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Highlights
Raman spectroscopy enables label-free
cardiac imaging revealing biochemical
information on physiological changes
induced by cardiac diseases: viability
assessment of ischemic myocardium,
cardiac cell analysis, and cardiac bio-
marker detection for early diagnosis.

Super-resolution imaging extends optical
imaging to the nanometer scale to allow
studying the subcellular structures (like
transverse tubules and macromolecular
Cardiac multiscale bioimaging is an emerging field that aims to provide a com-
prehensive understanding of the heart and its functions at various levels, from
the molecular to the entire organ. It combines both physiologically and clinically
relevant dimensions: from nano- and micrometer resolution imaging based on
vibrational spectroscopy and high-resolution microscopy to assess molecular
processes in cardiac cells andmyocardial tissue, tomesoscale structural investiga-
tions to improve the understanding of cardiac (patho)physiology. Tailored super-
resolution deep microscopy with advanced proteomic methods and hands-on
experience are thus strategically combined to improve the quality of cardiovascular
research and support future medical decision-making by gaining additional
biomolecular information for translational and diagnostic applications.
protein clusters) that play an important
role in the nanodomain physiology and
pathophysiology of cardiac cells.

Large-specimen microscopy represents
a fundamental tool for dissecting the
complex and interconnected hierarchical
organization of the heart: cellular organi-
zation can be probed across the organ
opening the possibility of correlating the
impact of pathologically induced struc-
tural remodeling and cardiac plasticity
on heart functionality.
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Cardiac imaging and microscopy
The heart is the evolutionarily evolved muscular pump able to maintain blood flow in our cardio-
vascular system, thanks to the coherent work of 2–3 billion excitable and contractile cells. Like
bricks in a wall, cardiomyocytes (CMs) are packed alongside other cell types to form the different
cardiac muscle tissues, atria and ventricles. The efficiency of cellular contraction-relaxation cycles
relies on the highly ordered myofilament lattice coupled with the membrane invagination network
further intercalated with dense organelles, such as mitochondria. From the cross bridges in the
myofilament, which provide billions of work cycles as single linear actuators involving tension
development or movement, up to the 3D organ level, a complex chain of chamber-specific
contraction and relaxation movements are produced.

Understanding how cardiac contractions and relaxations occur is essential for identifying potential
disease processes and mechanisms. For instance, unsynchronized electrical signals can lead to
irregular heartbeats increasing life-threatening rhythm risks. Compromised mechanical function
can impact the pumping ability of the heart, affecting circulation and oxygen supply. This is
where the technologies mentioned in this review, such as Raman microspectroscopy or
super-resolution imaging, come into play. These methods allow studying the heart at different
levels, from molecules to organs, to detect subtle changes in cells, tissues, and heart cham-
bers, thus revealing potential anomalies.

The ultimate goal of these technologies is to deepen the understanding of how the heart functions
in both healthy and diseased states. This knowledge can lead to more timely and accurate
diagnosis of heart conditions, for example, in biopsies [1], as well as the development of targeted
treatments. In summary, analyzing the electrical and mechanical function of the heart helps to
uncover the underlying causes of heart issues, guiding us toward effective strategies for maintaining
cardiac health.
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Cardiac imaging applying Raman spectroscopy
Raman spectroscopy (RS) helps to analyze molecular changes in cardiac samples by providing
biochemical and structural information based on the diversity of molecular vibrations at all
imaging levels: from subcellular organelles, CMs, or cardiac muscle to the whole organ [2].
Cardiac biomarkers in biopsies and blood can be analyzed with submicrometer resolution,
high spectral selectivity, and sensitivity without the need for additional staining and the
associated undesirable chemical interaction with the probe [3]. Vibrational spectroscopy relies
mainly on two approaches: Raman or infrared (IR) spectroscopy, both of which provide
molecule-specific spectra based on vibrational energy levels (see Glossary) of molecules
(Boxes 1 and 2).

As the fundamental biological units of any living organism, cells yield important information about
disease-related biochemical changes and molecular markers, the detection of which by Raman
imaging is particularly attractive. Thus, DNA, nucleic acids, proteins, lipids and lipid droplets, lyso-
somes, carbohydrates, and mitochondrial activity can be assessed by Raman imaging based on
their molecular composition with corresponding Raman bands and can thereby reflect the phys-
iology of cells (Table S1 in the supplemental information online and Figure 1A,B) [3–5]. Due to spe-
cific Raman spectral profiles of porphyrin structures, the redox state of the cytochrome complex
in isolated mitochondria, in CMs, and in bloodless tissue, as well as oxyhemoglobin saturation
can be detected (Figure 1B) [6] and can predict cellular injury, known to be significant contributors
to ischemic heart injury [7]. For example, Raman bands at 750, 1130, and around 1585 cm−1 can
reflect a reduction of cytochromes c and b, responsible for mitochondrial respiration (Table S1 in
the supplemental information online) [8], the amount of which increases with long-term ischemia,
accompanied by loss of membrane potential and subsequent cell death. Ogawa and coworkers
showed that the Raman spectra of individual CMs from healthy and infarcted myocardial re-
gions show characteristic differences; for example, variously contribute to the functional state
of mitochondria through reduced cytochrome forms (Figure 1B) [9].
Box 1. RS for biomedical application

RS is based on inelastic light scattering from biological samples (cells, tissue, blood, or urine) and provides molecular in-
formation about their biochemical structure in vivo, in vitro, or even in situ; for example, when examining the skin or scan-
ning internal organs during endoscopy. When a molecule absorbs a photon, it gets excited to a higher vibrational state.
Some of the photons are inelastically scattered, resulting in a frequency shift proportional to the vibrational frequency of
the molecule. This shift, called Raman scattering, represents an energy difference required to excite certain molecular vi-
brations. The intensity of the scattered light is proportional to the population of the vibrational state and is represented as a
Raman spectrum. The measured Raman spectra are unique to different functional groups within the probe and assist the
customer with chemical ‘fingerprints’ of molecules based on their biochemical associations [4]. The Raman effect was
demonstrated by two groups in 1928 and awarded a Nobel Prize to Sir C.V. Raman in 1930. However, it was not actively
used in biology until breakthroughs in laser technology, spectrography, detection cameras, and the subsequent develop-
ment of confocal microscopy. In the 1990s, the combination of RSwith confocal microscopy enabled the application of RS
in the life sciences at a level compatible with that of conventional fluorescence microscopy, with the main advantage that
RS is nondestructive and label free. Therefore, there is no need for staining and pretreatment of the sample and, conse-
quently, no sample destruction through histological examinations or time-consuming fluorescent staining. Commercial
and published Raman databases (see Table S1 in the supplemental information online), or quantum mechanics calcula-
tions to estimate Raman emission are used to identify Raman bands.

