

obscure Raman signal

NIR excitation, SERDS Machine learning-based
background subtraction

Especially relevant in blood- and tissue-rich samples;
NIR reduces fluorescence but also decreases Raman

efficiency

Low signal intensity Only 1 in 106–108 photons
contributes to Raman scattering,

leading to weak signals

Surface-enhanced Raman spectroscopy, Coherent
techniques (CARS, SRS)

Longer acquisition or accumulation times

SERS can enhance signal by 106-fold using metal
nanoparticles; CARS/SRS improve imaging speed but

require complex instrumentation

Spectral complexity
and data interpretation

High-dimensional spectral data
require advanced analysis, not easily

interpretable by clinicians

Multivariate statistical methods (PCA, PLS-DA)
Integration with AI/ML algorithms Development of

clinician-friendly interfaces

Studies show that overfitting and data leakage are
common pitfalls in RS-AI pipelines; model

transparency is essential

Inter-individual
biological variability

Differences in age, hydration,
comorbidities, skin tone, etc., affect

spectra

Large-scale multicenter trials Use of internal
standards or normalization techniques Personalized

spectral baselines

Variability affects reproducibility and limits model
generalizability across patient populations

Instrumental
inconsistency

Variability in laser power, optics,
alignment, detector sensitivity, and

environmental factors

Instrument calibration standards Reference
materials Use of certified clinical-grade devices

Lack of calibration leads to spectral mismatch across
studies; standard reference materials are under

development

Lack of standardized
protocols

No harmonized SOPs for sample
preparation, spectral acquisition,

preprocessing, or analysis

Development and publication of SOPs
Interlaboratory benchmarking studies Shared

preprocessing workflows

Protocol variability is a major barrier to reproducibility
and regulatory acceptance

Sample matrix
complexity

Complex tissues and fluids can have
overlapping spectral features and

matrix effects

Spectral deconvolution techniques Use of
chemometric fingerprinting tissue-specific spectral

libraries

Overlapping signals can obscure diagnostically
relevant features; particularly challenging in

heterogeneous tissues

Regulatory and clinical
approval barriers

Most RS devices are research-grade
and lack clinical validation or

approval (FDA, EMA)

Collaboration with regulatory agencies
Demonstration of clinical utility and cost-

effectiveness trials comparing RS to gold standards

Approval requires clinical-grade devices with robust
safety and performance documentation

Operator dependence
and training needs

Spectral quality may vary with user
expertise, affecting reproducibility

Automation of acquisition and preprocessing
Training modules for clinicians Closed systems with

built-in QA

Some pilot studies report inconsistent results due to
operator variability

Cost and infrastructure
limitations

RS equipment may be expensive or
incompatible with point-of-care

settings

Miniaturized, portable RS systems Integration with
existing diagnostic platforms open-source or cloud-

based analysis tools

Promising for low-resource or intraoperative
environments requires ongoing hardware

development
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National Institute of Standards and Technology (NIST) have ini-
tiated efforts to develop such materials for optical spectroscopy.
In addition, the establishment of standard operating procedures
(SOPs) for sample preparation, instrument calibration, spectral
acquisition, and data preprocessing (e.g., baseline correction,
normalization, smoothing) is essential. Collaborative interlabor-
atory studies are also essential to validate these protocols and
identify sources of scatter. From an analytical perspective, the
adoption of shared computational workflows and open-access
databases will further support standardization. Cloud platforms
and machine learning models trained on multicenter datasets
can enable harmonized interpretation of Raman spectra and mit-
igate site-specific biases.[36,37]

Finally, engaging regulatory agencies early in protocol devel-
opment and aligning RS methods with existing standards from
fields like mass spectrometry and histopathology will be crucial
for clinical translation. In summary, while standardization of RS
across laboratories is complex, it is an achievable goal that
requires coordinated efforts in calibration, methodology harmo-
nization, data sharing, and regulatory engagement.

The purpose of this manuscript is to provide a comprehensive
overview of the applications of RS in clinical medicine.

1.1. Clinical Translation of Raman Spectroscopy: Opportunities
and Challenges

Despite a strong research momentum and a growing body of
evidence for its diagnostic efficacy, RS has not yet achieved wide-
spread clinical acceptance, primarily due to numerous translational
and regulatory hurdles. One of the major challenges in clinical
translation is the lack of regulatory-approved devices and standard-
ized clinical-grade instrumentation. Most RS systems are designed
for research purposes and lack the reproducibility, robustness, and
ease of use required in a clinical setting.[10] Furthermore, Raman
instrumentsmustmeet stringent safety standards, particularly with
respect to laser exposure and eye safety, before being approved by
agencies such as the US Food and Drug Administration (FDA) or
the European Medicines Agency (EMA).[38] Another obstacle is the
lack of harmonized clinical protocols for sample handling, spectral
acquisition, and interpretation, which hinders large-scale reproduc-
ibility and validation across patient populations and institutions.[39]

The complexity and interpretability of the data also pose significant
barriers. RS produces high-dimensional spectral data that often
require advanced chemometric or machine learning models for
classification. These models must be transparent, clinically inter-
pretable, and validated across different cohorts to be accepted by
clinicians and regulators.[40,41]

In addition, integrating RS into clinical workflows will require
user-friendly interfaces, rapid turnaround times, and compatibil-
ity with electronic medical records and other diagnostic modali-
ties. From a regulatory perspective, it is essential to demonstrate
clinical utility and cost-effectiveness. RS-based diagnostics must
outperform – or at least complement – current gold-standard
techniques (e.g., histopathology, mass spectroscopy, PCR,
immunohistochemistry) in terms of sensitivity, specificity, and
speed. This requires large, multicenter clinical trials, which
are currently limited but necessary to gain regulatory approval
and the trust of clinicians.[41]

Finally, there are logistical and infrastructural challenges,
such as training clinicians and technicians, procuring equip-
ment, and maintaining it in decentralized or resource-limited
settings. Without institutional investment and clear clinical
guidelines, RS risks remaining confined to academic research
rather than routine use.

Collaborative frameworks, such as optical diagnostic consortia
and partnerships with medical device companies, could acceler-
ate the path to clinical translation.

1.2. Case Studies and Clinical Trials in Raman Spectroscopy:
Bridging Research and Practice

Despite decades of promising research, RS has only recently
begun to gain traction in clinical validation through early-stage
and pilot studies. These case studies highlight both the strong
diagnostic potential of RS and the critical barriers that still hinder
its broader clinical use.

One of the clinical validation studies was conducted by
Desroches et al., where a handheld RS probe was tested intrao-
peratively in brain tumor patients.[42] A handheld Raman
spectroscopy probe system was developed and validated for intra-
operative use in glioma surgery, enabling real-time differentia-
tion between normal brain tissue, tumor, and necrosis. In a
clinical study involving ten patients, the system demonstrated
87% overall accuracy in identifying necrotic tissue, with 84% sen-
sitivity and 89% specificity. Key technical optimizations included
calibration of laser power, integration time, and mitigation of
ambient light interference in the operating room. These findings
support the potential of Raman spectroscopy as a valuable
adjunct tool for improving intraoperative decision-making and
extent of tumor resection.

The study by Rashid et al. explores the use of Raman micro-
spectroscopy for the early detection of pre-malignant changes in
cervical tissue. By analyzing cervical tissue samples, the research-
ers used Raman spectral mapping combined with K-means clus-
ter analysis and principal components analysis to identify distinct
biochemical changes associated with different stages of cervical
intraepithelial neoplasia (CIN). The results demonstrated that
Ramanmicrospectroscopy could effectively differentiate between
normal and premalignant tissues by detecting subtle biochemical
alterations, highlighting its potential as a valuable diagnostic tool
for early cancer detection.[43]

The study by Zúñiga and Jones et al. demonstrated that
current-generation, commercially available portable Raman spec-
trometers can rapidly and reliably distinguish malignant from
benign breast tissue in surgical specimens. The investigators
collected Raman spectra from cancerous, benign, and transi-
tional regions of resected breast tissue from six patients and used
multivariate statistical analysis to classify the spectra. They iden-
tified a minimal set of spectral bands that were sufficient to
differentiate healthy from malignant tissue using both 785 nm
and 1064 nm excitation systems. The findings indicate that
Raman spectroscopy can be implemented intraoperatively as a
rapid diagnostic tool to assess margin status, supporting its
potential to improve surgical outcomes by enabling real-time
identification of residual tumor at the margins during breast-
conserving surgery.[44]
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Case studies highlight several practical limitations of Raman
spectroscopy, including small sample sizes, operator depen-
dence, and variability in tissue types, which limit its clinical gen-
eralizability. Additional challenges include signal interference,
regulatory uncertainty, and the absence of user-friendly tools
for real-time use. Although early clinical feasibility has been
demonstrated, Raman spectroscopy is not yet ready for routine
diagnostic use. Future progress will require large multicenter
trials, validated spectral libraries, and regulatory-approved instru-
ments developed through close collaboration among researchers,
industry, and regulators.

