Lasers in Medical Science (2025) 40:116
https://doi.org/10.1007/s10103-025-04315-z

REVIEW ——

®

Check for
updates

Discussion on the comparison of Raman spectroscopy and
cardiovascular disease-related imaging techniques and the future
applications of Raman technology: a systematic review

Songcai Xie'? - Xiaotong Zhu? - Feiyuan Han'? - Shengyuan Wang'2 - Kexin Cui'? - Jing Xue'? . Xiangwen Xi' .
Chengyu Shi'? . Shuo Li'? - Fan Wang'*? - Jinwei Tian'*?

Received: 24 November 2024 / Accepted: 23 January 2025
© The Author(s) 2025

Abstract

Cardiovascular disease (CVD) is a major cause of unnatural death worldwide, so timely diagnosis of CVD is crucial for
improving patient outcomes. Although the traditional diagnostic tools can locate plaque and observe inner wall of blood
vessel structure, they commonly have radioactivity and cannot detect the chemical composition of the plaque accurately.
Recently emerging Raman techniques can detect the plaque composition precisely, and have the advantages of being
fast, high-resolution and marker-free. This makes Raman have great potential for detecting blood samples, understanding
disease conditions, and real-time monitoring. This review summarizes the origin and state-of-art of Raman techniques,
including the following aspects: (a) the principle and technical classification of Raman techniques; (b) the applicability of
Raman techniques and its comparison with traditional diagnostic tools at different diagnosis targets; (c) the applicability
of Raman spectroscopy in advanced CVD. Lastly, we highlight the possible future applications of Raman techniques in
CVD diagnosis.
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Abbreviations CARS Coherent anti-Stokes Raman Scattering
acLDL acetylated low-density lipoprotein CHD Coronary heart disease
AMI Acute myocardial infarction CK-MB Creatine kinase-MB
BFNP antibody-functionalized gold nanoprobe CRS Coherent Raman spectroscopy
BH4 5,6,7,8 - tetrahydrobiopterin CVD Cardiovascular disease
>4 Fan Wang Jing Xue
wangfanrock@163.com xuejingsouphu@163.com
>4 Jinwei Tian Xiangwen Xi

tianjinwei@hrbmu.edu.cn

Songcai Xie
2019183008 @hrbmu.edu.cn

Xiaotong Zhu
m202373356@hust.edu.cn

Feiyuan Han
2018183048 @hrbmu.edu.cn

Shengyuan Wang
wangshengyuanmd@163.com

Kexin Cui
918796700@qq.com

Published online: 24 February 2025

xixiangwen@hrbmu.edu.cn

Chengyu Shi
scy19990308@163.com

Shuo Li

dr_lisure@163.com

Key Laboratory of Myocardial Ischemia, Ministry of
Education, Harbin Medical University, Harbin, China

Department of Cardiology, The Second Affiliated Hospital of
Harbin Medical University, Harbin, China

Wuhan National Laboratory for Optoelectronics, Hua zhong
Univeresity of Science and Technology, Wuhan, China

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10103-025-04315-z&domain=pdf&date_stamp=2025-2-22

116 Page 2 of 25

Lasers in Medical Science (2025) 40:116

CTA Computed Tomography angiography
cTnl cardiac troponin [

CXCR4 C-X-C Motif Chemokine Receptor 4
ECG Electrocardiograms

18F-FDG 18 F-fluorodeoxyglucose

18F-NaF 18 F-sodium fluoride

FTIR Fourier-transform infrared spectroscopy
H-FABP Heart-type fatty acid-binding protein
HFPEF Heart failure with preserved ejection fraction
ICAM-1 Intercellular adhesion molecule 1

IVUS Intravascular Ultrasound

LSPRs Localized surface plasmon resonances
NIRF Near-Infrared Fluorescence

NOS Number of spectra

miRNA microRNA

MRI Magnetic resonance imaging

OCT Optical Coherence Tomography

Oro Oil red O

OSEs Oxidation-specific epitopes

oxLDL oxidized low-density lipoprotein
PCI Percutaneous coronary intervention

PDGF-BB Platelet-derived growth factor-BB

PET Positron Emission Tomography

RHD Rheumatic heart disease

RMVD Rheumatic mitral valve disease

SERDS Shifted-Excitation Raman Difference
Spectroscopy

SERS Surface-enhanced Raman scattering

SORS Spatially Offset Raman Spectroscopy

SRG Stimulated Raman gain

SRL Stimulated Raman loss

SRS Stimulated Raman Scattering

SSTR2 Somatostatin subtype-2 receptor

TCFAs Thin capped fibroatheromas

USPIOs Ultrasmall paramagnetic iron oxide particles

VCAM-1  Vascular cell adhesion molecule 1

Introduction

Cardiovascular Disease (CVD) is the leading cause of
death globally, accounting for nearly one-third of all dis-
ease-related fatalities [1, 2]. CVD encompasses a range of
conditions that affect the heart and blood vessels [3]. In its
advanced stages, CVD can only be managed to delay its
progression, as complete cures are currently unavailable.
Advanced CVD significantly impairs individuals’ quality
of life and increases the risk of mortality. Therefore, timely
diagnosis of CVD is crucial for improving patient outcomes
and reducing mortality rates [4].

Early CVD often manifests as mild to moderate athero-
sclerosis, arrhythmia, mild myocardial hypertrophy, etc.,
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which are difficult to diagnose [5]. Among them, atheroscle-
rosis is the main cause of CVD. Raman technique has great
potential in detecting atherosclerosis [6]. We will introduce
the application of Raman technique in atherosclerosis in
detail later. Atherosclerosis is a chronic and progressive dis-
ease that involves the accumulation of plaque in the walls
of medium and large arteries, which can reduce or block the
blood flow [7]. Plaque stability depends on several factors,
such as plaque composition (relative proportions of lipids,
inflammatory cells, smooth muscle cells, connective tis-
sue, and thrombus), cap fatigue from wall stress, size and
location of the lipid core, and configuration of the plaque
relative to blood flow [8—12]. When these factors change
to abnormal state, plaque transits from stable to unstable.
Unstable plaque typically contains thin fibrous caps and
many macrophages with large lipid cores. As the unstable
plaque progresses, it causes blood vessel luminal narrow-
ing (<50%) and is prone to unpredictable rupture [13, 14].
The development of atherosclerosis to an advanced stage
can lead to a series of CVD such as coronary artery disease,
carotid artery disease, peripheral artery disease, aneurysm,
etc [15].