Due to the structural complexity of biological specimens, biomedical spectroscopy requires extensive multivariate data
analyses. Advanced chemometric methods for data pre-processing (smoothing, cosmic spike removal, baseline subtrac-
tion, and normalization) and data analysis (dimensionality reduction, statistical analyses) include the following steps: spec-
trum acquisition, spectral feature identification, task-oriented training, and validation of models to predict unknown
samples with high quality and repeatability [86]. Multivariate data are often classified by unsupervised (principal component
analysis for dimension reduction, cluster analysis, vertex component analysis, etc.) or supervised (support vector machine,
linear discriminant analysis for data separation, etc.) methods, both having high computational efficiency [5].
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Box 2. Enhanced Raman spectroscopy

Enhancement of the Raman scattering process and higher spatial resolution are required for intensive bioanalytical studies
and detection of disease-specific biomarkers at low concentrations [4]. Thus, SERS microscopy can be used to amplify
the weak Raman scattering of biological substances by six- to eightfold using metal-based nanostructures substrates in-
stead of standard Raman-free CaF2 or quartz windows [27]. The interaction of the incident laser light with the nanostruc-
tures of the free-electron metals (silver or gold) creates an enhanced electric field that causes stronger Raman scattering
from themolecules of interest [87]. Cells can also be incubated directly with somemetal-containing enrichment solutions to
achieve similar effects. It should be admitted that the nonstationary nature of the SERS signal, its fast-blinking behavior,
even now leads to drawbacks in stability and reproducibility of SERS microscopy [14]. To avoid limitations in temporal
resolution, fast Raman imaging techniques based on nonlinear coherent processes have been developed. Fourier trans-
form (FT) Raman spectroscopy utilizes the combination of near-IR light and a Fourier-transformed spectrometer to acquire
measurements with higher penetration depth up to a few centimeters, lower autofluorescence background and higher
spectral resolution, but with limited spatial resolution in the micrometer range [2]. It is well suited for blood analyses to de-
termine the saturation level of hemoglobin. Nonlinear CARS uses two intense laser beamswith different wavelengths in the
IR range, whose interaction with the material results in coherent radiation with amplified signal. Due to the IR radiation,
there is a strong interference of the incident light with CO2 and water, which makes some biological analyses not optimal.
CARS is perfect for volumetric imaging in the CH range (2800–3050 cm−1) with high spectral selectivity that can distinguish
lipid/protein density in the sample [23]. Stimulated Raman scattering (SRS) microscopy was developed to avoid the unde-
sirable nonresonance background of CARS and also relies on two lasers with different frequencies [4]. Resonance Raman
scattering (RRS) occurs when the wavelength of the excitation laser is tuned to the light absorption band of a molecule
(resonance). The closer the frequency is to the resonance, the stronger the RRS intensity. For example, in the life sciences,
the absorption of aromatic molecules is often in the UV/deep UV range [8], which is commonly used to study nucleic acids,
DNA/RNA, proteins, and drug–protein interactions.
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Glossary
Calcium indicators: fluorescent
molecules that respond to the binding of
Ca2+ ions by changing their fluorescence
properties.
Diffraction-limited: refers to the
theoretical limits of the spatial resolution
of any optical system, due to the physics
of diffraction.
Numerical aperture: a number that
characterizes the range of angles over
which an optical system can accept or
emit light and is one of the main
parameters that determines the optical
resolution of a microscope.
Optogenetics: involves the expression
of light-sensitive ion channels or pumps
in the target cells allowing optical
manipulation of transmembrane
potential.
Raman spectrum: spectrum that
arises from Raman (inelastic) scattering,
which provides information about
molecular vibrations and structural
characteristics based on vibrational
bonds of molecules.
Ryanodine receptor 2 (RyR2): a large
intra-SR membrane ion channel that
constitutes the major cellular path of
calcium-induced calcium release from
SR in animal CMs and other cell types.
Sarcoplasmic reticulum (SR):
membrane-bound structure found
within muscle cells that stores calcium
ions in specialized nanodomains, the
junctional SR.
Vibrational energy level: refers to the
energy level associated with the
vibrational motion of molecules.
Voltage-sensitive dyes: also known
as potentiometric dyes, are dyes which
change their spectral properties in
response to transmembrane potential
changes.
Spectroscopic identification of proteins and lipids has a profound impact on cardiovascular
research as an indicator of altered metabolism. RS was applied to analyze CMs; for example,
to spectroscopically characterize the cardiogenic differentiation of human embryonic stem cells
(ESCs) [10]; for quantitative volumetric assessment of 3D models of human induced pluripotent
stem cells (hiPSCs), hiPSC-derived CMs, and adult rat ventricular CMs [11]; and to determine
different lipid subtypes and protein orientations (myosin and actin filaments) in adult CMs. In
endothelial cells (ECs) isolated from heart, lung, and liver in a murine model of heart failure
mice, protein-specific Raman bands of amide I, tryptophan, phenylalanine, and amide III were
increased compared to normal mice [5]. RS also enabled the detection of the tumor necrosis
factor in ECs of various vascular beds (aorta, brain, and heart) without and with tumor necrosis
factor treatment, a factor that is known to be associated with abnormal lipid accumulation [12].