2. RS in Hematology and Immunology

Hematology and research on blood and its components is one of
the fields in which RS has been used intensively for a very long
time. This can be attributed to the ease of obtaining samples and
because the information about blood reflects the physiology and
pathology of the whole organism. In addition to studies of whole
blood, plasma and serum, RS has often been used in studies on
individual blood components.

Studies of blood plasma and serum are mainly focused on the
diagnosis and grading of various tumor types. Harz et al. exam-
ined cryoprecipitated human plasma from patients with throm-
botic microangiopathy by using RS. Their study revealed
significant variations in the intensities of the bands associated
with amide I and II vibrations of proteins, and in-plane stretch-
ing vibrations of aromatic amino acids.[45] In addition,
Neugebauer et al. investigated the ability of RS to distinguish
between bacterial and nonbacterial inflammatory responses
using dried plasma samples. The average spectra of the groups
showing bacterial and nonbacterial inflammatory responses were
similar, but the groups could be distinguished using multivariate
statistical techniques.[46]

RS has also been used to detect malaria and dengue fever in
plasma samples.[47,48] Brain ischemia,[49] hepatitis C,[50] pemphi-
gus vulgaris,[51] and pre-eclampsia[52] are other illnesses that have
been examined using plasma samples. Studies have evaluated
the use of RS to study plasma samples in asthma,[53] neurodegen-
erative diseases such as Alzheimer’s disease (AD),[54] and screen-
ing for polycystic ovary syndrome.[55]

Another group of studies focused on specific metabolite levels
in blood plasma, of which glucose is one of the most frequently
studied compounds.[56,57] Other ones include carotenoids,[58]

folic acid,[59] C-reactive protein,[60] and creatinine.[61]

Although SERS studies on analytes in blood plasma produced
encouraging findings, the majority of them were proof-of-
principle works that merely showed that the analyte could be
detected. A 2014 study examining the limitations of SERS
highlighted the paucity of published data regarding a) sample proc-
essing (e.g., filtering) and experimental parameters (metal colloids,
excitation wavelength, etc.), b) serum versus plasma comparisons,
and c) inter-individual spectral variability. The study concluded that
two very variable metabolites, uric acid and hypoxanthine, domi-
nated the spectra of both filtered serum and plasma; further use
was severely affected by inherent issues with reproducibility.[62]

RS has also been used to evaluate platelet activation and aggre-
gation, which are two important steps in thrombus production.

Researchers can learn more about the processes underlying dif-
ferent cardiovascular diseases by identifying the metabolic
changes linked to platelet activation through the analysis of
the spectra.[63] Additionally, the interactions between antiplatelet
medications and platelets have been studied using SERS.[64] RS
has also attracted interest from researchers studying AD. When
platelets from a mouse model of AD were isolated, examined,
and compared to healthy controls using 633-nm excitation,
Chen et al. found significant spectral differences in the 740 cm�1

band (protein side chain vibration) and the 1654 cm�1 band
(amide I band of the protein α-helix structure).[65] Additionally,
extracellular vesicles (EVs) generated from activated platelets are
another component of interest. A higher risk of future venous
thromboembolism has been associated with EVs. In response
to platelet activation, platelet EVs with a homogeneous and
phospholipid-enriched profile were quantitatively described for
the first time by Guerreiro et al. Elevated phosphatidylserine-
dependent procoagulant activity has been reported to be present
in conjunction with these traits.[66]

The earliest publications on leukocytes demonstrated that
their nuclei could be distinguished from the cytoplasm using
RS[67] and that different subtypes could be identified using cyto-
plasm spectra.[68] Carotenoids have been reported to be present
in high concentrations at different locations in the cytoplasm of
cell populations.[69] RS investigations of leukocytes were con-
ducted using new technologies, including Raman mapping.[70]

To quickly identify different types of blood cells in various body
fluids, Popp et al. coupled RS with statistical methods, such as
hierarchical cluster analysis and principal component analysis
(PCA). This team then created a methodology to distinguish
between the two most prevalent types of leukocytes, monocytes
and neutrophils, using a Raman cell classifier; the software
showed 94% accuracy during the validation phase. Using only
one spectrum, it achieved an accuracy rate of 81% in identifying
unknown cells.[71] In 2011, Pully et al. showed that RNA, lipids,
and carotenoids could be detected in the cytoplasm of living cells
using time-lapse Raman imaging. Additionally, they demon-
strated photoinduced modifications of carotenoid molecules
using different spectra.[72] Using Raman microscopy, one group
could distinguish five major leukocyte subpopulations: mono-
cytes, granulocytes (mostly neutrophils), and T, B, and natural
killer (NK) cells.[73] The activation states of T and B cells have
been identified spectrally by other scientists.[74] The Raman spec-
tra of early and late T cell activation were reported by Brown et al.,
and this information is related to concurrent mAb staining for
surface markers.[75]

In addition to studies on leukocytes themselves, their chemi-
cal composition, and their types, most studies on this topic have
focused on the use of RS to distinguish diseased and healthy cells
rather than evaluating the underlying pathology.

RS has also been used to identify glioma-associated neuroin-
flammation and distinguish T cells and monocytes from glioblas-
toma stem cells after exposure to tumor-conditioned media.
Therapy for glioma is known to influence T cell and monocyte
phenotypes, driving their differentiation into a mixed population
expressing both pro- and anti-inflammatory properties. The
Raman spectra of such tumors show modifications, in bands
of lipids, proteins, and nucleic acids.[76] Leukocytes from the
peripheral blood samples of patients were evaluated using RS
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and compared with reference diagnoses in a clinical trial.
Leukocytes from individuals with sepsis, infection, or inflamma-
tion have different chemical profiles, which are reflected in their
Raman spectra. Classification algorithms have been developed to
distinguish patients with and without infection and sepsis based
on the spectroscopy data.[77] Several other studies have examined
changes in the leukocyte profile (or a specific subset of leuko-
cytes) in the context of sepsis[78] or specific bacterial, viral, or fun-
gal infections, such as infections by Epstein–Barr virus;[79]

Staphylococcus aureus, Escherichia coli, and Candida albicans;[80]

and other pathogens.[81]

RS has been used to diagnose and identify potential differences
and markers in various types of leukemia, lymphoma, myelodys-
plastic syndromes, and myeloma. Chan et al. reported studies
comparing the Raman spectra of healthy and pathological leuko-
cytes. They could distinguish between lymphocytes from cultured
cell lines that had been modified to leukemia cells and unfixed
normal human lymphocytes. Each type of neoplastic cells shows
highly repeatable spectral variations with distinct alterations in the
peaks linked to proteins and DNA.[82] When the study was con-
ducted again using real cells from clinical patients, the findings
showed that, on average, 90% of the patient cells and 95% of
the normal cells could be correctly categorized into the appropriate
cell types.[83] A study by Managó et al. employed a cell-line-based
method to categorize B-cell leukemia into discrete phases of

development and maturity. Using RS, several differentiation sub-
types of acute lymphocytic leukemia were assessed in RS4;11,
REH, and MN60 cell lines. A prediction model for their differen-
tiation was developed with an efficiency of 97% based on the for-
mation of four unique groups by the three B-leukemia cell types
and their healthy counterparts in a PCA analysis. Two patient sam-
ples were then used to test the proposed model. Although the clin-
ical samples had more spectral variability than the cell lines, RS
analysis showed that B-acute lymphoid leukemia clinical samples
could be distinguished from normal B cells with high sensitivity
(>88%) and specificity (>85%) (Figure 3).[84] Yu et al. used SERS
to separate healthy bone marrow samples from human myeloid
leukemia cells (HL60 and K562). Their findings were comparable
to the results of other studies, and the overall accuracy of their
model based on Raman spectra was more than 96%.[85] The inten-
sity of the Raman peaks linked to proteins and nucleic acids has
been shown to gradually decrease because of chemotherapy treat-
ment at various concentrations. This reduction corresponded to an
increase of methotrexate concentration, which varied between
0.01 and 1 μM.[86] A model indicated that Raman microscopy
could successfully follow and monitor the spectral alterations
caused in leukemia cells during chemotherapy treatment, with
a prediction accuracy of over 90%.[73]