‘When cardiovascular disease worsens to a certain extent,
it will cause various serious diseases. Raman technique has
been used to research some of them like: coronary heart dis-
ease, rheumatic heart disease, aortic aneurysm, etc. Coro-
nary heart disease is a common and high-risk condition that
is one of the main causes of heart failure. It results from a
complex interplay of genetic and environmental factors [16].
The most lethal form of coronary heart disease are myo-
cardial infarction. Myocardial infarction happens when a
plaque ruptures and forms a blood clot that blocks the blood
flow to the heart muscle. Rheumatic heart disease (RHD)
represents a condition that may develop in individuals fol-
lowing an episode of rheumatic fever [17]. RHD is marked
by inflammation of the heart valves, which can make them
thickened and scarred, leading to stenosis or regurgitation.
It is one cause of heart failure. An aortic aneurysm is a con-
dition where the aorta develops a weak spot that bulges out
like a balloon [18]. Aortic aneurysms can be congenital or
acquired due to conditions such as atherosclerosis. They
pose a risk due to the potential for rupture or tearing, caus-
ing massive hemorrhaging that can threaten one’s life. In
various cardiovascular diseases, Raman spectroscopy, tak-
ing advantage of its label-free nature, molecular specific-
ity, and high spatial resolution, enables the quantitative
and qualitative analysis of the molecular composition and
structural features of pathological tissues. This capability
facilitates the assessment of disease progression and associ-
ated risks. Moreover, Raman spectroscopy can detect early
molecular-level alterations, thereby providing more com-
prehensive information for both diagnosis and follow-up.
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Fig. 1 Principle and comparison of Raman spectroscopy A Raman
scattering electron level change. Stokes and Anti-stokes are specific
energy changes in Raman scattering. B Stokes light receives energy
to produce SRG signals, while pump light loses energy to produce
SRL signals. C Energy level diagrams of spontaneous Raman scat-
tering, SRS, and CARS processes. (a) Spontaneous Raman (b) When

Owing to its high sensitivity toward key proteins, lipids,
and other essential biomolecules, Raman technology exhib-
its significant potential in the screening and monitoring of
cardiovascular conditions, thus laying a foundation for more
precise interventions and treatments.

Traditionally, Computed Tomography Angiography
(CTA), Positron Emission Tomography (PET), Magnetic
Resonance Imaging (MRI), Near-Infrared Fluorescence
(NIRF), Fourier-Transform Infrared spectroscopy (FTIR),
Intravascular Ultrasound (IVUS), and Optical Coherence
Tomography (OCT) have served as the imaging diagnosis
tools of CVD [19]. CTA is a non-invasive method that uses
contrast media and X-ray to generate three-dimensional
images of blood vessels. It can detect vascular stenosis,
aneurysm and other abnormalities [20]. PET is a nuclear
medicine examination, which can detect myocardial isch-
emia, myocardial infarction and other heart diseases [21].
It uses radioactive drugs to mark specific molecules in the
body, and uses a dedicated camera to generate images. MRI
is a non-invasive method that uses magnetic fields and radio
waves to generate images. It can detect the structure and
function of cardiac muscle and blood vessels [22]. NIRF
and FTIR are non-invasive imaging techniques that can pro-
vide molecular and chemical information about the sample.
NIRF uses near-infrared light to excite fluorescent probes
in the sample, and the emitted fluorescence is captured to
generate images. This technique can provide information

(c) Coherent Anti-Stokes
Raman(CARS)

two laser beams with frequencies of @wp and ws are irradiated on the
sample, the frequency difference matches the molecular vibration of
the sample, resulting in stimulated Raman. (c) The interaction of pho-
tons generated by two laser beams resonating with the sample with the
second pump light results in a higher energy anti-Stokes light

about the distribution of specific molecules in the sample,
but its spatial resolution is relatively low. FTIR is a spec-
troscopic technique that uses infrared light to probe the
vibrational modes of molecules in the sample. FTIR can
provide quantitative and qualitative information on the bio-
chemical content and distribution of the plaque components.
IVUS and OCT are invasive examinations that can detect
coronary atherosclerosis and other vascular abnormalities
[23]. IVUS uses ultrasound technology to generate cross-
sectional images of the coronary arteries, providing detailed
information about the vessel wall and plaque characteristics.
OCT uses light waves to produce high-resolution images of
the structure of blood vessels, allowing for the detection
of early-stage atherosclerosis and other vascular diseases.
These approaches have several major limitations: (1) Insuf-
ficient spatial resolution. Due to the inherent constraints of
imaging devices, these methods often fail to achieve sub-
millimeter or even micrometer-level resolution; (2) Inability
to directly obtain chemical composition information. Most
conventional imaging techniques rely on physical proper-
ties or exogenous tracers, making it difficult to reveal the
precise molecular makeup of tissues; (3) Potential radiation
exposure during detection. CTA requires X-rays, while PET
uses radioactive tracers, both of which can pose certain risks
from ionizing radiation to patients.

However, these limitations call for alternative or comple-
mentary imaging approaches that can offer higher spatial
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resolution, enhanced molecular specificity, and minimal
safety concerns. One such technique is Raman spectros-
copy, which has gained increasing attention for its capacity
to address some drawbacks of conventional methods.

Raman is a detection technique offering high-resolu-
tion, marker-free, and radiation-free spectral analysis [24].
Because the typical incident light is visible or near-infrared,
the theoretical limit resolution is about 200-500 nm [25-29].
Moreover, Raman technique usually employs spectrom-
eters with high-density gratings, so it offers a much better
spatial resolution and imaging quality than conventional
methods [30, 31]. The Raman spectra of each substance are
unique, which allows us to distinguish them without addi-
tional markers [32]. Meanwhile, in the process of obtaining
Raman spectra, neither radiation source nor additional radi-
ated electromagnetic waves are generated [33, 34]. Thus,
Raman technology has a broad application prospect in bio-
chemical detection.

This article reviews the progress of Raman and its deriv-
atives in cardiovascular disease, especially in the field of
atherosclerosis. Section “The principle and technical clas-
sification of Raman Spectroscopy” is dedicated to the prin-
ciple of Raman spectroscopy and the technical classification
of Raman spectroscopy. Section “Raman and other imaging
techniques in CVD” introduces the applicability of Raman
spectroscopy and its comparison with traditional methods
(MRI, CTA, PET, FTIR, NIRF, OCT and IVUS) at differ-
ent targets of diagnosing in atherosclerosis diagnosis. Sec-
tion “Conclusion” illustrates the applicability of Raman
spectroscopy in advanced cardiovascular diseases.