In addition to cellular alteration due to pathological triggers, RS allows the identification of the cell
type: isolated CMs can be identified by mitochondrial cytochrome spectra, fibroblasts by strong
Raman signals from lipid droplets, and perivascular cells by a lower lipid content [13]. An
RS-based analysis of cellular networks and fibrillar lamellipodia of CMs was achieved by combin-
ing surface-enhanced RS (SERS microscopy, Box 2) with stochastic reconstruction microscopy,
allowing a resolution of RS microscopy down to 20 nm [14]. Overall, RS may be particularly useful
for label-free discrimination of metabolic cellular statuses in certain cell types (e.g., cancer cells,
CMs, and fibroblasts) [15].

RS can analyze cardiac tissue; for example, evaluate the infarct region in rat hearts after induction
of ischemia (Figure 1C) [16,17]. Early subtle changes due to ischemic stress were detected by re-
duced Raman intensities of cytochrome, oxygenated myoglobin (Mb), and lipids. Raman
hyperspectral information also allowed the discrimination between coagulation necrosis, granula-
tion, fibrotic scar, and fibrotic tissue during infarct progression and repair (Figure 1C) [18]. In a
similar context, the prediction of impending cardiac arrest in rats was demonstrated by quantifi-
cation of reduced levels of electron transport chain cytochromes [6,7]. Given all these factors, RS
seems suitable to detect ischemia-induced molecular changes in cardiac tissue, an analytical ap-
proach that may potentially be translated to in vivo analyses.With this goal, biopsies of myocardial
Trends in Biotechnology, Month 2023, Vol. xx, No. xx 3
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Figure 1. Raman imaging of the heart: from cardiac cells to the whole organ. (A) Spectroscopic imaging of cardiac
cells from a mouse model of Fabry disease. (i) Reconstructed Raman images of a fibroblast and an isolated adul
cardiomyocyte (CM) with corresponding Raman spectral clusters of nucleus, cytoplasm, membrane, and lipid associations
(ii) Coherent anti-Stokes Raman scattering (CARS)-SHG images of an isolated adult CM with corresponding CARS spectra
in the CH stretching region, highlighting lipids (2850–2860 cm−1 wave number) and protein/lipid (2930 cm−1 wave number
Raman shifts for two genotypes: knockout (GLAKO) and wild-type (GLAWT) mice. (B) Raman analysis of mitochondrial redox
states. (i) Vibrations, stretching, or bending of specific Raman bonds within the porphyrin ring and spectra for mitochondria
isolated from rodent myocardium (image adapted, with permission, from [6]). (ii) Raman imaging of the cytoplasm of a
representative fresh CM and heme proteins: schematic drawing of the optical setting and whole heart and Raman spectra o

(Figure legend continued at the bottom of the next page.
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infarction patients undergoing cardiac surgery were studied to identify key Raman signatures for
the borders of infarcted myocardium compared to noninfarcted hearts (sensitivity of 99%) [19]. In
another study, RS was applied as an alternative to the conventional electrocardiogram to exam-
ine lipid-collagen profiles in atrial biopsies of patients diagnosed with atrial fibrillation, a major risk
factor for stroke [20]. Moreover, the changes in cardiac muscle, its thickening and enlargement
due to cardiac hypertrophy, biomarkers, glycogen, andmyofibrils could also be revealed spectro-
scopically [7]. Fourier transform infrared (FT-IR) spectroscopy enabled to detect early biochemical
changes during heart failure development in rats based on enhanced collagen deposition, altered
CMmetabolism and conformational changes in tyrosine-responsive proteins (Box 2) and thereby
established tyrosine and collagen Raman bands as indicators of fibrosis [21]. Similarly, FT-RS
identified S-S stretching in cysteine amino acids, C-C stretching in lipids, CH2 twisting in collagen
and phospholipids, CH3 bending modes in lipids and amino acid side chains, and amido I oscil-
lations in proteins as major markers of ischemia reperfusion injury (Table S1 in the supplemental
information online), or tyrosine and tryptophan vibrational bands as molecular markers of acute
and chronic renal injury associated with the cardiorenal syndrome [22].

Since numerous proteins and lipids possess strong Raman shifts not only in the fingerprint region
(<1800 cm−1), but also have a sensitive contrast in the high-frequency range (>2800 cm−1), a
nonlinear coherent anti-Stokes Raman scattering (CARS) microscopy based on coherent ampli-
fication of the inelastic Raman signal was proved to be suited for fast volumetric imaging in the CH
stretching region (Box 2) [2,3,12]. CARS microscopy revealed its potential applicability for early
diagnosis of a cardiac manifestation of lysosomal storage disease, Fabry disease, in mice
based on abnormal lipid accumulations in the heart (Figure 1D) [23]. CARS is also being used
to investigate cholesterol and cardiovascular calcification in arteries and stenotic aortic valves
[7]. Elastic fibers, collagen, lipids, β-carotene, apatite, and whitlockite minerals were determined
in cross-sections of aortic tissue [24]. The technique was further improved by coupling stimulated
RS with a tissue clearing technique (clearing-enhanced volumetric chemical imaging), which
achieved a ten times depth extension of the label-free examination of 3D tumor spheroids
based on CH vibrational modes of proteins and lipids, optimizing in-depth Raman imaging [25].