Silva et al. proposed a discriminant analysis on the samples
(n= 38 whole-blood samples and n= 40 plasma samples),

Figure 3. Mean Raman spectral bands and assignment of normal B-lymphocytes and the three analyzed B-leukemia cell lines. Abbreviations: def, defor-
mation; str, stretching; bk, vibration of backbone; sym, symmetric; A, adenine; C, cytosine; G, guanine; T, thymidine; U, uracil (ring breathing modes of
DNA/RNA bases); Phe, phenylalanine; Tyr, tyrosine; Trp, tryptophan; NA, nucleic acids; P, proteins; L, lipids. Reproduced from Ref. [84] under the terms
of the Creative Commons Attribution License (CC BY). Copyright 2016, The Author(s).
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utilizing dispersive RS to identify the spectral differences
between whole-blood and plasma samples from healthy individ-
uals and patients with leukemia, correlating these differences
with their biochemical changes. The spectra were obtained using
a Raman probe and analyzed using. PCA. The results showed
that the peak values of proteins, amino acids, free phospholipids,
and carotenoids were higher in the healthy group than in the
leukemia group.[87]

Early Raman studies for distinguishing between cancerous
and healthy cells were performed in cell lines. In cell-line models,
the spectroscopy has been shown to be capable of distinguishing
between different subtypes of hematological malignancies, such
as lymphoma. Since the measurements were made between
15 °C and 37 °C, the results implied that non-Hodgkin lym-
phoma (JMP-1/MCL) and Hodgkin lymphoma (MDA-V) cell
lines could be identified under various temperature condi-
tions.[88] Rau et al. obtained hundreds of Raman spectra in a
study of lymphoid tissues obtained from 20 individuals who
underwent surgery for suspected malignant tumors. A lymph
node classification model was developed using partial least
squares-discriminant analysis to distinguish between benign
and malignant tissues and categorize tissues on the basis of can-
cer type, grade, and BCL2 protein expression. The study offered a
novel concept for creating a clinical optical biopsy instrument
that uses RS to identify lymph node malignancy.[89] The potential
of SERS has also been investigated in the development of a
straightforward blood test for distinguishing chronic lympho-
cytic leukemia (CLL) from noninvasive diffuse large B-cell lym-
phoma (DLBCL). The prediction models could distinguish
between patients with DLBCL and healthy populations, patients
with CLL and those with DLBCL, or patients with CLL and
healthy populations using Raman spectra from plasma. The
authors proposed that DLBCL may be distinguished from CLL
and other solid tumors that have been previously reported,
thanks to a unique combination of Raman signals at
1445 cm�1 and 1655 cm�1.[90] Twenty patients with probable
lymphoma underwent surgery, and lymph nodes from these
individuals were analyzed, generating hundreds of spectra and
Raman maps of the extracted tissues. Models for classifying
lymph nodes were created using partial least squares-
discriminant analysis to distinguish between malignant (follicu-
lar lymphoma and DLBCL) and benign (reactive follicular
hyperplasia) tissues and further characterize different cancer
types and grades. When the models were verified using samples
that had not been utilized for model building beforehand, they
consistently displayed accuracy better than 88%.[89] Other studies
have attempted to distinguish between radiosensitive and radio-
resistant lymphoma cells.[91] Klamminger et al. applied RS with
machine-learning algorithms to distinguish between primary
central nervous system lymphomas and glioblastomas. They
distinguished the two tumor types with a balanced accuracy
of 82.4% under intraoperative tissue conditions and an accuracy
of 94% using measurements of distinct tumor areas in formalin-
fixed paraffin-embedded samples.[92]

Noninvasive differentiation of multiple myeloma (MM) was
performed by Chen et al. High-quality SERS spectra were
obtained from 44 healthy controls and 53 patients with MM.
The relative concentrations of biomolecules in the serum of
patients with MM and healthy controls differed, as evidenced

by differences in their SERS spectra.[93] To provide helpful clini-
cal indications for patient diagnosis, Russo et al. showed how RS
can distinguish between exosomes in the change from monoclo-
nal gamma globulin in asymptomatic and symptomatic MM.[94]

Franco et al. also demonstrated differences between sensitive
and resistant MM cell lines using confocal micro-RS.[95]

Owing to the high heterogeneity of myelodysplastic syndrome,
this group of diagnoses is the least explored by RS among all
hemato-oncological diseases. Only a few studies have addressed
the differentiation of this diagnosis from acute myeloid leuke-
mia.[96] The study of MM is certainly an emerging area of inter-
est. Recent studies typically use a combination of SERS and
OPLS-DA and forms of AI to detect changes primarily in blood
serum. The latest study analyzed spectra from 35 MM patients
and 13 healthy controls with OPLS-DA. Researchers identified
distinct spectral differences, including decreased signals from
nucleic acids, proteins, lipids, and carotenoids, and increased sig-
nals from carbohydrates and collagen in MM samples. These
spectral changes were supported by clinical findings of elevated
glucose and reduced HDL cholesterol in MM patients.[97]

Other applications include erythrocyte-related diseases, where
specific molecular changes in red blood cells in several diseases,
including malaria, diabetes, genetic blood disorders, epilepsy,[98]

celiac disease,[99] and rheumatoid arthritis,[100] can be detected.
Among genetic blood disorders, thalassemia and sickle-cell dis-
ease have been investigated using RS. Research on these diseases
has focused primarily on their diagnosis, that is, the differentia-
tion of diseased erythrocytes from physiologically normal
erythrocytes.[101,102]

In the case of malaria, RS can detect the presence of hemo-
zoin, allowing rapid diagnosis of infection. A plasmodium-
infected cell’s food vacuole can be identified by amplification
of a specific hemozoin Raman band (at 1374 cm�1), as reported
by Wood et al. in 2003.[103] The following year, the same authors
published a more thorough RS analysis of hematin (the synthetic
equivalent of hemozoin).[104] RS has also been used to track the
development of malaria in mice, and spectral changes in the
plasma and erythrocytes over the 7-day infection period were
identified. The early detection of heme-related alterations is sig-
nificant because early stages of parasitemia can be difficult to
identify with the current methods. Subsequent PCA-revealed
erythrocyte membrane alterations on day 4, coinciding with a
3% parasitemia level.[105] Two methods of combining silver
nanoparticles with lysed blood or synthesizing them directly
within parasites have also been attempted for SERS-based hemo-
zoin detection. The lowest detectable amount of parasitemia was
reported to be 0.01% using the first approach and as low as
0.00005% using the second approach.[106]

Diagnosing diabetes has also been discussed. The intended
test was based on the relationship between the average blood
plasma glucose concentration and in vivo hemoglobin glycosyla-
tion. In 2010, extremely low quantities of glycated hemoglobin
were detected using SERS.[107] According to Lin et al., RS can
be used to identify damagedmembrane lipids (such as those with
reduced fluidity and changed phospholipid organization) in
erythrocytes obtained from patients with diabetes. Using
this approach, the authors were able to distinguish between nor-
mal and diabetic red blood cell membranes with a diagnostic
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accuracy of 98.8% thanks to the use of multivariate statistical
techniques.[108]

Significant advances have also been made in the study of
erythrocyte membranes, where RS allows monitoring of the
changes in lipid and protein structures that occur during cell age-
ing or oxidative stress. These changes are important for under-
standing processes such as hemolysis and other pathological
conditions associated with cell membrane damage.[109,110]

Another area of research is the study of hemoglobin, where RS
provides insights into the conformational changes in hemoglo-
bin molecules that can occur under various pathological condi-
tions. This method is also used to analyze the binding of oxygen
to hemoglobin, which is crucial for understanding physiological
and pathological processes in the body. Submembrane and cyto-
solic hemoglobin are two types of hemoglobinmolecules that can
be resolved inside intact living erythrocytes.[111] Additionally,
SERS can be used to study oxy- and met-RBCs, since their
SERS spectra show characteristic heme bands, as well as other
prominent bands that may be connected to components of the
cell membrane and/or protein denaturation.[112] The internal dis-
tribution of Fe2þ/Fe3þ hemes was first demonstrated in 2015
when atomic force microscopy and RS were used to examine sin-
gle erythrocytes in smears of dried whole blood.[113]

In summary RS has shown great promise in hematology and
immunology by enabling noninvasive analysis of blood compo-
nents and immune cells. It can detect subtle biochemical
changes in plasma, serum, erythrocytes, leukocytes, and plate-
lets, reflecting disease-related alterations at the molecular
level. SERS has been used to improve sensitivity, especially
for low-concentration analytes. The technique has demonstrated
potential in identifying infectious diseases, inflammatory states,
autoimmune conditions, and hematological malignancies with
high accuracy. RS can differentiate between leukocyte subtypes,
activation states, and disease-specific phenotypes, often when
combined with statistical classification methods.