The principle and technical classification of Raman
Spectroscopy

Raman spectroscopy provides valuable molecular informa-
tion about diverse biological materials without requiring
external labels or probes [35]. It is based on the inelastic
scattering of light by molecules, which results in a fre-
quency shift of the scattered light relative to the incident
light. This frequency shift, which is called the Raman effect,
reflects the vibrational modes of the molecules and can be
used to identify and characterize them. The principle of
Raman spectroscopy is illustrated in Fig. 1.When photons
collide with matter, most of them undergo elastic scattering,
and the frequency of the scattered light is identical to that
of the incoming light, a phenomenon known as Rayleigh
scattering [36]. The remaining fraction undergoes inelastic
collisions, producing scattered light at frequencies different
from those of the incoming light, which is called Raman
scattering [37]. Raman scattering includes two types: (1)
Stokes scattering. The sample molecules absorb photons
to transition from the ground state to the excited state.
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Because the molecules in the excited state are unstable, they
release photons and transition to vibrational state. Since the
energy released by the deexcitation process is smaller than
the energy from the ground state excitation to the excited
state, the frequency and energy of the released photons are
smaller than the incident photons [38]; (2)Anti-Stokes scat-
tering. Molecules in the vibrational level absorb photons
to transition to the excited virtual state, and similar to the
stokes process, molecules in the excited virtual state are also
unstable; they release photons and transition to the ground
state. The energy released in this process is greater than the
energy required to transition from the vibrational level to
the excitation virtual state, so that the frequency and energy
of the released photons are greater than those of the incident
photons [39]. The typical electronic energy level diagram is
shown in Fig. 1A. The Raman scattered light can be either
lower or higher in frequency than the incident light, which
corresponds to Stokes and anti-Stokes scattering, respec-
tively [36]. The frequency difference between the incident
and scattered light is called the Raman shift, which is pro-
portional to the energy difference between the initial and
final states of the molecule. By measuring the intensity and
frequency of the Raman scattered light, one can obtain a
spectrum that reveals the molecular vibrations of the sam-
ple. The Raman spectra comprise multiple bands, with their
position depending on the vibrational frequency of each
functional group in the sample molecules [40]. The inten-
sity of Raman signal depends on the vibrational mode and
the number and species of chemical bonds in the sample, so
Raman spectrum has specificity for the detection of chemi-
cal structure.

However, Raman scattering is a very weak process,
and the intensity of the Raman signal is often limited by
the background noise and fluorescence from the sample
or the optical components [36]. To overcome this limita-
tion, several techniques have been developed to enhance
the Raman signal by using nonlinear optical processes that
involve multiple light beams interacting with the sample.
These techniques are collectively called Coherent Raman
spectroscopy (CRS). Another effective approach to over-
come this limitation is Surface-Enhanced Raman Scattering
(SERS). Recently, a novel technique known as Tip-enhanced
Raman spectroscopy (TERS) has emerged, which integrates
the capabilities of Scanning Probe Microscopy (SPM)
with Raman spectroscopy, enabling chemical analysis at
the nanoscale. By leveraging the lightning rod effect and
localized surface plasmon resonance of a nanometer-sized
tip, TERS significantly enhances the electromagnetic field
near the tip, thereby greatly amplifying the Raman signal
and obtaining Raman images with high spatial resolu-
tion and signal-to-noise ratio. However, the lengthy time
required to obtain a single image limits the scope of its
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Table 1 Summary of Raman related techniques
Raman related Principle Advantages Refer-
technology ence
The traditional Photons inelastically scatter with matter, produc- It is label-free, non-invasive, and can detect aqueous samples [33,
Raman ing scattered light with frequencies different from directly; It can provide molecular information of proteins, 63,

the incident light lipids, nucleic acids, and carbohydrates 64]
Surface Enhanced It uses enhanced nanostructures (mainly gold, It is fast due to the unique ability to amplify the Raman
Raman Scattering silver, copper) to enhance the Raman scattering  signal up to 15 orders of magnitude; It can achieve single- [65—
(SERS) signal of the sample adsorbed on the surface molecule detection and high specificity; It can be combined  67]

with microfluidics and biosensors for multiplexed analysis

Stimulated Raman ~ When two beams whose frequency difference is  It’s not affected by the non-resonant background; It can [62,
Spectroscopy the same as the molecular vibration frequency are provide high sensitivity and specificity for label-free imaging 68]
(SRS) irradiated on a matter, a dramatically enhanced of biological samples; It can be integrated with fluorescence

SRS signal is generated microscopy for multimodal imaging
Coherent Similar to SRS, but based on the principle that It has high detectability, can penetrate deep into tissues, [54,
Anti-Stokes when pump light, Stokes light and probe light reduces photodamage, and can form three-dimensional 69]
Raman Spectroscopy interact with molecules nonlinearly, with energy  images; It can provide chemical contrast and spatial resolu-
(CARS) transfer, SRL and SRG signals are generated tion for label-free imaging of biological samples
Tip-enhanced It enhances the Raman scattering signal by It is capable of surpassing the diffraction limit at the sub-
Raman Spectroscopy leveraging the lightning rod effect and local- micrometer scale, achieving nanoscale spatial resolution; It~ [199,
(TERS) ized surface plasmon resonance generated by significantly enhances the Raman scattering signal, enabling 200]

nanometer-sized tips.

single-molecule detection; and it is label-free.

applications. Although Tip-Enhanced Raman Spectroscopy
(TERS) has demonstrated superior analytical capabilities,
its application in cardiovascular disease research has been
sparsely reported. It is anticipated that in the future, TERS
will be more extensively utilized in cardiovascular disease
research, potentially offering novel tools and methodologies
for diagnosis and treatment. At present, more than 25 types
of Raman techniques have emerged [41], including Surface
CRS, SERS, etc. In this paper, we place particular emphasis
on Raman techniques that are commonly utilized in cardio-
vascular disease.

SERS is a technique that can greatly amplify the Raman
signal of molecules that are adsorbed on or near metal
nanostructures, such as silver, gold, or copper [42]. SERS
can provide rich information about the molecular struc-
ture, composition, and interactions of the analytes, with
high sensitivity and selectivity [43]. The principle of SERS
is based on two main mechanisms: electromagnetic and
chemical enhancement [44]. Both mechanisms rely on the
interaction between the incident light and the metal nano-
structures, which can generate Localized Surface Plasmon
Resonances (LSPRs) [45]. LSPRs are collective oscil-
lations of free electrons on the metal surface, which can
produce strong local electric fields near the metal surface.
These fields can enhance both the excitation and the scat-
tering of the Raman signal of the nearby molecules. The
electromagnetic enhancement is the dominant mechanism
of SERS, which can account for up to 10'°-fold enhance-
ment of the Raman signal. The electromagnetic enhance-
ment depends on several factors, such as the shape, size,
arrangement, composition, and dielectric environment of
the metal nanostructures, as well as the wavelength, angle,

and polarization of the incident light [46—48]. Generally, the
electromagnetic enhancement is maximized when the LSPR
frequency matches the incident light frequency. Moreover,
when there are small gaps or sharp tips between adjacent
metal nanostructures, the local electric fields can be fur-
ther enhanced and localized, forming so-called “hot spots”
that can provide higher SERS enhancement factors [49,
50]. The chemical enhancement is a minor mechanism of
SERS, which can account for up to 103-fold enhancement
of the Raman signal [51]. This mechanism occurs due to the
charge transfer between the metal and the molecule, which
modifies the molecular energy levels and polarizability. The
chemical enhancement depends on several factors, such as
the affinity, adsorption site, adsorption mode, and orienta-
tion of the molecule on the metal surface, as well as the
relationship between the incident light and the charge trans-
fer energy level [52]. Generally, the chemical enhancement
is maximized when the incident light matches the charge
transfer energy level.

Stimulated Raman Scattering (SRS) and Coherent Anti-
Stokes Raman Scattering (CARS) are two major forms of
CRS techniques, which have wide applications in various
fields [53]. To excite and probe the vibrational modes of the
sample, SRS and CARS use two laser beams with differ-
ent frequencies, which are called the pump and the Stokes
beams. The frequency difference between the pump and the
Stokes beams must match a vibrational frequency of the
sample for resonance to occur. The main difference between
SRS and CARS is in the detection scheme and the signal
generation mechanism.