With the goal to use this analytical methodology in the clinic, Raman fiber probes have been
developed and found widespread use over the past 5 years. Thus, Raman fibers for VIS and IR
spectroscopy were evaluated in vivo for the detection of atherosclerotic plaques by monitoring
a CM obtained at the asterisk and reduced cytochromes b5 and c (image reproduced, with permission, from [9])
(C) Spectroscopic analysis of myocardial infarction regions. (i) Schematic representation of the isolated heart that is perfused
retrogradely from the ascending aorta. The left ventricular wall is divided into perfused and nonperfused areas. Below: the
sequential representations of averaged Raman spectra acquired from the surface of perfused rat hearts at ischemic
(nonperfused) and nonischemic (perfused) areas of the 30-min and 120-min ligation models at each time point [17]. (ii) Left
evaluation of myocardial infarction and its repair by stimulated Raman scattering (SRS): histological examination (A–D) and
corresponding Raman spectra (E) derived from cardiac tissues: (A) hematoxylin and eosin (H&E)-stained specimen of norma
heart; (B) coagulation necrosis; (C) granulation tissue; and (D1 and D2) fibrotic scar. Right: (A) PLS-DA image; (B) H&E
staining (B): (a) necrosis, (b) granulation, and (c) normal tissue [18]. Images reproduced, with permission, from the indicated
references. (D) Spectroscopic imaging in lysosomal storage diseases: detection of lipid accumulation in heart tissue of mice
affected by Fabry disease using CARS-SHG imaging with clustering analyses resulted in highly accurate genotype
discrimination between knockout (GLAKO) and wild-type (GLAWT) mouse models (Image reproduced, with permission, from
[23]). (E) Raman monitoring of sunitinib (SU) distribution in cardiac cells using specific Raman bands of SU and porous silicon
nanoparticles (pSiNPs) used as nanocontainers for drug delivery, aiming to study drug uptake and localization, cell response
and cardiotoxicity (Image reproduced, with permission, from [93]). (F) Schematic illustration of surface-enhanced Raman
spectroscopy (SERS)-based sandwich immunoassays for quantitative analysis of cardiac troponin I (cTnI) and creatine
kinase MB (CK-MB) biomarkers. (A) Gold-patterned chip and SERS probes for the detection of dual biomarkers
(B) Monoclonal antibodies conjugated (cTnI and CK-MB) onto the gold-patterned chip for the capture of target antigens
SERS probe addition for the formation of sandwich immunocomplexes. Raman detection of immunocomplexes using
632.8 nm laser (Image adapted, with permission, from [27]).
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the lipid–protein differentiation in plaques of aortic cross-sections of rabbits fed a high-cholesterol
diet [26]. In another rodent study, fiberoptic resonance RS was tested for the prediction of cardiac
dysfunction through continuous monitoring of the mitochondrial redox state [6]. This method was
applied to rats under hypoxemic conditions and was able to predict the subsequent cardiac arrest
with high sensitivity and specificity [6]. These techniquesmay possibly allow to identify early defects
in oxygen delivery within the cardiac muscle.

Enhanced RS, a surface-enhanced Raman spectroscopy (SERS)-based immunoassay using
gold-patterned array chips, has successfully been applied to detect cardiac troponin (cTn)I and
creatine kinase (CK)-MB, two established cardiac biomarkers, in serum samples collected from
patients with acute myocardial infarction (AMI) (Figure 1F and Box 2). This technique promises a
significantly higher sensitivity and accuracy than current immunoassay methods [3,27]. Similarly,
another highly sensitive SERS-based approach was established for the detection of heart failure
biomarker brain natriuretic peptide (BNP). In this approach, functionalized nanostructures (‘fingers’)
were used to construct Raman signals, that is, a fingerprint of BNP, and a machine learning-
based algorithm was developed for a quick and accurate detection platform of myocardial
infarction (acquisition time <10 s, accuracy of 98%) [28]. In a small clinical study, the application
of SERS to the human urine from 87 patients with coronary artery disease (CHD) and 20 healthy
humans revealed a promising correlation of the platelet-derived growth factor-BB peak, a fac-
tor closely related to CHD, with the results of the coronary angiography/cardiac congestion
[29]. These studies suggest RS as a new and promising analytical method for early diagnosis
of myocardial infarction or other heart diseases and possibly improved therapeutic decisions.

The limited efficiency of Raman scattering compared to fluorescence imaging, long acquisition
time, and shallow penetration depth, which require direct access to the tissue sample in vivo,
may lead to sample degradation or functional changes. Future developments in high-throughput
optical elements and Raman scattering enhancement, automated AI-assisted data analysis, and
improved acquisition time support widespread application of RS in the life sciences. Improvements
in Raman techniques through nonlinear coherent modalities, line scanning, multifocality, and various
multimodal approaches enable higher spectral and temporal sensitivity and greater penetration
depth with lower resonance background and reduced autofluorescence.

High (super)-resolution cardiac imaging
High-resolution optical imaging has been relevant for cardiac imaging since the advent of
confocal microscopy, if not earlier. Recent interesting applications include the label-free live-
cell imaging of hPSC-derived CMs by multiphoton microscopy of autofluorescence [30] and
hyperspectral imaging for label-free in vivo identification of myocardial scars [31]. While highly
versatile, these and related methods are generally limited in spatial resolution by the diffraction
limit, roughly half the wavelength of light used for imaging. The area of diffraction-limited mi-
croscopy applications for cardiac studies is vast, and as suggested above, new label-free ap-
proaches are becoming increasingly relevant for translational studies. In the remainder of this
section, we narrow the focus on applications of super-resolution microscopy; that is, relatively re-
cent microscopy techniques that achieve spatial resolution better than the diffraction limit by
exploiting a number of optical and chemical labeling ‘tricks’ (Box 3).

Such improved spatial resolution is critical because many important structures of CMs are signif-
icantly smaller than the diffraction limit (~250 nm). Examples include the t tubules (with a diameter
of ~200 nm in mouse CMs), the sarcoplasmic reticulum (SR), which consists of a tubular net-
work with many elements <100 nm in diameter, and the features of protein distributions that often
form clusters ranging in size from 10 to several 100 nm.
6 Trends in Biotechnology, Month 2023, Vol. xx, No. xx
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Box 3. Optical super-resolution microscopy