3. Oncology

RS is a promising method for an objective diagnosis of cancer, its
therapy planning, and monitoring. By identifying the metabolic
alterations that occur during malignant transformation, even
before morphological abnormalities become apparent, RS may
help distinguish between cancerous and normal tissues.
Research has demonstrated a high degree of sensitivity and spec-
ificity in distinguishing malignant from non-cancerous tissues
across a range of cancer types, including skin, brain, lung, breast,
oral, ovarian, pancreatic, and prostate cancer. The nondestructive
spectroscopy can also enable in vivo applications to guide tumor
removal and evaluate surgical margins.

For early cancer identification and surveillance, RS may be
used to examine circulating tumor markers in body fluids,
such as blood and urine. Blood analytes include cell-free
DNA, circulating tumor cells, and EVs. This approach offers a
quick, label-free way to use liquid biopsies to quickly create a
disease “fingerprint” without lengthy sample processing.[114]

Bhattacharjee et al. used RS to identify breast cancer in urine
samples from a rat model. By applying PCA and principal
component-linear discriminant analyses, they were able to

achieve classification efficiencies of 80% and 72%, respec-
tively.[115] Concurrently, Elumalai et al. used RS to analyze the
urine of healthy individuals and patients with oral cancer.
They discovered that a linear discriminant analysis based on
PCA could accurately and sensitively distinguish healthy and dis-
eased individuals with a sensitivity and specificity of 98.6% and
87.1%, respectively, with an overall accuracy of 93.7%.[116]

Furthermore, Raman spectral analysis of blood from healthy
individuals and patients with oral cancer by Sahu et al. revealed
that the DNA content and beta-carotene bands in the serum can
be utilized to diagnose oral cancer.[117] In addition to blood and
urine, SERS spectroscopy of purified proteins from human saliva
could identify nasopharyngeal carcinoma with an accuracy of
90.2%.[118] Medipally et al. compared the mean Raman spectra
of plasma from 33 healthy individuals and 43 patients with pros-
tate cancer, and the Raman spectra of plasma from prostate can-
cer patients showed an increase in the bands associated with
nucleic acids from cell-free DNA.[119] To distinguish benign pros-
tatic hyperplasia (BPH) and prostate cancer in men, Chen et al.
used SERS of blood serum samples as a screening tool.[120] A
total of 240 spectra were obtained from individuals with prostate
biopsies that were used to diagnose 40 cases of prostate cancer
and 40 cases of BPH. Prostate cancer and BPH could be distin-
guished with a sensitivity of 97.5% and specificity of 100% in
spectrum-based analyses.[120]

In addition to the liquid biopsies, RS can also be used to diag-
nose tumors in tissue samples. One of the diseases investigated
was oral cancer.�50% of oral cancers affect the tongue, although
the floor of the mouth, gingivae, and palate are also sites of tumor
growth. Using high-wavenumber RS, Barroso et al. analyzed the
tissues obtained from 14 individuals with oral squamous cell can-
cer to ascertain their water content. The water content of cancer-
ous squamous cells was much higher than that of the
surrounding normal tissue.[121]

Singh et al. used a high-efficiency spectrograph with an exci-
tation wavelength of 785 nm to capture the in vivo Raman spectra
of the buccal mucosa of 50 patients. In total, 225 spectra of malig-
nant tissues and 215 spectra of normal tissues were collected.
Using a model they developed from the spectra, they were able
to obtain �90%–95% prediction effectiveness.[122]

Similarly, Aubertin et al. examined 32 recently excised pros-
tate tissues for the classification and diagnosis of prostate cancer.
RS could distinguish prostate and non-prostatic tissues with a
sensitivity of 82% and specificity of 83%, while it could distin-
guish benign from malignant prostatic tissue with a sensitivity
of 87% and specificity of 86%.[123] To distinguish between dis-
eased and noncancerous prostate tissues, Pinto et al. included
RS in the standard protocol of robot-assisted radical prostatec-
tomy for both in vivo (n= 4) and ex vivo spectroscopic analyses
(based on 599 spectra from 20 prostatectomy specimens).
Prostate cancer tissue was distinguished from noncancerous
tissue with a sensitivity and specificity of 90.5% and 96%,
respectively.[124]

For cervical cancer, the researchers obtained an accuracy of
82.9% for precancer detection by integrating RS with genetic
algorithm-partial least squares-discriminant analysis to identify
seven diagnostically significant Raman bands related to proteins,
nucleic acids, and lipids.[125] Through analysis of the in vivo
Raman spectra of 93 patients under clinical supervision,
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Shaikh et al. discovered that tumors had notable levels of DNA
and that normal cervixes had plentiful collagen. Their approach
showed 97% effectiveness in distinguishing between the normal
and tumor groups using principal component-linear discrimi-
nant analysis.[126]

Studies using RS in a mouse model of pancreatic cancer have
yielded sensitivities between 91% and 96% and specificities
between 88% and 96% for distinguishing normal pancreatic tis-
sue from malignant tumors.[127] Convolutional neural network
(CNN) models combined with RS can efficiently distinguish
between cancerous and normal pancreatic tissue, with sensitiv-
ity, specificity, and accuracy over 95% in mouse models of pan-
creatic cancer. By studying individual Raman regions and
extracting CNN features, critical Raman peaks associated with
pancreatic cancer, such as those related to proteins (particularly
collagen) and nucleic acids, can be identified.[128]

Multispectral RS has been shown to be a useful tool for ovar-
ian cancer detection during cytoreductive surgery, with a
machine-learning model showing 90% accuracy, 93% sensitivity,
and 88% specificity.[129] Certain biomarkers linked to ovarian
cancer, such as haptoglobin in the ovarian cyst fluid, have also
been identified using SERS. According to proof-of-concept
research, the Raman system outperforms conventional blood
indicators like cancer antigen 125, particularly in early-stage
malignancies, with 100% sensitivity and 85% specificity.[130]

For breast cancer, according to a study conducted in 2013, the
spectral areas linked to the vibrations of proteins, fatty acids, and
carotenoids represent the primary variations between normal
and malignant tissues.[131] PCA is performed to determine
whether the spectra could be further classified into general clas-
ses of benign and cancerous tumors. Various vibration modes
show substantial differences between the benign and malignant
forms (Figure 4).[132] A study of breast biopsy specimens using
Raman microspectroscopy achieved a sensitivity of 93% and
specificity of 95% for detecting invasive breast cancer by analyz-
ing only two spectral bands associated with proteins and phenyl-
alanine.[133] In comparison with the clinical standard at the time,
the Tyrer–Cuzick model (version 8), Yala et al. created a deep-
learning model based on full-field mammography data and con-
ventional risk indicators, which proved to be more accurate.
When data for conventional risk indicators, such as family his-
tory, are missing, patients may benefit from the exact risk
assessment.[134]

For skin cancers, the spectroscopy was used not only for the
diagnosis of malignant melanoma, but also for basal cell carci-
noma and squamous cell carcinoma. A meta-analysis of 2461
spectra from 12 studies assessed the accuracy in distinguishing
skin cancer from healthy tissue. In ex vivo detection, RS per-
formed better than in vivo detection.[135] For basal cell carcinoma,
the pooled sensitivity and specificity were 99% and 96%, respec-
tively. For melanoma, the sensitivity was 100%, and specificity
was 98%.[135] The possibility of diagnosing skin cancer in real
time using portable Raman spectroscopic equipment has been
demonstrated through in vivo investigations. An analysis of
617 cases, for example, revealed that the system was able to dis-
tinguish between benign and malignant tumors, with receiver
operating characteristic (ROC) area under the curve (AUC) val-
ues ranging from 0.69 to 0.81, suggesting moderate to high diag-
nostic accuracy.[136]

Numerous research teams have examined the diagnostic capa-
bilities of RS, including its capacity to grade and predict the prog-
nosis of brain tumors.[137–139] Biomarkers for the identification
and classification of cancer can be derived. Healthy and glioblas-
toma tissues show notable variations, primarily in lipid and pro-
tein composition.[140] Changes in the levels of carotenoids,
cytochrome c, and fatty acids have been reported in human brain
tumors.[141] Elevations in linoleic acid and cholesterol levels have
also been linked to energy requirements and lipid build-up in
malignant tissues.[142]