In SRS, the pump and Stokes beams are modulated at a
certain frequency, typically in the megahertz range. When

@ Springer
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Fig. 2 MRI and SERS imaging. A MRI imaging of apoE-/- mice
injected with Mn micelles. MRI image of abdominal aorta (white
arrow) injected with Mn (0.05 mmol Mn/kg) micelles. Normalized
Enhancement Percentage (%NENH) value represents the contrast
to noise ratio before and after imaging. (Untar=untargeted; Compt.
Inh. =competitive inhibition; MRI=magnetic resonance images; p.i.
= post-injection; Pre=pre-injection.) From reference [79]. B A human
coronary artery was isolated from the heart of a patient who underwent

they are both focused on the sample, they induce a stimu-
lated Raman process that transfers energy from the pump
beam to the Stokes beam if resonance occurs [54]. This
results in a decrease in the intensity of the pump beam
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heart transplantation. Spectral analysis of atherosclerotic (red line) and
non-atherosclerotic (black line) areas of intact (left penal) and open
(right penal) arteries was performed by SERS. From reference [84].
C SERS mapping was then performed against ICAM-1 (purple), anti-
VCAM-1 (red), anti-P-selectin (blue), and isotype (green) BENPs. The
yellow and red boxes in each dark field image correspond to the yellow
and red boxes in the right SERS image. Scale bars: 500 pum (black bar)
and 20 pm (white bar). From reference [84]

(called stimulated Raman loss, or SRL) and an increase in
the intensity of the Stokes beam (called stimulated Raman
gain, or SRQG) [55]. By using a lock-in amplifier or a bal-
anced detector, one can measure the SRL or SRG signals
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Fig. 3 CARS and SRS imaging. A CARS imaging of cellular lipid
droplets in macrophages treated with miRNA-33 and treated with acet-
ylated low-density lipoprotein (acLDL) for 24 h (miRNA-33 mimic)
and control groups (ctrl mimic). Right panel is voxel wise quantita-
tive lipid droplet volume analysis. Scale bar =10 um. From reference
[106]. B Raman probes were introduced into living rabbits to obtain

as a function of the frequency difference between the pump
and Stokes beams, and obtain the vibrational spectrum of
the sample. The advantage of SRS is that it does not pro-
duce any background signal from non-resonant processes
or fluorescence, and it has a linear dependence on the con-
centration of the sample [56]. The disadvantage of SRS is
that it requires sensitive detection systems and modulation
techniques to measure small changes in intensity.

In CARS, the pump and Stokes beams are not modulated,
but rather combined with a third beam, called the probe
beam, which has the same frequency as the pump beam [57—
60]. When they are all focused on the sample, they generate
a new beam at a higher frequency, called the anti-Stokes

17h 21h 25h 29h 33h

spectral signals at different locations. (a) distal aorta, (b) thoracic aorta,
(c) aortic arch, (d) ascending aorta. From reference [106]. C CARS
signal D SRS signal E mixed signal (SRS signal is red, CARS signal is
gray). SRS imaging of human macrophages at 2125 cm™! after incuba-
tion in d;-palmitic for 24 h. From reference [110]

beam, through a four-wave mixing process [61]. The fre-
quency of the anti-Stokes beam is given by ©AS=2wP - ®S,
where oP, ®S, and ®AS are the angular frequencies of the
pump, the Stokes, and the anti-Stokes beams, respectively.
The intensity of the anti-Stokes beam is proportional to the
square of the number of molecules that are resonant with
the frequency difference between the pump and the Stokes
beams. By measuring the anti-Stokes signal as a function
of the frequency difference between the pump and the
Stokes beams, one can obtain the vibrational spectrum of
the sample. The advantage of CARS is that it produces a
strong signal that can be detected easily and allows for fast
imaging. The disadvantage of CARS is that it also produces

@ Springer
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this cross section. From reference [121]. G and H are the reference
infrared and Raman spectra of typical atherosclerotic plaque. Cho-
lesterol (a), cholesterol esters (b), triglycerides (c), and collagen (d).
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Fig.5 Imaging of OCT. (A) Composition of the normal coronary artery, with white arrows depicting the internal elastic lamina, media and external
elastic lamina. (B) Concentric fibrous plaque. (C) Calcified plaque. (D) Necrotic core. *Guidewire artifact. From reference [141]

a background signal from non-resonant processes that can
interfere with the resonant signal and reduce the contrast
and the chemical specificity [62]. We summarize the advan-
tages of all the above Raman techniques in Table 1.

Raman and other imaging techniques in CVD

There are a series of imaging techniques, including MRI,
PET, CTA,IVUS, OCT, etc., which can be used in researches
of CVD [70]. We indicate the benefits of Raman, a potential
cardiovascular-related imaging technique, by comparing it
to conventional imaging methods. Moreover, we outline a
classification of target detection into four distinct categories
based on the different types of targets identified in various
studies using different imaging techniques. These categories
include marker-based target, cellular target, tissue-specific
target, and vascular target.

Biomarker-based target detection in atherosclerosis

One of the most widely used techniques in CVD research
is MRI, which can provide images of the arterial wall and
plaque morphology [71, 72]. Hartley A, Haskard D, et al.
indicated oxidation-specific epitopes (OSEs) that are pres-
ent in oxidized low-density lipoprotein (oxLDL) and LDL-
derived oxidized phospholipids [73]. These OSEs, which
have been considered to be related to CVD in a 15-year-
study, can be recognized by C-reactive protein, comple-
ment system proteins and IgM antibodies [74, 75]. Various
molecular probes have been developed to bind OSEs. MRI
monitors disease progression by detecting the combination
of OSE and molecular probes. For example, the human-
derived Fv antibody, IK17, is a fragment with high specific-
ity for OSEs on oxLDL, whereas the murine monoclonal
IgG MDAZ2 antibody is specific for malondialdehyde-lysine,
which is an OSE on oxLDL. They can bind to micelles

@ Springer
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Proximal

Fig. 6 Imaging of IVUS. (A) Coronary angiography showed a severe
stenosis from proximal to distal left anterior descending artery (double-
headed black arrow). Corresponding intravascular ultrasound imaging
(B to F, with duplicated and annotated images B’ to F”) showed a spon-
taneous dissection (double-headed white arrow), intramural hematoma
(a) and contrast retention (b). The gray areas on the annotated frames

formed by the combination of gadolinium and manganese,
which are both considered excellent contrast agents for
MRI, to form targeted probes. These probes can then bind to
OSEs, allowing for the in vivo monitoring of atherosclerotic
progression [76—79], as shown in Fig. 2A. However, MRI
has some inherent limitations due to its technical nature,
such as long imaging time and low sensitivity [80, 81]. To

Minimal Mild Moderate
(1-24%) (25-49%) (50-69%)

hio

Fig. 7 CTA diagnoses the degree of CAD blocking. From reference
[156]

Severe
(270%)