Optical fluorescence super-resolution has seen rapid development and diversification since its introduction in the early to
middle 2000s, as, for example, reviewed in [88]. In cardiac applications, STEDmicroscopy and methods known as SMLM
have been extensively applied. STED [32] is typically implemented as a scanning type of microscopy, similar to confocal
microscopy. In addition to a conventional illumination beam that excites fluorochromes in the sample, STED uses a second
coaligned depletion beam in a spectral regime that causes de-excitation of excited fluorochromes by a molecular process
called stimulated emission. The depletion beam is focused into a donut shape with an intensity minimum at the center so
that it deexcites fluorescence at the periphery of the illumination volume and by the nonlinearity of saturated depletion
achieves a sharpening of the effective point spread function, in practice improving resolution to 30–80 nm. SMLM, by
contrast, localizes the fluorescence from single fluorophores with a precision that is only limited by the number of photons
that can be harvested, achieving resolutions between 20 and 80 nm. To form an image the location of many thousands of
molecules is determined, typically achieved by taking several thousand camera frames. To enable precise localization, the
images of nearby molecules must not overlap. This requires that only a few dye molecules are fluorescent in any frame,
which can be achieved in several ways. When using photoactivatable dyes, a weak photoactivation beam activates few
molecules at a time which are imaged and rapidly photobleached. Another approach uses photo-switching with switching
buffers, where a popular method is called direct stochastic optical reconstruction microscopy (dSTORM) [89]. An alternative
way to achieve single molecule ‘blinking’ uses synthetic DNA strands, termed DNA-PAINT [90]. All SMLM methods have in
common that they produce long lists of fluorophore localizations that are then rendered into a single higher resolution image.
Because many frames need to be acquired to generate a single super-resolution image, the temporal resolution of SMLM is
generally low. An alternative to optical super-resolution is expansion microscopy [91]. In expansion microscopy a fixed
sample is physically magnified by embedding it into a swellable gel. The expanded sample is then imaged using conventional
diffraction-limited microscopy (e.g., confocal microscopy) and the resolution improvement is proportional to the physical
sample expansion factor which can vary between 4 and 100× depending on the expansion protocol that is applied [92].
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The range of fluorescence super-resolution microscopy (nanoscopy) techniques; that is,
techniques that achieve an optical resolution better than the diffraction limit, has been ever-
increasing, providing suitable approaches for almost every cardiovascular biology question
(Box 3). Several flexible super-resolution techniques use a donut-shaped deexcitation laser
beam (with a spot of zero intensity at the center) as the basis for deterministic nanoscopy. Early
implementations of this approach improved resolution down to a few tens of nanometers or
better [32]. This resolution equals the size of organelles and macromolecular machines in intact
cells. Examples of this mesoscale imaging include, but are not limited to stimulated emission
depletion (STED) nanoscopy of the live-cell intracellular transverse-axial-tubule-network including
the widthmeasurement of hollow luminal membrane tube sections in atrial CMs (Figure 2A); of the
live-cell visualization of polyadic tubule and SR stacked superstructures in atrial CMs from
Junctophilin-2 overexpressing hearts (Figure 2B), or quantitative optical capture of local Ca2+

signaling at the non-cardiac cochlea inner hair cell presynaptic active zones [33]; in fixed atrial
myocytes from sheep with persistent atrial fibrillation the fragmentation of clusters of ryanodine
receptor (RyR)2 Ca2+ release channels [34]; or of the lifecycle and spatial organization of the >3
MDa protein titin at Z disks in ventricular CMs by ribosomes and proteasomes [35].

A similar spatial resolution on the order of a few tens of nanometers is provided by single-mole-
cule localization microscopy (SMLM) techniques which localize many thousands of single fluores-
cence molecules over typically thousands of camera frames to assemble composite super-
resolved images [36]. These techniques include photoactivated localization microscopy (PALM)
and stochastic optical reconstruction microscopy (STORM), which have been used to investigate
the distribution of cardiac RyR2 channels and other proteins involved in calcium handling [37,38],
such as Ca2+-sensitive potassium channels [39] (Figure 2C), generally using antibody staining in
fixed preparations due to the relatively low time resolution of SMLM – although PALM has recently
been used to measure RyR2 cluster properties in live CMs [40]. STORM has been used to inves-
tigate intercalated disk ultrastructure and molecular organization [41,42], and similarly to show
that Cx43 colocalizes with dyadic RyR2 superclusters [43]. In addition, it has been used to identify
a sodium channel (NaV1.5) subpopulation near subjacent subsarcolemmal mitochondria [44].
Similar in concept to PALM and STORM, DNA-based point accumulation for imaging in
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Figure 2. Super-resolution and 3D reconstruction electron tomography of cardiac cells and structures
(A) Left: cartoon conceptualizing axial tubule (AT) width (δ) measurement, length (LAT), and calculated surface area
(AAT). Right: AT width was determined from the local stimulated emission depletion (STED) signal distribution in optica
cross sections (brackets) deep inside enzymatically isolated living atrial cardiomyocytes (CMs). STED but not confoca
microscopy allows for high-contrast membrane visualization and measurement of the AT width δ (293.3 ± 7.7 nm)
Scale bars: 200 nm (image reproduced, with permission, from [94]). (B) WT (wild-type mouse heart) versus JP2-OE
(Junctophilin-2 overexpressing mouse heart) live STED nanoscopy of cholesterol-PEG-KK114 (Chol)-stained living atrial CM
Note deep intracellular AT-associated trifurcation structures in WT versus polystacked tubule superstructures in JP2-OE
CMs. Asterisks identify magnified structures. Scale bars: 1 μm (image reproduced, with permission, from [52]). (C) The
image shows type 2 ryanodine receptors (RyRs) (red) and BKα channels (large conductance Ca2+-activated K+

channel pore-forming subunit) (green) imaged with ground state depletion microscopy followed by individual molecule
return (GDSIM) (a variation of direct stochastic optical reconstruction microscopy; dSTORM) in a mouse smooth
muscle cell. The high-resolution data allow quantifying the coassociation of RyRs and BKα. Scale bar: 3 μm, inse
300 nm (image reproduced, with permission, from [39]). (D) Clusters of RyRs were visualized with DNA-based poin
accumulation for imaging in nanoscale topography (DNA-PAINT) in rat ventricular myocytes. Puncta of labeling were
counted and used to estimate the number of RyRs in peripheral couplings. A quantitative mode called qPAINT was
also used. Scale bar: 200 nm (image reproduced, with permission, from [45]). (E) The micrograph shows expansion
microscopy of an enzymically isolated rat myocytes with RyR (red) and t-tubules (cyan) stained. Note the presence o
RyR clusters on longitudinal t tubules. Scale bar: 1 μm [46]. (F) JP2-OE: representative electron tomography 3D
reconstruction of a tubule superstructure in JP2-OE from a high-pressure ultrarapidly cryofrozen atrial CM. Note the
complex 3D tubule organization (green) and multiplexed polyadic junctional contacts with SR membranes (yellow)
Scale bar: 200 nm (image reproduced, with permission, from [52]).
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nanoscale topography (DNA-PAINT), a more recent type of SMLM, exploits the transient binding
of diffusive, fluorescently labeled oligonucleotides/imager strands to complementary docking
strands, which are in turn conjugated to a target protein, often a marker protein such as an anti-
body. Its advantages over PALM and STORM include effective circumvention of photobleaching
and relatively large photon yields from single molecules, which improves localization precision.
DNA-PAINT has been used to investigate the distribution of RyRs (Figure 2D) and its interactor
Junctophilin-2 in ventricular myocytes [45].