In addition to diagnosis, RS can be a powerful tool to increase
the precision of surgery. By precisely identifying tumors and
infiltrating malignant cells in real time, a surgical combination
of tumor resection and in vivo RS has produced encouraging
results.[22] Raman surgery has been shown to be extremely sen-
sitive (93%) and specific (91%), and it may even be used to
remove brain tumors in children.[143]

A meta-analysis of 12 studies indicated that RS exhibited a
pooled sensitivity of 90% and specificity of 76% for lung cancer
diagnosis.[144] Another meta-analysis of 14 diagnostic studies,
which included 779 patients eligible for the pooled analysis,
showed that the total pooled sensitivity and specificity of RS
in diagnosing lung cancer were 0.92 and 0.94 respectively.[145]

In summary oncology, RS has emerged as a highly sensitive
tool for cancer detection, classification, and surgical guidance. It
allows identification of biochemical changes in malignant tissues
and body fluids even before morphological abnormalities appear.
RS has demonstrated high diagnostic accuracy across a range of
solid tumors, including breast, prostate, oral, lung, and brain
cancers. It has also shown great potential in liquid biopsies by
detecting cancer markers in blood, urine, or saliva. When com-
bined with machine learning, RS can achieve robust classifica-
tion, sometimes surpassing standard diagnostic techniques.
Its role in intraoperative margin assessment and real-time tumor
visualization further enhances its clinical relevance.

4. Gastroenterology

The results of several studies suggest that spectroscopic analysis
may become a tool for diagnosing digestive diseases and open
the door for clinical applications.[8] The characteristic biochemi-
cal tissue and molecular arrangement in premalignant condi-
tions (intestinal metaplasia and high-grade dysplasia) and
tumors allow them to be distinguished from normal tissue after
the Raman probe is applied.[146] The composition and content of
chemical substances in stomach tissues or cells change to some
extent during the cancerous process, and these changes can be
directly reflected by the corresponding characteristic peaks and
intensities. A notable finding was the ability to distinguish
cancerous and normal samples at the molecular level, enabling
the early diagnosis of gastric cancer.[147] Ouyang et al. systemati-
cally analyzed the diagnostic accuracy of RS for the rapid discrim-
ination of malignant lesions from normal gastric tissue.[148]

The pooled sensitivity and specificity in diagnosing
gastric cancer were 0.89 (95% CI: 0.84–0.92) and 0.92 (95%
CI: 0.88–0.95), respectively, while the positive likelihood ratio,
negative likelihood ratio, and AUC were 10 (95% CI: 6.5–15.3),
0.13 (95% CI: 0.08–0.22), and 0.96 (95% CI: 0.94–0.97),
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Figure 4. Mean Raman spectral bands of benign tissues (fibrocystic adenoma, fibrocystic disease, and intraductal papilloma) in blue and cancerous
tissues (infiltrating ductal carcinoma, infiltrative lobular carcinoma, and carcinoma) in red. Difference Raman spectrum (green) and shaded areas indicate
spectral features for which a two-tailed t-test identified significant differences (p< 1� 10�4). Reproduced from Ref. [132] under the terms of the Creative
Commons Attribution License (CC BY). Copyright 2019, The Author(s).
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respectively. In addition, Liu et al. reviewed the applications for
in vivo and in vitro diagnosis of gastric cancer, the methodology
related to spectroscopic data analysis, and the limitations of the
technique.[147] Recent reports have suggested the potential of RS
in combination with different machine-assisted classifications of
gastric cancer to distinguish serum samples from patients with
gastric cancer and healthy controls (Figure 5).[149] Using unseen
data to test the model, the random forest model showed an accu-
racy of 92.8%, with sensitivity and specificity of 94.7% and
90.8%. The performance of the random forest model was further
confirmed by the excellent results in ROC curve analyses, with an
AUC of 0.9199. This exploratory work showed that serum RS
combined with random forest analysis has great potential for
machine-assisted classification of gastric cancer and is expected
to provide a nondestructive and convenient technology for
screening of patients with GC. Similarly, Yin et al. evaluated
the diagnostic power of RS for early gastric cancer, identified
dynamic biomolecular changes in vitro from normal to early gas-
tric cancer, and elucidated the underlying mechanisms through
dynamic changes in the biomolecular components in the Correa
cascade, the most common pathway for gastric cancer. Two sig-
nificant outcomes of this analysis were as follows: First, in a com-
parison of tissue- and cellular-level Raman characteristics of
normal intestinal tissue and tissue samples showing intestinal
metaplasia, dysplasia, and early-stage gastric cancer, νsym(O-P-O)
of backbone, lactic acid, lipids, phenylalanine, and carotenoids
were higher in neoplastic lesions. Second, the diagnostic accu-
racy, sensitivity, specificity, and AUC were up to 94.8%,
91.0%, 100%, and 95.8% with the machine-learning model.[150]

Wang et al. developed a Euclidean distance (ED)-based RS
(EDRS) method for the prognostic analysis of gastric cancer to
eliminate the influence of tumor heterogeneity. In their study,
an EDRS method for prognostic analysis of gastric cancer was
developed, and a standard spectrum depicting tumor cells with

the worst prognosis was established. They demonstrated success-
ful classification and prediction of patients with gastric cancer
with either good or poor prognosis. By using the MeanED values
at the regional level, they were able to correctly classify 75% of the
patients with a poor prognosis and 96.8% of those with a favor-
able prognosis. By using the MinMeanED, the classification sen-
sitivity was 90% for the poor prognoses and 100% for the good
prognoses.[151]

Guleken et al. successfully used RS in combination with
machine learning to establish a model for serum testing in gas-
tric cancer spectroscopy. This model provided further technical
support for the development of anticancer therapies. The
obtained results suggested that the Raman spectra ranged
between 800 and 1800 cm�1 as well as between 2700 and
3000 cm�1 for distinguishing between the control subjects and
gastric cancer groups. Raman markers for gastric cancer were
placed at 1302 and 1306 cm�1, and around 95% ROC curve
was obtained.[152] Si et al. introduced an innovative noninvasive
approach to distinguish gastric diseases using gastric fluid sam-
ples through machine-learning-assisted SERS. This method
demonstrated the highest accuracies of 96.88% and 91.67%,
respectively, in distinguishing chronic non-atrophic gastritis
from intestinal metaplasia and different subtypes of gastritis
(mild, moderate, and severe).[153]

Several studies are dedicated to the early detection, classifica-
tion, and staging of dysplastic colorectal lesions. Characteristic
Raman bands of dysplastic colorectal lesions have demonstrated
the sensitivity for neoplastic transformation of colon tissue.[154]

Significant spectral differences between normal colon tissues
and premalignant and malignant lesions can be explained by dif-
ferences in the molecular structure. Zheng et al. reviewed the
diagnostic accuracy of RS, challenging some previous observa-
tions regarding precancerous and cancerous lesions.[155,156]

The pooled sensitivity and specificity were 0.94 (0.91–0.96)

Figure 5. Normalized average Raman spectrum and assignment for distinguishing serum samples from gastric cancer patients (red) and healthy controls
(blue). Assignments: 1000 cm�1, phenylalanine (C–C aromatic ring stretching); 1152 cm�1, carotenoid (C–C stretching); 1445 cm�1, collagen and phos-
pholipids (CH2 bending); 1514 cm

�1, carotenoid (C=C stretching); 1658 cm�1, amide I α-helix (C=O stretching). Reproduced from Ref. [149] under the
terms of the Creative Commons Attribution License (CC BY). Copyright 2021, The Author(s).
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and 0.94 (0.86–0.97), respectively. Their findings indicated that
94% of patients with colorectal cancer were identified correctly,
and 94% of healthy individuals were diagnosed as not showing
colorectal cancer. Thus, RS can be considered to have high sen-
sitivity and specificity (AUC= 0.96; 0.94–0.98).[156] Taken
together, these results suggest that RS may be a potentially useful
tool for colorectal cancer screening to help clinicians make objec-
tive and unambiguous decisions. Thus, it can lead to early detec-
tion of malignant lesions, which may have a significant impact
on reducing the incidence and improving the survival rates of
colorectal cancer.