No CAD
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Distal

(B’ to F’) indicated the true lumen, the white areas indicated the false
lumen, and the black area indicated contrast retention. The nondis-
sected image slice (B) showed a nonatherosclerotic coronary artery
that was typical for spontaneous coronary artery dissection. From ref-
erence [149]

address the major weakness of MRI, ultrasmall paramag-
netic iron oxide particles (USPIOs; 10-50 nm in diameter)
have been developed to detect atherosclerotic diseases [82].
However, the utilization USPIOs presents several limita-
tions. Firstly, the inherent toxicity of USPIOs poses poten-
tial risks. Secondly, the method lacks a quantitative analysis
capability, making it challenging to accurately measure the
size and severity of atherosclerotic plaques. Moreover, the
study using USPIOs did not conduct long-term monitor-
ing, leaving the long-term effects of USPIOs undetermined.
Additionally, the low-resolution issue inherent to MRI was
not addressed, which could limit the detailed visualization
of atherosclerotic plaques [83]. Due to the two main limita-
tions of biomarkers, including the toxic side effect and type,
a few researches are reported in atherosclerosis clinical
diagnosis.

Due to the limitations of these MRI technique, Raman
can be a promising alternative/ better alternative. SERS,
which has been reported to be used to detect atheroscle-
rosis at the biomarker level, employs metals such as gold,
silver and copper to enhance the Raman signals of target
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Table 2 Summary of the imaging detection for atherosclerosi
Technique Resolution Principle Purpose Limitation Raman’s advantages Reference
MRI 0.1-1 mm Signals generated by Plaque location, Long imaging time; Poor Short imaging time;  [71, 72,
hydrogen nuclei in a mag- degree of vascular  sensitivity and specificity; high sensitivity in 80, 81,
netic field, processed by  stenosis, morphol-  No real-time detection; detecting specific 153, 196,
computer reconstruction,  ogy, composition, Label-dependent biomarkers; being 197]
and imaged inflammation, and able to achieve real-
neovascularization time detection com-
bined with catheters;
label-free (SERS)
PET-CT 1-10 Isotope-labeled drugs Plaque metabolism, Dependent on radioactive Non-radioactive; [85, 86,
mm (imaging agents) with calcified sites, substances and susceptible  immunity to 97-100]
positron emission are inflammation, to interference from blood interference;
injected into human vulnerability, and signals; Limited spatial no significant
bodies and detected by prediction of future  resolution; High cost and artifacts;
varying attenuation rates  cardiovascular radiation exposure high spatial resolu-
in different tissues events tion (CRS)
FTIR 10 um Infrared radiation acts on  Plaque chemi- Low spatial resolution and ~ High spatial [114,
matter and measures the  cal composition long wavelength cause resolution; 122,123,
frequency of molecular distribution and energy loss; Sensitive to SRS being able 198]
vibration. Substances are  identification of water and atmospheric inter- achieve high contrast
then detected by infrared  lipid-rich necrotic ference; Limited penetration without significant
spectroscopy core, calcification, depth; interference by non-
collagen, and elastin resonant background;
CARS being
able to penetrate
deep into tissues
(SRS. CARS)
NIRF 1 um A specific near-infrared Plaque inflamma- Developer is toxic, photo- High resolution [132,
fluorescence probe is irra- tion, location, and bleached; Low resolution; (CARS) 133,
diated with a laser source  vulnerability Limited penetration depth; 137]
and the photon signal
stimulated by the probe
is collected to convert the
image
OCT 10 pm The beam is projected Stenosis degree, Sensitive to motion artifacts, Non-invasive [145,
onto the tissue or speci- plaque shape, plaque stabilization or synchroni- (CARS) 146,
men being imaged and location, and plaque zation equipment may be 153]
reflected by the micro- composition required; Highly sensitive
structures at different to scattering and absorp-
distances tion; Limited field of view;
Invasive procedure
IVUS 100 Ultrasound imaging using Stenosis degree, Low resolution and contrast High resolution; [147,
pm a catheter combined with  plaque shape, plaque of soft tissue and plaque high contrast; 150-154]
an ultrasound probe that ~ location, and plaque components; Limited field ~ non-invasive
receives the reflected echo burden of view; High operator (CARS)
dependence and variability;
Invasive procedure
CTA 0.5-1 mm In vivo contrast imaging ~ Stenosis degree, Limited time resolution; Short imaging time [157-

of developer by CT

plaque location, size,
calcification, and
luminal morphology

Exposure of patients to ion-
izing radiation; May cause
allergic reactions, nephro-
toxicity, or exudation

offering possiblity of 161]
high time resolution;
non-radioactive;

molecules by a factor of 10° [42]. Therefore, SERS can
enable the detection of biomarkers in CVD at low concen-
trations and with high specificity. Atherosclerosis involves
some biomarkers such as intercellular adhesion molecule 1
(ICAM-1), vascular cell adhesion molecule 1 (VCAM-1),
and P-selectin, which can be detected by SERS [84]. They
are expressed by endothelial cells, smooth muscle cells, and

macrophages respectively. These cells are related to CVD.
In order to detect these biomarkers more accurately, Jona-
than N., Steven M., et al. designed an antibody-functional-
ized gold nanoprobe (BFNP) composed of citrate-reduced
gold nanoparticles, Raman reporter molecules, polyethylene
glycol (PEG), and specific antibodies [84]. Figure 2B shows
the SERS images of different coronary arteries injected with
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Fig. 8 Histological examination and Raman spectra derived from
cardiac tissues. (A) H&E-stained specimen of normal heart. (B—D)
H&Estained specimens of myocardial infarction obtained at various
postligation time points: day 2 (B), day 5 (C), and day 21 (D1). (D2)
Azan staining of myocardial infarction at day 21. Histology shows
coagulation necrosis (B), granulation tissue (C), and fibrotic scar (D1

anti ICAM-1, anti VCAM-1 and anti P-selectin. The Raman
spectra of these arteries revealed the presence of the bio-
markers in the plaque region. The high positivity of ICAM-
1, VCAM-1, and P-selectin in atherosclerotic endothelial
cells was confirmed by SERS microscopy of atherosclerotic
and nonatherosclerotic tissue areas (Fig. 2C). Moreover, the
darkfield contrast of BFNP at the endothelial surface of ath-
erosclerotic tissue was markedly higher than that of nonath-
erosclerotic regions, indicating a higher density of BFNP at
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and D2). (E) Raman spectra (means+one standard deviation) of nor-
mal tissue [#=2; number of spectra (NOS)=150], necrotic tissue on
day 2 (n=3; NOS=150), necrotic tissue on day 5 (n=4; NOS=150),
granulation tissue on day 5 (n=4; NOS=500), and fibrotic tissue on
day 21 (n=2; NOS=150). The scale bars are 50 um.

Reprinted with permission from reference [183]

this site. These results show the advantages of SERS, con-
taining high specificity, high sensitivity, rapid imaging time,
and no photobleaching. These advantages make SERS have
the potential to become a powerful tool for CVD detection.