An alternative approach which expands the sample itself, termed expansion microscopy, has
been used to investigate RyR distribution in 3D in normal and CMs in a heart failure model
(Figure 2E) [46]. Expansion microscopy is accessible to laboratories without advanced super-
resolutionmicroscopy equipment as the resolution enhancement is primarily achieved via suitable
sample preparation protocols. A limitation is that expansionmicroscopy is limited to fixed samples as
the chemical basis of the embedding of the sample into a swellable gel is generally not compatible
with live cells.

Common to all the super-resolution approaches and applications to cardiac samples described
above is that the spatial resolution generally is at a scale of 10 nm or larger; that is, not yet at the
molecular level which would require resolution on the order of a single nanometer. A raft of recent
refinements of super-resolution microscopies is promising to enable true molecular resolution
imaging. While applications to cardiac samples have not yet been reported, we anticipate that
this is only a question of time, although technical adaptions may be required to successfully
image the large and spatially complex cell types found in the heart.

First in this list of advanced nanoscopy concepts is MINimal fluorescence photon FLUXes
(MINFLUX), which combines the principles of STED and SMLM by localizing single molecules
with an excitation light pattern in the form of a donut featuring one or more central intensity
zeros [47]. As previously shown, ~2500 photons suffice to obtain a precision of <1 nm (standard
deviation) in the focal plane. Even in 3D, ~2-nmprecision is readily attainable byMINFLUX nanoscopy,
thus resolving the spatial distribution of fluorophores at truemolecular scales [47]. MINFLUX has been
recently combined with DNA-PAINT using small markers such as nanobodies featuring a suitable
docking strand [47,48]. A recent preprint has applied MINFLUX imaging to resolve RyR2 subunits
in situ and shows promise to resolve the 3D orientation of protein complexes in intact VMs [49];
this illustrates the potential of truly molecular optical imaging in cardiac cells – further work will
have to investigate the broader applicability to other cell types and structures in the heart.

As the ultimate molecular resolution technique, electron tomography (ET) has been applied to
CMs, which allows for 3D reconstruction of subcellular volumes with a native resolution of
~1nm3 [50]. Combining high-pressure freezing of CMs within milliseconds after electrical excita-
tion, snapshots of contraction-induced deformation of the intracellular nanodynamics can be
captured [50]. Examples are t-tubule deformations from resting circular, contracted squeezed,
to stretched elongated cross-sections [51], polyadic superstructures in Junctophilin-2 over-
expressing atrial CMs (Figure 2F) [52], or RyR2 cluster changes upon phosphorylation or
FKBP12/FKBP12.6 treatment [53]. During dynamic changes t-tubule cross-sections did not
show a bias for high cross-section eccentricity [51].

Finally, we note that there are other ways to look at nanoscale features of myocytes, not involving
optical (or electron) microscopy per se. Most prominent is perhaps scanning ion conductance mi-
croscopy (SICM) as pioneered by the Gorelik group in cardiac applications, which has also significant
impact on signaling insights in CM [54,55]. We refer the interested reader to an existing review [56].
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Large-scale cardiac imaging and manipulation
Taking these works to another order of magnitude, our capabilities of probing and manipulating
the electrical dynamics across the whole heart have dramatically improved over the past years,
thanks to advances in voltage and calcium indicators, optogenetics actuators [57], as well
as novel optical platforms for functional imaging.

Firstly, an imaging toolkit for cardiac panoramic optical mapping was recently introduced. This
comprehensive toolkit has made panoramic optical mapping more accessible to the biomed-
ical research community at large, allowing more research groups to perform this previously
highly complex approach [58]. Breakthroughs have also been made in experimental setups.
A novel optical platform timely demonstrated the possibility of probing and manipulating
cardiac electrical dynamics in real time by reacting acutely to ongoing cardiac waves using
patterned optogenetic stimulation [59]. Optogenetic manipulation has also been utilized at a
subthreshold regime, inducing a light-modulated depolarizing current with amplitudes that
are too low to elicit action potentials, but are sufficient to fine-tune electrical dynamics
(Figure 3A). This approach enables the induction of drifting and termination of spiral waves
[60], manipulation of cardiac repolarization gradients [61], as well as increasing the magnitude
of cardiac alternans [62]. Another exciting recent development is the possibility of simultaneous
assessment of both electrical and mechanical dynamics in freely contracting hearts, which is
achieved by disentangling fluorescence signals of the voltage sensor from mechanical defor-
mation (Figure 3B) [63]. This approach not only enables a quantitative analysis of mechanic
tissue characteristics, but intrinsically opens the possibility of studying electrical dynamics
without the necessity of using pharmacological excitation–contraction uncoupling agents
(Figure 3C) [64]. Although this method allows probing calcium and voltage during physiological
mechanoelectrical feedback, future technical advances should also take into account the out-
of-plane motion (parallel to the detection axis) and its respective correction. Recently, thanks
to the development of new near-IR ratio-metric voltage-sensitive dyes (VSDs), the
possibility of mapping electrical activity in beating hearts has been also proved in translational
pig models in vivo [65].