Raman analysis has also been recently applied to the study of
pathogenic microorganisms and foodborne pathogens. Sun et al.
proposed that RS, when used in conjunction with a CNN model,
enables the rapid identification of three Salmonella serotypes at
the single-cell level and that the model has great potential for dis-
tinguishing between different serotypes of pathogenic bacteria and
closely related bacterial species. This approach could be vital for
preventing foodborne disease outbreaks and the spread of food-
borne pathogens.[157] Arslan et al. reported the discrimination of
waterborne pathogens, Cryptosporidium parvum oocysts, and bacte-
ria using SERS coupled with PCA and hierarchical clustering.[158]

Several studies have aimed to investigate the features of
Raman spectra as a potent innovative detection tool for various
conditions in this field, including inflammatory bowel
disease (IBD),[159] hepatitis infections,[160] pancreatic cancer,[128]

Helicobacter pylori infection,[161] esophageal diseases,[162] gall-
stone disease, cholangiocarcinoma,[163] celiac disease,[164] and
cystic fibrosis (CF),[165] with specific biomolecular differences
among the diseases offering novel insightful views into their path-
ogenesis and providing faster pathways for appropriate treatment.
Additionally, Li et al. indicated that SERS assessments of urine
could be used to identify patients with intestinal disease in the
general population and further categorize patients with benign
intestinal disease and those with colorectal cancer. Thus, the pro-
posed diagnostic methods and established classification models
can provide valuable information for clinicians to diagnose intes-
tinal disease early and analyze its different stages.[166]

In summary RS holds significant diagnostic value in gastro-
enterology, particularly for early cancer detection and disease
classification. It can distinguish between healthy, precancerous,
and malignant gastrointestinal tissues based on distinct molecu-
lar signatures. RS has demonstrated high sensitivity and
specificity in detecting gastric and colorectal cancers both in vivo
and ex vivo. Studies also highlight its potential in noninvasive
serum- or fluid-based diagnostics, such as gastric juice or urine,
supported by machine learning models. Furthermore, RS
contributes to understanding inflammatory and infectious dis-
eases like IBD, Helicobacter pylori infection, or hepatitis through
spectral profiling.

5. Neurology

The incidence of neurodegenerative diseases in the population is
increasing as the average lifetime increases. In these diseases,
the brain and spinal cord lose their function, often leading to
dementia. Recent studies have described relevant changes in

brain tissue 10–30 years before the onset of dementia.[167]

Thus, early diagnosis and detection may lead to better treatment.
AD is associated with several biopolymers in the blood and

cerebrospinal fluid, including neuron-specific enolase, neurofila-
ment light chain, heart fatty acid–binding protein, visinin-like
protein 1, and chitinase-3-like protein 1.[167] Recent studies have
characterized the molecular composition of blood plasma in
patients with late-stage AD, early-stage AD, and dementia with
Lewy bodies. These findings are important for future investiga-
tions, differentiation of AD stages, and types of dementia; they
may also highlight the potential of RS to detect prognostic and
prodromal cases for early and appropriate treatment or interven-
tion.[168] Another study aimed to distinguish cerebrospinal fluid
from healthy controls and cerebrospinal fluid samples obtained
from patients with AD. The authors described characteristic
bands associated with amino acid metabolism.[169] SERS was
established to determine the secondary structures of various
amyloid-β peptides, enabling the elucidation of structural rear-
rangement processes through Raman bands related to the mech-
anism of Alzheimer’s disease.[170,171]

The pathophysiology of Parkinson disease (PD) includes loss
of function and degeneration of neurons in the peripheral ner-
vous system and brain. Despite the wide range of assumed
biomarkers, no specific molecules have been identified yet.
The most promising biomarkers are neuritic plaques and
α-synuclein. α-Synuclein is assumed to cause a decrease in dopa-
minergic neurons, leading to reduced dopamine levels in the
blood of PD patients.[172] Raman and Raman optical activity spec-
tra were found to be very sensitive to α-synuclein conformations,
potentially related to PD. RS has been used to investigate the
blood levels of dopamine, a biomarker of PD. Building on this,
a novel nanoprobe utilizing DNA aptamers coupled with gold
nanoparticles has been developed to enable highly sensitive
and selective detection of dopamine via surface-enhanced
Raman spectroscopy (SERS), offering a promising tool for mon-
itoring dopamine levels and disease progression in PD. The use
of dopamine receptor agonists and L-DOPA has been supported
for the treatment of dopamine deficiency in PD.[173] Other
studies have investigated biomarkers in saliva as a complex
biofluid containing a wide range of molecules shared with blood
or cerebrospinal fluid. RS analysis was used to create a database
of signals from saliva of related health and pathological
controls. The Raman database showed accuracy, sensitivity,
and specificity greater than 97% for a single spectral
attribution. The data obtained significantly correlated with clini-
cal data for PD diagnosis and monitoring. However, studies
in larger cohorts are needed to validate the findings of this
study.[174]

In summary neurology, RS shows promise for the early diag-
nosis and monitoring of neurodegenerative disorders such as
Alzheimer and Parkinson disease. RS can detect disease-related
changes in cerebrospinal fluid, blood, and saliva by identifying
alterations in proteins, lipids, and metabolites. It is sensitive
to structural changes in amyloid-β and α-synuclein, which are
central to these diseases’ pathophysiology. Early studies have also
indicated its potential to differentiate between dementia subtypes
and disease stages.
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6. Cardiovascular Diseases

A healthy and functional endothelium plays multiple critical
roles in the cardiovascular system. It maintains a nonthrombo-
genic surface, influences permeability, and regulates the adhe-
sion of cells, particularly platelets, which are involved in
thrombotic processes. It is essential for angiogenesis, vascular
wall remodeling, and immune function. Endothelium produces
various substances, including nitric oxide, which is vital for
numerous physiological events. Consequently, endothelial dam-
age is a common underlying factor in many cardiovascular dis-
eases.[175] The endothelial phenotype plays an important role,
and associated modifications extend to the subcellular and
molecular levels.[176] Research on the endothelium is difficult
because of its great heterogeneity in the bloodstream, which is
also reflected in its biochemical composition. RS has been used
to monitor endothelial dysfunction in ex vivo isolated vessels.
Confocal Raman imaging combined with atomic force micros-
copy provides valuable information regarding the endothelial
phenotype and biochemical characteristics. The sensitivity and
selectivity of subcellular imaging of the endothelium are cur-
rently limited but can be greatly enhanced using molecular
Raman reporters. The work of Adamczyk et al. deals with the
imaging of endothelial cell organelles using label-free and
labeled Raman imaging and highlights the advantages and dis-
advantages or limitations of the aforementioned imaging tech-
nique, specifically for visualizing the nucleus, mitochondria,
endoplasmic reticulum, and lysosomes. Although the label-free
Raman microscopy method allows the detection of the cell
nucleus, it cannot distinguish between DNA and RNA (the peak
at �785 cm�1). The same author described the possible limita-
tions of label-free Raman imaging in the representation of mito-
chondrial cytochrome c. Changes in one of the largest cellular
organelles, the endoplasmic reticulum, have also been docu-
mented using Raman bands (very interestingly, for example,
after the action of pro-apoptotic and antitumor drugs).[177]

Atherosclerosis and the development of atherosclerotic pla-
ques are dangerous phenomena associated with conditions such
as coronary artery obstruction and abdominal aortic aneurysms.
Both blockage of the coronary artery lumen and instability or
potential rupture of plaques and the aortic wall can be fatal.
Thus, close monitoring of plaque progression is crucial, particu-
larly when assessing the impact of therapeutic interventions. In
this context, the chemical composition of plaques is as important
as their size. Research using RS showed that, for example, in
noncalcified atheromatous plaques, cholesterol, and cholesterol
esters make up the main part of the spectrum, and for calcified
plaques, a peak at 960 cm�1 was identified to be characteristic of
the calcium hydroxyapatite group in a study by van de Poll in
2002. The same study mentioned the importance of catheter-
based RS for monitoring atherosclerotically altered vessels.[178]

The study by Pioppi et al. documented the use of the Raman
microspectroscopic technique in an animal model of heart fail-
ure. The authors described abnormal collagen cross-linking and
a decrease in tryptophan content in cardiac ventricles.[179]

Endomyocardial biopsies are performed to monitor post-
transplantation rejection of cardiac allografts. In a study by
Chung et al., biopsy specimens (311 normal and 115 rejected
specimens) obtained from different randomly selected locations

for the aforementioned diagnosis were used for RS. In graft
rejection samples, Raman spectra correlated with an increased
immune response. The Raman spectra of the graft rejection sam-
ples contained an additional band at 678 cm�1. This is unique to
serotonin, which is an important immunomodulator. This study
also employed a multivariate statistical analysis, specifically PCA,
which confirmed the ability of this approach to distinguish
between the Raman spectra of the graft rejection and normal
specimens.[180] Despite the dominance of primarily animal mod-
els, studies focusing on the description of human samples are
increasingly appearing here as well.[181]

In summary RS offers novel insights into cardiovascular dis-
eases by analyzing biochemical features of endothelial cells, ath-
erosclerotic plaques, and myocardial tissue. It can detect changes
in vascular tissues associated with dysfunction, inflammation,
and calcification, which are critical in atherosclerosis and heart
failure. RS has been used to characterize plaque composition,
identify markers of transplant rejection, and assess structural
changes in cardiac muscle. Though it is still mainly applied in
preclinical or animal models.