Cellular target detection in atherosclerosis

PET is an imaging modality that employs radioac-
tive substances, such as positron-emitting isotopes and
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Fig. 9 Raman imaging in other cardiovascular diseases. A(a) Urine
SERS spectra of CHD and healthy controls (HC) SERS spectra (b)
SERS spectra of Raman substrate silver colloids. The intensity of
nine Raman peaks (1223 / 1243 / 1272 / 1463 / 1481 / 1516 / 1536
/ 1541 / 1550 cm™ ") in the average SERS spectra of CHD and HC
were found to be different. From reference [168]. B Raman spectra at
830/ 860 cm™! intensity ratio (i830 / i860). NT indicates normoten-
sive Dahl/SS rat; HT, hypertensive Dahl/SS rat; LV, left ventricle; RV,

isotope-labeled radiotracers, to quantify the attenuation
rates of varying tissue densities [85, 86]. PET has several
imaging agents for atherosclerosis, including '*F-fluoro-
deoxyglucose ('*F-FDG), '®F-sodium fluoride ('*F-NaF),
%8Ga-DOTATATE, and °*Ga-PENTAXIFOR [87, 88]. '®F-
FDG is preferentially taken up by macrophages in high-risk
plaques in response to inflammation [89-91]. This suggests
that 18F-FDG may have substantial utility in the identifica-
tion of high-risk atherosclerotic plaques. '®F-NaF serves as
a bone-seeking tracer, marking areas of plaque calcification.
This can act as an early indicator of atherosclerosis, a stage
characterized by the dedifferentiation of smooth muscle cells
leading to intimal calcification [89, 92]. ®®Ga-DOTATATE
is employed for the detection of macrophages through its
binding to the somatostatin subtype-2 receptor (SSTR2)
[93]. A study conducted by Tarkin JM et al. has identified
the specific expression of the SSTR2 gene in atherosclerotic
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right ventricle; LA, left atrium; and RA, right atrium. From reference
[185]. C FbIn4dSMKO: the SMC-specific Fbln4 knockout mice, which
will develop thoracic aortic aneurysms. FbIn5KO: the Fbln5 knockout
mice, which only develop aortic elongation and tortuosity. Image col-
ors include fibers (green), collagen fibers (red), nuclei (blue), aggrecan
(yellow), versican (pink), lipids (orange), and residual ECM (cyan).
From reference [189]

inflammation [94]. ®®Ga-PENTAXIFER has a high affin-
ity for the C-X-C Motif Chemokine Receptor 4 (CXCR4),
which is expressed in both macrophages and smooth muscle
cells [95]. Concurrently, a study by Weiberg D, Thackeray
JT et al. has demonstrated an association between ®*Ga-
PENTAXIFER and cardiovascular [96]. During imaging,
the visualization produced by the interaction between target
cells and imaging agents is affected by signals from neigh-
boring tissues. This, along with the inherent limitations of
PET’s spatial resolution capabilities, can result in images
with low spatial resolution (=5 mm) [97, 98]. Furthermore,
imaging agents requires sufficient time to accumulate at the
site of interest, which may not align with the clinical needs
of patients requiring rapid testing [99]. While PET imaging
enables visualization of plaque metabolic processes, it also
presents certain drawbacks. These include reliance on the
accumulation of radioactive materials that may potentially
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Fig. 10 Raman is currently the main application in cardiovascular disease. Artwork is provided by SERVIER

harm the body, signal interference from adjacent tissues
(particularly blood) and high cost and complexity [100].

In contrast to the aforementioned limitations, CRS
(include CARS and SRS), a derivative of Raman technol-
ogy, circumvents these drawbacks and offers advantages
such as high resolution, high specificity, and the ability to
provide almost real-time imaging. CARS can detect ath-
erosclerosis at subcellular structures by tuning the pump
and Stokes frequencies to resonant with the symmetrical
CH, vibration, which exhibits high sensitivity and selec-
tivity to lipid droplets and lipid membranes [101, 102]. In
their seminal work, Mireille O, Hasini E, et al. employed
CARS to elucidate the role of microRNA-33 (miRNA-
33) in lipid droplet accumulation within macrophages and
its subsequent impact on apoptotic cell clearance via an
autophagy-dependent pathway, which has been linked to
pro-atherosclerotic processes [103—105]. The researchers
adeptly utilized CARS to demonstrate an increase in lipid
accumulation within macrophages following treatment with
miRNA-33. A subsequent investigation probed the chemical
composition of atherosclerotic plaque in rabbits, leveraging
the detection of Raman spectral signals via CARS in con-
junction with molecular probes [106]. The study observed
the manifestation of fatty C-H bond stretching within the
2847-2915 cm ! region, as illustrated in Fig. 3A. Normal
tissue was imaged in resonance with the peak of the C-H
stretching vibration at 2930 cm™!. These experiments under-
score the advantages of CARS in its immunity to interfer-
ence from blood and other tissue signals.
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While both SRS and CARS offer unique advantages, a
key strength of SRS lies in its immunity to any background
signals arising from non-resonant processes or fluorescence
[107, 108]. This characteristic enhances the specificity of
SRS, enabling it to more accurately detect and distinguish
different chemical components within a sample. Addition-
ally, this immunity to background signals allows SRS to
generate clearer images with less noise compared to CARS
[109]. Furthermore, both SRS and CARS share the advan-
tage of rapid imaging, which is particularly beneficial for
clinical needs requiring quick results. In their research, Lara
S, Tobias M, et al. utilized SRS to investigate the concen-
tration and heterogeneity of lipids within atherosclerotic
plaque and between cells [110]. The team used the intensity
of the scattering peak at 2125 cm™! in the Raman spectrum
to monitor the uptake of the d31-palmitic acid, a deuterated
lipid trace, by cells, and subsequently generated CARS, SRS,
and composite images of the same macrophage undergoing
d;;-palmitic acid uptake (Fig. 3B, C, D). It was observed
that the nonresonant background in the CARS image, pri-
marily influenced by the water environment, diminished the
contrast between lipids and surrounding media. In compari-
son, SRS imaging exhibited superior contrast without sig-
nificant interference artifacts (as indicated by the red arrow
in Fig. 3B. Figure 3E presents the SRS signals of four liv-
ing macrophages at different time points [110]. Notably, an
enhancement in the SRS signal was observed along with a
change in location within macrophages in the first and sec-
ond rows. This suggests that macrophages undergo mor-
phological changes during incubation. The rapid imaging
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capability of SRS and its absence of artifacts due to lipid
heterotopia enabled the detection of this phenomenon. In
contrast to other in vivo cell detection techniques that don’t
measure the same cell repeatedly, SRS demonstrated in this
experiment the ability to track cellular metabolic processes.
Additionally, due to the SRS wavelength being longer than
CARS and traditional Raman, it has less phototoxicity and
improves the penetration depth applied in tissues [111, 112].
Therefore, SRS is more suitable for living cell imaging than
CARS, which is affected by a nonresonance background in
water, as seen in Fig. 3B, C. The storage of lipid droplets
was studied by using hyperspectral SRS imaging, demon-
strating that Raman technology has the potential to become
a new method for detecting atherosclerosis [113].