A major current restriction in optical mapping systems is that electrical activity is primarily
measured at the epicardial surface, which especially limits studies in larger species where
transmural dynamics take place. A new generation of near-IR VSDs with deeper penetration
of excitation and emission light into tissue [66], in combination with novel volumetric imaging
schemes, can provide improvements in this aspect. Although volumetric voltage imaging of
the whole heart has been demonstrated in zebrafish hearts [67], similar strategies would be
challenging to apply to mammalian hearts given the high density of myocardial tissue and
conceptually new directions are probably required. For instance, Walton and coauthors [68]
demonstrated that alternating different excitation wavelengths allowed multiplexed imaging
at various depths, while transillumination [69] enabled further intramural penetration with
depth profiles of signal contribution differing from epifluorescence. Moreover, the subsurface
volume of tissue contributing to the optical signal, known as the optical integration volume,
plays a significant role in determining the dynamic signal morphology of the cardiac action
potential. The size of the optical integration volume strongly influences the AP upstroke duration.
The orientation of electrical wavefront propagation through the volume, concerning the imaged sur-
face, determines the amplitude of the maximum derivative of the optical upstroke [70,71]. Recent
advancements in photoacoustic imaging [72] –where the sound signature of an optical absorber is
resolved in 3D across a whole heart – have provided a new perspective for the development of
novel technologies for probing action potential to the underlying tissue source in a direct 3D
manner.
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Figure 3. Mesoscopic morphofunctional imaging. (A) Imaging and manipulation of cardiac electrical dynamics using
subthreshold (Sub-Th) optogenetic manipulation. ChR2 mouse hearts were electrically paced at the apex (yellow bolt
symbol) while half of the heart was illuminated under a subthreshold regime. The action potential duration (APD90) and
activation map correspond to the experimental condition. The broken line indicates the border between the illuminated
and unilluminated region [62]. (B) Disentanglement of fluorescence signals (voltage in green, calcium in orange) from
mechanical deformation using computer vision techniques. Voltage and calcium signals during ventricular fibrillation before
(top) and after motion correction. The method not only overcomes the limitations imposed by motion artifacts but also
enables quantitative motion analysis visualizing rotating dynamics in electrical, calcium, and mechanical activity [63].
(C) Action potential dynamics in beating versus blebbistatin-uncoupled hearts. Comparison of AP dynamics with (in yellow)

(Figure legend continued at the bottom of the next page.)
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Importantly, the interpretation of cardiac electrical behaviors would benefit greatly from knowledge of
the structural tissue organization, especially in the setting of pathological remodeling. However, per-
forming large-scale imaging (in the centimeter range) at micron-scale resolution (often referred to as
mesoscopic imaging) has proved challenging, and 3D reconstruction is currently accomplished by
mechanical sectioning of tissue due to the inability of visible light to penetrate organs. To tackle this
issue, various optical clearing techniques have been developed in recent years to create a homoge-
neous refractive index inside and outside the sample, minimizing scattering effects and making the
sample transparent [73]. Although most of these clearing methods have been proven highly efficient
in brain tissue, the heart has turned out to be comparatively difficult to treat and, up to now, there is no
established clearing protocol that guarantees tissue preservation (at the organ and cellular level), high
transparency, and possibility of whole-organ immunostaining, so that compromises have to bemade
[74]. Nevertheless, in recent years several clearing protocols have proved useful in exploring heart mi-
crovasculature architecture [75,76], CM organization [77,78], and (patho)physiological organization of
the sympathetic nervous system [79]. Notably, Zhu and coauthors [80] established a powerful
experimental framework for examining structure–function relationships in pathophysiological hearts
by correlating optical mapping data and mesoscopic reconstruction of the sympathetic nervous
system after myocardial infarction (Figure 3D).

In parallel with developing new clearing and staining protocols, the development of a new gener-
ation of optical microscopes for high-throughput mesoscopic reconstruction is also currently
ongoing. To date, the best-performing technique for imaging of large organs is planar illumination
microscopy [often referred to as light-sheet fluorescence microscopy (LSFM)] [81]. In short,
the approach of LSFM relies on the illumination of a sample with a light sheet, coupled with a
wide-field detection system positioned perpendicular to the direction of propagation of the light
sheet (Box 4). By uncoupling the excitation and detection systems, it is possible to collect the sig-
nal from the entire field of view in parallel whilst maintaining effective optical sectioning provided by
the localization of the excitation. However, both the thickness of the light sheet and its depth of
focus depends on the numerical aperture (NA) of the excitation system: higher NA generates
a thin light sheet, but with a limited extension of the focusing area while lower NA generates a
large light sheet but with low sectioning capability.

To overcome this limitation, different strategies have been recently developed. A simple but
efficient solution was found by Ding and coworkers, where an engaged depth of focus of the
light sheet was achieved by applying dual-sided illumination with shifted confocal parameters
[82]. Furthermore, inspired by the mesoSPIM project (mesospim.org), Giardini and coworkers
[83] recently resolved single CMs and mapped them into a 3D reconstruction of whole mouse
hearts in a single tomographic acquisition. In this configuration, the focal band of the light sheet
is shifted in-plane through the tissue, while a rolling shutter only exposes regions of a scientific-
grade CMOS camera that correspond to the axially scanned line of maximal light sheet focus in
the sample, thereby producing an extraordinarily thin light sheet across the entire field of view
(Figure 3E). Thanks to this implementation, the authors described the possibility of resolving
single cells in three dimensions across the entire organ.
andwithout (in black) pharmacological excitation–contraction uncoupling agents [64]. (D) Optical mapping and tissue clearing
workflow to correlate electrical and structural maps. Activation map and coregistered image of tyrosine hydroxylase-positive
nerve fibers. High-magnification images of nerve-fiber tracing by computer vision, color-coded by fiber diameter [80]. (E) 3D
mouse heart reconstruction. Coronal and transverse sections of a clarified heart stained with WGA conjugated to Alexa Fluor
633. The optical sectioning capability provided by mesoSPIM in combination with high tissue transparency allows the
resolution of micrometric structures in the wall depth. In this configuration, the high sectioning capability is maintained
across the whole field of view by the synchronization between the camera rolling shutter and the light beam position driven
by the tunable lens [83]. All images reproduced, with permission, from the indicated references.
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Box 4. LSFM

The basic principle of LSFM consists in illuminating the sample with a sheet of light and detecting the fluorescence signal in
wide field orthogonally to the direction of propagation of the light sheet. By decoupling the excitation from the detection, it
is possible to collect the fluorescence signal from the entire field of view while maintaining effective optical sectioning
provided by the localization of the excitation plane. LSFM is significantly useful in volumetric imaging where the acquisition
times are notably shortened compared to laser scanning techniques, such as confocal or two-photon microscopy, where
all voxels have to be scanned sequentially.