7. Rheumatology

Many pilot studies have considered the framing of the typical
spectral features of synovial fluid, bone, cartilage, and pathologi-
cal crystal deposits. A complex chemical composition and supra-
molecular architecture are necessary for the proper functioning
of the joint. Therefore, studies have focused on understanding and
improving the pathogenesis, diagnosis, and treatment of common
musculoskeletal diseases, including rheumatoid arthritis, osteoar-
thritis, gout, and calcium pyrophosphate dihydrate (CPPD) depo-
sition disease (also known as chondrocalcinosis).[182]

RS of bone reflects a mineral phase (mainly a special form
of apatite) and an organic matrix (mainly type I collagen).
Spectroscopy shows an important structure of bone apatite
and polypeptide collagen fibers in the intertwined triple helix,
which is mainly composed of glycine, proline, and hydroxypro-
line.[183] The mineral phase is evaluated using the 959 cm�1

band of phosphate (PO4
3�) and in the 1070 cm�1 band of the

carbonate moiety of the crystal lattice (CO3
2�). Pathological cal-

cifications such as CPPD yield Raman bands similar to hydroxy-
apatite substituted with hydrogen phosphate and carbonate.[184]

The spectral appearance of type I collagen, the main component
of the organic matrix, is characterized by the amide I band
(1660–1680 cm�1), amide III band (1240–1270 cm�1), CH2

deformations (1450 cm�1), and two bands stemming from
hydroxyproline (875 cm�1), and proline (850 and 920 cm�1).
Moreover, collagen strands contain crosslinked nonhelical termi-
nal domains, which are spectrally apparent in RS.[185]

Synovial fluid (SF) is a plasma filtrate enriched in hyaluronic
acid, and its main function is the nutrition of the cartilage, lubri-
cation, and shock absorption within the joint. Aspiration of SF is
often considered for diagnostic purposes and represents an
opportunity for RS. Li et al. described the amplification of the
Raman signal of SF samples by drying the sample onto a solid
substrate in a method termed drop coating deposition RS, which
exploits the “coffee ring effect.” During drying, the molecules in
SF are concentrated and separated on the basis of their solubility.
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Themost soluble molecules are stored in the center, whereas less
soluble molecules, such as proteins, are stored at the periphery.
The Raman spectra are often dominated by bands assigned to
proteins such as the amide I (1660–1680 cm�1), amide III
(1240–1270 cm�1), and phenylalanine (around 1000 cm�1).[186]

The articular cartilage is a non-mineralized tissue that mainly
contains type II collagen and delineates the articular space of the
synovial joints. Cartilage is also rich in glycosaminoglycans
(GAGs), which are the water-binding molecules responsible
for cartilage’s elastic properties. The Raman spectral bands of
the in vivo articular surface were similar to those of bone, even
on an intact surface. One exception is the chondroitin sulfate
(GAG) band at 1063 cm�1 in the Raman spectrum of carti-
lage.[187] This is explained by the fact that cartilage is a thin layer
that strongly scatters the laser; therefore, the lasers can be
assumed to reach the underlying bone. Several authors have used
these findings to obtain information about the subchondral bone,
which plays a role in the pathophysiology of several conditions,
including osteoarthritis (synovial inflammation, subchondral
bone thickening, and the development of chondrocyte clusters).
Esmonde–White et al. developed a Raman probe for arthroscopy
and described spectral modifications and differences between
intact cartilage, focal lesions, and erosions in the 900–1150 cm�1

Raman band region (the disappearance of the 1065 cm�1 of
chondroitin sulfate and its replacement by the CO3

2� band at
1070 cm�1 and the increase in the intensity of the PO4

3� phos-
phate band at 958 cm�1). The study results showed a decrease in
the ratio of cartilage to bone (1063 cm�1/958 cm�1) and an
increase in the ratio of bone to collagen (958 cm�1/920 cm�1)
in osteoarthritis.[188] Similarly, Takahashi et al. used a confocal
Raman microspectrometer to compare the differences between
the articular surfaces of healthy and damaged knees.[189] They
suggested that the degree of damage is due to an increase in
the amide III doublet ratio of 1241 cm�1/1269 cm�1 and pro-
posed a theory of increased collagen randomness in osteoarthri-
tis. Chemical modifications, mainly between grades I and II on
the Collins scale of damage, have been implicated in this finding.
Moreover, Kumar et al. described a specific change in the Raman
band of proteoglycan (1064 cm�1) in the advanced stages of car-
tilage damage, with significant differences observed between
grades I and III and between grade II and III.[190] Buchwald
et al. studied the chemical changes in the subchondral bone
and found no difference between the most heavily loaded areas
of the joint (the most damaged) and the least loaded areas of the
joint (the least damaged) in terms of collagen randomness. These
findings indicate intrinsic damage to the subchondral bone.[191]

Some authors have demonstrated interesting Raman spectra of
rheumatoid arthritis treated with glucocorticoids in a transgenic
mouse model and the possibility of transferring this method to
clinical practice as a promising predictor of fracture risk.[192–194]

Raman microspectroscopy has been used to study chondro-
cytes in the pathophysiology of osteoarthritis. The authors pre-
dicted the degree of damage on the basis of Raman bands
with an overall accuracy of 92.2%. Chondrocytes in osteoarthritis
spectrally appeared as decreased protein content in terms of
amide I, amide III, and phenylalanine bands. With an increase
in internucleosomal DNA cleavage during disease progression,
the decrease in protein content is assumed to be also

accompanied by a decrease in the intensity of bands assigned
to nucleic acids (785 cm�1).[190]

RS has also been employed for analyzing pathologic crystal
deposits such as those observed in monosodium urate (MSU)
and CPPD disease. The characteristic Raman bands are 631 cm�1

for MSU and 1050 cm�1 for CPPD.[184]

In summary rheumatology, RS provides a molecular-level
understanding of joint tissues, synovial fluid, cartilage, and bone,
offering new avenues for diagnosing and monitoring diseases
like osteoarthritis, rheumatoid arthritis, and gout. RS can detect
specific spectral features associated with collagen degradation,
proteoglycan loss, or crystal deposition. It enables assessment
of cartilage integrity and bone mineral composition.

8. Reproduction

Both classical methods and RS are employed to analyze gametes,
including sperm and oocytes. Jamanai et al. used confocal RS to
examine the postacrosomal region of the sperm head in 50
sperm with normal morphology from each donor to identify
spectral differences in sperm with chromatin abnormalities
(such as DNA fragmentation or improper chromatin condensa-
tion). Sperm chromatin condensation is a key factor that affects
male fertility. Based on chromomycin A3 (CMA3), suitable donor
groups could be selected. Samples were then categorized as
CMA3< 41% or CMA3> 41%. Raman spectra (670 cm�1,
731 cm�1, 785 cm�1, 1062 cm�1, 1098 cm�1, 1185 cm�1,
1372 cm�1, 1424 cm�1, 1450 cm�1, 1532 cm�1, 1618 cm�1, and
1673 cm�1) were found to be different between sterile and pro-
ductive groups.[195] This study followed the work of Huser et al.,
who demonstrated differences in DNA packaging in human
spermatozoa with normal and abnormal morphologies.[196]

Female gametes have also been examined using RS. Bogliolo
et al. described research on mammalian oocyte development and
identification of biochemical markers during oocyte maturation.
A sequence of biochemical changes occurs throughout oocyte
maturation, triggering a complex series of events that enables
the oocyte to acquire the biological competence necessary for fer-
tilization (and possible prenatal development). Interestingly,
oocytes matured in vitro exhibited lower protein content than
those matured in vivo; the marker for mitochondrial function
at 1602 cm�1 was missing in fixed oocytes. Their study described
the advantages of coherent anti-Stokes Raman scattering (CARS),
particularly for studying living oocytes and lipid components.[197]

Modern nondestructive methods, including RS, are used to
determine the quality of embryos for assisted reproduction.[198]