Tissue-specific target detection in atherosclerosis

FTIR achieves this by analyzing the interaction between
matter and infrared radiation to detect molecular vibration
frequencies [114]. FTIR spectroscopy, in conjunction with
conventional optical microscopy, serves as an effective
method for the histopathological analysis and detection of
biochemical changes in atherosclerotic plaque [115-121].
In a study conducted by Annika L. et al., both FTIR and
traditional Raman spectroscopy were utilized to investigate
atherosclerosis in rabbits [121]. Figure 4A shows a cross-
section of the thoracic aorta stained with EVG, highlighting
the hyperplastic thickened intima, and normal media. Panels
(D) depict the unstained cross-section of the thoracic aorta,
with panel FTIR (B) and Raman (E) showing the same
cross-section reconstructed with the vac algorithm. The
spectra for FTIR and Raman are visible in panels (C) and
(F), respectively. Referring to panels 4G and 4 H, lipid pre-
cipitation was detected on the intima, indicating the presence
of cholesterol, cholesterol esters, and triglycerides. Further-
more, the distribution of cholesterol was observed within
smooth muscle cells. The spectral distribution of lipids is
also demonstrated in Fig. 4F. Though FTIR spectroscopy is
a powerful analytical tool, it is inherently limited by its rela-
tively low spatial resolution, which can impede the accurate
acquisition of detailed information about a substance [122,
123]. Moreover, the extensive sample preparation required
for FTIR can pose significant challenges for certain experi-
mental setups. Unlike FTIR, Raman spectroscopy can ana-
lyze samples in their native state, including solids, liquids,
and gases, without the need for complex preparation steps.
With its superior spatial resolution, Raman spectroscopy is
capable of revealing detailed information about molecu-
lar vibrations, thereby elucidating the characteristic bio-
chemical components within tissues. This allows for a more
detailed analysis and potentially more accurate diagnosis in
the context of atherosclerosis.

CARS imaging presents an label-free approach to visu-
alize plaque components, encompassing collagen, extra-
vascular lipid precipitation, oxidized LDL aggregates, and
lipid cells [124]. Groundbreaking research by Hanwei W,
Ingeborg M et al. has demonstrated that CARS can discern
the biochemical alterations of atherosclerotic plaque across
various pathological stages [125]. This research employed
label-free multimodal nonlinear optical microscopy, com-
bined with sum-frequency generation (SFG) and CARS
techniques, to visualize and quantitatively analyze lipids
and collagen at high resolution, thereby effectively detect-
ing different stages of atherosclerosis development. This
provides a completely new approach for using optical tech-
niques to quantitatively analyze atherosclerosis. Moreover,
CARS does not necessitate photon electron resonance and
can employ a longer excitation wavelength to reduce tis-
sue scattering and increase the optical penetration depth,
thereby mitigating photo-damage induced by multiphoton
absorption [126]. However, due to the high sensitivity of
CARS being achieved by limiting the spectral range, the
ability of CARS to obtain comprehensive spectral infor-
mation is restricted. Additionally, the weak Raman signals
require longer acquisition times and stronger excitation,
which may introduce potential issues such as photodamage.
Coupling CARS with other techniques, for example, CARS
endoscopy eradicates photobleaching to minimize interfer-
ence from extraneous signals [127, 128]. This makes CARS
effectively circumvent the artifacts caused by staining.

Vascular target detection in atherosclerosis

NIRF, OCT, IVUS, and CTA are the imaging methods that
have demonstrated efficacy in the detection and character-
ization of plaque attributes [129—131]. NIRF is a technique
that generates an image by irradiating a near-infrared fluo-
rescent probe with a laser source within a specific spectral
range and then capturing the excitation photon signal from
the probe [132, 133]. This technique can be used for detect-
ing proteases S, K, B, L and F expressed by macrophages
and smooth muscle cells in atherosclerosis [134-136].
Cathepsins B, L, S, K, and V are important members of
the cysteine protease family, widely present within mac-
rophages in atherosclerotic plaques. These enzymes are
primarily located in lysosomes and participate in the remod-
eling of the arterial wall through their elastase and colla-
genase activities. Specifically, Cathepsins B, L, and S are
capable of degrading elastin and collagen, promoting plaque
instability and rupture, thereby increasing the risk of cardio-
vascular events. Additionally, Cathepsins K and V, under the
action of matrix metalloproteinases, further exacerbate the
degradation of the extracellular matrix, facilitating plaque
erosion and vascular wall remodeling. To enable real-time
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intravascular detection of inflammation in atherosclerosis,
Jaffer FA et al. developed a catheter-based NIRF imaging
technique in 2008 [137], but the catheter lacked the ability
to rotate and pull back, which limited the clinical applica-
tion of this technology. They resolved this problem in 2011
and applied the technique to monitor arterial inflammation
and stent healing in vivo [138]. However, single NIRF tech-
nology has limited clinical application. Therefore, it is often
combined with OCT to provide high-quality coronary ath-
erosclerosis imaging [139]. OCT is an intravascular imag-
ing modality that produces cross-sectional vascular images
using near-infrared light. It can provide accurate descrip-
tions of plaque morphology, such as calcified plaque, calci-
fied plaque, necrotic core, as shown in Fig. 5 [140, 141].
And it allows people to accurately measure the diameter
of blood vessels and the length of lesions, which is help-
ful for percutaneous coronary intervention (PCI) treatment
[142-144]. Additionally, OCT is useful for identifying thin
capped fibroatheromas (TCFAs), but sometimes confounds
angiographic abnormalities, making it difficult to identify
lesions [145, 146]. IVUS is an intravascular ultrasound
imaging modality used to detect vascular walls and athero-
sclerotic plaque [147]. It is usually compared with OCT,
which is necessary to utilize contrast agents for blood clear-
ance in the retraction process, as the optical signal would be
attenuated by red blood cells [148]. The catheter for IVUS
is combined with a micro-transducer and emits ultrasound
as it passes through the blood vessel, receiving ultrasound
reflection and converting it into a cross-sectional image, as
shown in Fig. 6 [149]. However, IVUS detection has some
disadvantages, such as manual correction of lumen area
calculations, acoustic shadow of calcified tissue, difficulty
in identifying vulnerable plaque and thrombus, among oth-
ers [150-154]. CTA is a three-dimensional visualization
of the vascular system after intravenous injection of an
iodine-containing contrast agent and computer-processed
images, as shown in Fig. 7 [155-158]. However, CTA does
not detect early atherosclerotic lesions well due to vascular
remodeling [159, 160]. Additionally, CTA detection relies
on the contrast between the lesion site and surrounding nor-
mal vessels, making it unsuitable for detecting diffuse vas-
cular disease (lesions occur in most arteries) [161].
Although these techniques (CTA. IVUS and OCT)
offer many advantages in detecting the location and size of
plaque in clinical settings, they also have drawbacks, such
as an inability to identify the specific chemical composition
of the plaque and their susceptibility to interference from
other biological signals [129, 162]. However, the unique
nature of the Raman spectra for each substance ensures that
the Raman technique is less susceptible to interference from
other impurity signals. Besides, the combination of Raman
spectroscopy and fiber-based probes has the potential to
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reveal the chemical composition of intraplaque arteries in
humans clinically [163, 164]. And Raman spectroscopy has
been successfully applied to characterize the chemical com-
position of atherosclerotic plaque in sheep and human arter-
ies in vivo in 2001 and 2006 [117, 165, 166]. Moreover, the
technique of combining CARS with a catheter has enabled
the real-time detection and spectral analysis of vascular
plaque in rabbits. It demonstrates the feasibility of inte-
grating Raman spectroscopy with catheter technology for
clinical diagnosis [121, 167]. We summarize the previous
methods for detecting atherosclerosis in Table 2.