This configuration allows a radial resolution determined by the detection optics and therefore expressed by Abbe’s
formula, while the axial resolution (optical sectioning) is dictated by the thickness of the light sheet. The light sheet is
commonly realized dynamically by using a galvanometric mirror that scans at high speed the excitation ray into the
converging lens, thus translating the light beam throughout the illumination plane and generating a virtual sheet of light.
The focused beam has therefore a simple Gaussian profile (Figure I) characterized by the following thickness:

w zð Þ ¼ w0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ z

zR

� �2
s

with:

zR ¼ nw2
0n
λ

where z is the propagation axis, the parameterw0 represents the minimum thickness of the light sheet (called beamwaist),
n is the refractive index where the sample is immersed, and λ the excitation wavelength.

The distance (b in Figure I) between the two points ± zR is called the depth of focus of the beam and represents the limit in
which the thickness of the light sheet can be considered uniform, defining the maximum field of view.

Importantly, b depends on w0; therefore, thin light sheet has limited extension of the focusing zone. On the other hand,
large extension of the light sheet can achieve only with low sectioning power, compromising the possibility of analyzing
3D structures with an isometric resolution.
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Figure I. Spatial profile (beam width) of a focused Gaussian beam.
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Outstanding questions
The quantitative and qualitative
biochemical information obtained by
RS from the untreated heart biopsy
can be well correlated with the patho-
logical examination as a preliminary
molecular assessment. However, the
shallow penetration depth in vivo and
thus the need for direct access to the
tissue sample, the undesirable pres-
ence of blood for imaging, the long ac-
quisition time and the low signal of
inelastic Raman scattering compared
to tissue autofluorescence lead to limi-
tations in biomedical applications.
What improvements to RS are needed
for the successful adoption of Raman
imaging in the life sciences? Could the
amplification of Raman signals and
the automated use of machine learning
algorithms help optimize and improve
data analysis?

In parallel, super-resolution micros-
copy has been proven efficient in pro-
viding ultrastructural and molecular
information in living cells. However,
can high-resolution optical imaging
techniques that approach the single-
nanometer scale be successfully
applied in tissues? Will high spatial
resolution imaging become compati-
ble with the high temporal resolution
required to capture fast dynamic pro-
cesses such as those during calcium
signaling?

Moving from nano- to meso-scales,
how can super-resolution be efficiently
integrated into imaging modalities with
larger fields of view? How feasible will
data management and analysis be? In
general, how important will machine
learning become in providing auto-
mated microscopy, as well as im-
proved analysis and segmentation for
cardiac applications at various scales,
and how quickly will this transformation
occur?
Lastly, even if not optically based, cardiac imaging has also made significant progress in whole-
heart microscale structural imaging for large mammalian species using microCT [84,85]. In this
context, new air-drying tissue pretreatment regimes have been developed, leading to a reduction
in tissue density and stabilization in the air for optimized X-ray transmission and high-contrast
imaging.

Concluding remarks and future perspectives
We aimed to provide a comprehensive, scientific overview of the current cutting-edge imaging
techniques in cardiovascular research, their applications in biology and potential for translation
into bio- and medical technologies. The review summarizes how those imaging tools help gain
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better insights into cardiac morphology and molecular alterations, cardiac function and the trans-
lation of these insights into new approaches for diagnosis, treatment, and management of heart
disease. It also discusses the limitations of both live and fixed sampling and the difficulties of the
aforementioned techniques.

Raman imaging identifies molecular alterations in biochemical compositions of cells and tissue of
the heart in a label-free way that is attractive for detection of cardiac hypertrophy. Blood analysis
by RS allows quick detection of AMI. SERSmicroscopy enables distinguishing low concentrations
of biochemicals and analytes. Achieving high-speed nanometer-scale Raman imaging holds
the potential of a breakthrough in biological imaging. Combinations such as SERS and high-
resolution microscopy, SERS–STORM microscopy, optical tweezers for single cell localization,
Raman-activated droplet sorting, deep tissue analyses by tissue clearance, portable Raman fiber
probes – all support the implementation of RS in daily clinical practice, providing physicians with
not only visual but also molecular-based information from the critical tissue area.

Super-resolution microscopy techniques have clearly become important tools in studying
cardiovascular biology. With the recent advent of true molecular imaging at the single nanometer
resolution level, we will likely soon see applications of these cutting-edge techniques in CM
preparations, where many molecular questions still await answers. In this regard, a technique
called one-nanometer expansion (ONE) microscopy [45] was recently established by combining
X10 expansion microscopy with a type of super-resolution microscopy based on determining
higher-order statistical analysis of temporal fluctuations measured in a series of camera frames,
known as super-resolution radial fluctuations (SRRFs) [46]. ONE can be implemented using
conventional confocal or epifluorescence microscopes and achieves 1 nm or better resolutions
across different samples and color channels, using labeled immunoglobulins [45].

Finally, extended field-of-view and spatial resolution have recently been achieved, thanks to the new
generation of mesoscopic morphofunctional imaging operating at whole tissue level. Hence, current
advances in imaging make the development of an ideal experimental framework to dissect cardiac
electrophysiology increasingly feasible. In a futuristic scenario, transmembrane potentials and calcium
release can be recorded in 3D, while simultaneously tracking the movement of a freely beating heart.
In addition to the investigation of electrophysiological characteristics, novel advances in imaging
methods and tissue preparations can be combined with novel software strategies for analysis,
processing, and correlation of structural and functional data at single-cell resolution. Together,
these developments will lead to further understanding mechanisms driving, for example,
arrhythmias, while aiding the development of novel therapies (see Outstanding questions).
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