In a study by Meng et al., the biochemical profiles of samples
from volunteers were examined, and RS (along with PCA) was
used to assess the metabolic levels in the culture media of 53
embryos that resulted in a successful pregnancy and 54 embryos
that did not result in pregnancy after implantation to determine
the physiological potential for subsequent development.[199]

Their findings highlighted significant variations in the metabo-
lism of tryptophan, tyrosine, and serine, with characteristic peaks
at 758 cm�1, 853 cm�1, and 1326 cm�1 between the culture
media of embryos that resulted in pregnancy and those that
did not. However, no substantial differences were found in
the metabolism of other amino acids.
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The spectroscopy was also used in research on the male repro-
ductive system, specifically on prostate diseases (including tumor
transformation) and examination of the testes or seminal
fluid.[200] Similar studies have been conducted to investigate
the female reproductive system, with some of the research focus-
ing on follicular fluid and plasma in the screening of polycystic
ovaries,[55] changes in the cervix during inflammation,[201] and
monitoring of changes in the cervix during pregnancy[202] and
imminent premature birth.[203]

In summary RS has been applied in reproductive medicine to
evaluate gamete quality and changes during maturation. It ena-
bles the noninvasive assessment of nuclear and mitochondrial
structures, protein content, and DNA packaging, providing
potential markers for fertility evaluation and embryo selection.
In addition, there have been studies using RS in a variety of diag-
noses of the female and male reproductive systems, most com-
monly to detect inflammatory or tumor-altered tissue.

9. Ophthalmology

RS has been effectively used to identify biological components
such as macular pigments, dopamine, and proteins, as well as
ocular structures such as the retina, lens, and cornea.[204] This
technique may be utilized to investigate biological processes
in diseases and comprehend the local distribution of disease
markers both before and after the disease occurs or is treated.

To obtain complex information, RS can be integrated with
other imaging methods such as optical coherence tomography
(OCT) or two-photon autofluorescence imaging (TPAF). The
simultaneous detection of Raman signals and fluorescence
may be achieved without the need for fluorescent labeling of pro-
teins by combining TPAF and CARS imaging technologies.[205]

To concurrently extract the chemical and structural information
of cytochrome c, Evans et al. devised a system that combined
OCT with Raman spectroscopic imaging. The potential of this
technology for in vivo retinal imaging has also been demon-
strated.[206] When combined with multivariate statistical analysis,
RS can be used to screen for keratitis ex vivo,[207] detect lens
changes associated with cataract formation,[208] and monitor
glaucoma progression (glaucomatous retinal changes).[209] It
can also identify changes in retinal tissues, distinguish between
healthy and AD tissues in animal models,[210] and assess macular
pigment distribution, providing insights into age-related macular
degeneration and other related conditions.[211]

In summary RS has shown strong potential in ophthalmology
for noninvasively detecting biological molecules and ocular struc-
tures such as the retina, lens, and cornea. When combined with
other imaging techniques, it enables detailed analysis of bio-
chemical and structural changes in eye tissues. RS has been
applied to monitor disease markers, study retinal changes in
glaucoma and age-related macular degeneration so far, however,
mainly ex vivo and in animal models.

10. Other Clinical Disciplines

In the context of surgery, the possibility of using RS method for
navigation is worth mentioning. Brain tumors are surgically
removed to reduce cytoreduction, improve overall survival,

and minimize neurological impairment. Separating tissues in
real time with physiological confirmation is difficult, even with
advancements in intraoperative magnetic resonance imaging
(MRI) and functional and 3D stereotactic navigation. RS may
be a valuable tool for intraoperative tissue evaluation during sur-
gical resection. The high specificity of this technique for distin-
guishing between normal tissue and cancer cells has been
demonstrated in in vitro experimental tests, suggesting possible
in vivo use.[212]

In the field of dermatology, studies describing the basic com-
position of skin and skin-penetration are frequent. In this con-
text, RS has become an important asset in the development of
cosmetic and pharmaceutical formulations.[213] It has been used
in toxicological studies to evaluate potentially hazardous perme-
ants. In addition to studies focusing on skin tumors, some stud-
ies have also targeted other skin diseases such as atopic
dermatitis and psoriatic lesions.[214] A new direction in Raman
spectroscopy of the skin is to detect and diagnose systemic dis-
eases through its measurement. Raman spectroscopy combined
with chemometric analysis was applied to identify chronic heart
failure based on biochemical changes in skin tissue. Using a
portable setup with 785 nm excitation, skin spectra from 127
patients and 57 healthy individuals were collected and analyzed,
achieving strong classification performance with an ROC AUC of
0.917 on the test set.[215] Other study focused on patients with
kidney failure, analyzing skin spectra from 85 patients and 40
healthy controls using PLS-DA. It reported high diagnostic accu-
racy (0.96), sensitivity (0.94), and specificity (0.99), identifying
specific spectral bands associated with metabolic changes in
kidney failure.[216]

Blood and urine are examples of biofluids that can be analyzed
using RS to provide details regarding metabolic disorders and
other critical medical issues, not only for control and routine
monitoring but also for diagnosis in emergency medicine.[217]

In addition to these clinical fields, RS has an irreplaceable
position in pharmacology, where it has been applied for years,
not only in research, but also in real practice. For example,
polymorphic crystals of various drugs can be resolved.[218]

Other areas of significant development of this method are the
fields of microbiology and pathology, parts of which have been
presented in other chapters of this article; their full description is
beyond the scope of this review.

In summary RS has promising applications in a variety of
clinical disciplines beyond diagnostics. In surgery, RS offers
real-time tissue differentiation during brain tumor resection,
potentially enhancing surgical precision. In dermatology, RS
supports research into skin composition, drug penetration, and
diseases such as atopic dermatitis and psoriasis. The limitations
of all its uses, which prevent its transfer to clinical practice, are
mentioned previously in the text. It also plays an essential role
in analyzing biofluids (e.g., blood, urine) for metabolic and
emergency diagnostics. Furthermore, RS is well-established in
pharmacology, where it helps identify polymorphic drug forms.

11. Conclusions

In this article, we tried to provide a comprehensive overview of
the applications of RS in clinical medicine. It is clear that the
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spectroscopy can explore various processes at the cellular level
and capture mechanisms involved in the pathophysiological con-
ditions. Chemical composition and conformation of molecules
related to different metabolic states can be monitored. The exam-
ples given show the actual or potential impact of RS in diagnostic
methods and actual treatment. Our review highlighted key areas
where RS has shown promise including oncology, hematology,
infectious diseases, neurology, gastroenterology, reproductive
medicine, rheumatology, cardiovascular research, and ophthal-
mology. In many of these fields, RS has contributed to early diag-
nosis, therapy monitoring, and even intraoperative guidance.

Looking ahead, the integration of RS with other diagnostic
modalities – such as optical coherence tomography, mass spec-
trometry, and imaging technologies – will allow the development
of multimodal diagnostic platforms that offer synergistic advan-
tages in sensitivity and specificity. Furthermore, the convergence
of RS with artificial intelligence (AI) and machine learning prom-
ises to overcome current limitations in spectral interpretation,
enabling automated, real-time classification of pathological states
with increasing accuracy and reproducibility. AI-enhanced RS
systems are already demonstrating the ability to identify subtle
biochemical changes that may be imperceptible to human
experts, paving the way for widespread use in both hospital
and point-of-care settings. To fully harness the clinical potential
of RS, continued emphasis must be placed on standardiza-
tion, regulatory validation, and interdisciplinary collaboration.
Initiatives to develop certified reference materials, shared spec-
tral databases, and harmonized operating protocols will be essen-
tial for cross-institutional consistency. Large-scale, multicenter
clinical trials and partnerships between researchers, clinicians,
regulatory bodies, and industry will play a decisive role in achiev-
ing broader clinical adoption.

In summary, Raman spectroscopy stands at the frontier of a
new era in diagnostics. With ongoing innovations in hardware,
computational analysis, and clinical workflows, RS is poised to
become an integral component of next-generation diagnostic sys-
tems, offering safer, faster, and more accurate assessments that
can ultimately improve patient outcomes.
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K. Kaczmarek, B. Ozyurt, Comput. Methods Programs Biomed. 2023,
234, 107523.

[153] Y.-T. Si, X.-S. Xiong, J.-T. Wang, Q. Yuan, Y.-T. Li, J.-W. Tang,
R. Zhou, H. Zhang, Y. Gao, Biosens. Bioelectron. 2024, 262, 116530.

[154] C. Kallaway, L. M. Almond, H. Barr, J. Wood, J. Hutchings,
C. Kendall, N. Stone, Photodiagnosis Photodyn. Ther. 2013, 10, 207.
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