Raman in advanced cardiovascular diseases

Raman spectroscopy has also made significant contributions
to the diagnostic research of other advanced CVDs, such
as coronary heart disease, rheumatic heart disease, and aor-
tic aneurysm. For the detection of coronary heart disease
(CHD), SERS has been used to discriminate urine samples
from CHD patients and healthy individuals by finding sig-
nificant differences in their Raman spectra (Fig. 7A) [168].
Moreover, Huinan Y, Chang Z et al., who proposed using
SERS to diagnose CHD and determine the feasibility of PCI
based on urine spectra of CHD patients, also suggested that
platelet-derived growth factor-BB (PDGF-BB) may be asso-
ciated with cardiovascular congestion in CHD patients [169].
SERS can detect the increased levels of the short noncoding
RNA molecule miRNA-29a that have been associated with
the development of a variety of CVDs, including vascular
inflammation, myocardial infarction, and heart failure [170,
171]. Moreover, SERS can measure the ratio of phenylala-
nine and tyrosine as an indicator of inflammation in myocar-
dial infarction [172]. As myocardial infarction progresses,
blood monocyte levels increase and accumulate at throm-
botic inflammatory plaque lesions, triggering the inflam-
matory processes, and resulting in a concomitant decrease
in 5,6,7,8 - tetrahydrobiopterin (BH4), leading to reduced
conversion of phenylalanine to tyrosine [173].These studies
demostrate the high specificity and sensitivity of SERS in
detecting cardiac enzymes in both whole blood and plasma
samples, underscoring its potential applications in clinical
diagnostics as a promising tool for the early diagnosis of
myocardial infarction [174]. Furthermore, SERS can detect
cardiac troponin I (cTnl) and heart-type fatty acid-binding
protein (H-FABP) and improve the accuracy for early diag-
nosis of myocardial infarction [175]. Cunming H, Li M,
et al., who utilized Raman reporters, 4-MP (1073.5 cm™ )
and XP013 (1377.3 cm™ '), to determine marker concentra-
tions and achieved high sensitivity in detecting cTnl and
H-FABP, showed that cTnl has high specificity for myocar-
dial injury, but poor sensitivity in the early stage of myo-
cardial ischemia and is not suitable for the early diagnosis
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[176]. In contrast, H-FABP that can be rapidly released into
the blood during early myocardial injury and has a better
correlation with the area of myocardial injury is a better
biomarker [177—-179]. Creatine kinase-MB (CK-MB) is also
sensitive for acute myocardial infarction (AMI) diagnosis
and can be tested with ¢Tnl to detect AMI with early diag-
nostic accuracy [180]. Hyangah C, Sangyeop L, et al. used
a SERS-based competitive immunoassay to detect these
two cardiac markers, demonstrating its potential for early
AMI diagnosis [174]. Raman spectroscopy was also used to
compare normal myocardial cells with cells in the myocar-
dial infarction area, and Nanae NM, Yoshinori H, et al. used
Raman technology to obtain an accurate evaluation of the
heart in vivo by examining cells in the myocardial infarction
area of mice in different periods (Fig. 8) [181-184]. Niki T,
Raffaele A, et al. used Raman to detect spectral changes in
early stages of heart failure with preserved ejection fraction
(HFPEF) (Fig. 9B), finding significant differences in the
intensity ratios of Raman spectra within the four chambers
of the heart [188]. Moreover, SERS has been used to mea-
sure the concentration of digoxin, a heart failure drug, in
the blood to maximize its efficacy. This shows the potential
of Raman detection of the therapeutic effect. Besides the
application to common cardiovascular diseases, Raman also
contributes to some rare cardiovascular diseases, like Fabry
heart disease, a X-linked glycolipid metabolic disorder. In
the study by Elen T, Nairveen A, et al., intracardiac lipid
changes were detected by CARS [186]. Additionally, Yang
Y, Rui S, Xiaojiang Y et al. have used Raman to detect miR-
NAs in patients with atrial fibrillation associated rheumatic
mitral valve disease (RMVD), highlighting its potential in
diagnosing RMVD and atrial fibrillation [187]. Further-
more, Raman has also been used to detect the thoracic aortic
aneurysm in mice (Fig. 9C) [189].

The common clinical methods for detecting coronary
heart disease are such as electrocardiograms (ECG), myo-
cardial enzyme test, echocardiography and CTA [189, 190].
We have compared CTA with Raman in a previous section.
ECG is a short-term method which can only check the elec-
trical activity of the heart in a short time [191, 192]. The
various myocardial enzymes have their own window periods
that exceeding them can result in reduced detection efficacy
or failure to detect [193]. Moreover, different myocardial
enzymes have different specificities and sensitivities. Echo-
cardiography is not sensitive enough to detect small areas
of infarction. Additionally, it cannot visualize the coronary
arteries themselves, but can only infer their presence and
function based on the movement of the heart muscle [194].
Raman spectroscopy has the advantages of fast detection
speed, high accuracy and the ability to detect specific sites,
even the chemical composition of the infarcted area. This
shows that Raman has great potential for clinical detection

of myocardial infarction [195]. After comparison, Raman
spectroscopy has the potential to play an important role in
the diagnosis, evaluation of treatment efficacy, and prog-
nosis of cardiovascular diseases. We provide an overview
of the main application scope of Raman in cardiovascular
diseases in Fig. 10.

Conclusion

Due to the constraints of length and depth, it is not feasible
for us to delve into the specifics of all imaging techniques at
various levels. However, we have elaborated on the unique
characteristics of Raman that are not found in other tradi-
tional imaging techniques. Raman spectroscopy is a power-
ful optical technique owing to its label-free, high resolution,
and non-invasive. This technology offers the advantage of
the near real-time detection, high sensitivity and specific-
ity. Raman spectroscopy is particularly useful for studying
living cells as it does not require the use of markers that
may damage cells. Additionally, living cell imaging can be
performed in water-based conditions, allowing for imaging
in phosphate buffer solutions or media without immobili-
zation. These advantages highlight the great potential of
Raman technology for clinical applications. This technol-
ogy possesses significant potential through its integration
with the recently emerging artificial intelligence (Al) tech-
nologies. Al-based algorithms are capable of substantially
enhancing the accuracy and efficiency of spectral interpreta-
tion. This synergistic effect is expected to greatly improve
the efficiency and precision of clinical diagnostics, as well
as facilitate the innovation and application of novel diag-
nostic and therapeutic methodologies.
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