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Introduction

The field of chemical imaging and microscopy has witnessed significant advance-
ments, offering techniques with high spatial resolution and chemical specificity,
crucial for understanding complex systems [1]. The integration of spectroscopy
with microscopy, such as Raman and infrared microscopy, enables precise molec-
ular identification and mapping, providing detailed insights into sample composi-
tion [1]. Emerging label-free imaging techniques, like stimulated Raman scattering
(SRS) and coherent anti-Stokes Raman scattering (CARS) microscopy, are revo-
lutionizing the visualization of cellular and tissue structures with unprecedented
detail [1]. These innovative methods are profoundly impacting research in biologi-
cal systems and material science, pushing the boundaries of what can be observed
and analyzed [1].

Coherent Raman scattering microscopy, particularly SRS microscopy, stands out
as a powerful label-free imaging modality due to its high signal-to-noise ratios and
rapid imaging capabilities, making it ideal for live biological samples [2]. The un-
derlying principles of SRS microscopy are meticulously detailed, highlighting its
effectiveness in visualizing intricate molecular distributions without the need for
exogenous labels, thus opening new avenues in neuroscience, cancer research,
and drug delivery studies [2]. Furthermore, ongoing instrumental advancements
are continuously enhancing the performance and applicability of SRS techniques

[2].

Infrared (IR) microscopy, encompassing techniques like Fourier Transform Infrared
(FTIR) microscopy and mid-infrared (MIR) spectroscopy, has been a cornerstone
for chemical analysis, leveraging the unique vibrational modes of molecules to
provide rich chemical information [3]. Its established strengths lie in materials
characterization, pharmaceutical analysis, and biomedical research, particularly
in identifying disease-specific molecular signatures [3]. Despite its maturity, on-
going efforts are focused on addressing challenges and exploring future directions
to improve spatial resolution and sensitivity in IR microscopy [3].

The synergy between advanced optical microscopy and chemical sensing is a
rapidly evolving area, presenting novel strategies for visualizing and quantifying
specific analytes within complex environments through the development of so-
phisticated fluorescent probes and nanoparticles [4]. This integration facilitates
dynamic chemical imaging, enabling real-time detection of analytes such as pH,
reactive oxygen species, and metal ions, thereby empowering detailed biological
and environmental monitoring [4].

Hyperspectral imaging (HSI) coupled with microscopy offers a powerful approach
for detailed chemical characterization by collecting spectral information across a
wide range of wavelengths for each pixel, facilitating the discrimination and identi-
fication of diverse chemical components within a sample [5]. This combined tech-
nique has demonstrated significant utility in analyzing heterogeneous materials

like polymers and composites, as well as in food science and agriculture for qual-
ity control and defect detection, underscoring the value of integrating microscopy's
spatial data with HSI's spectral richness [5].

Tip-Enhanced Raman Spectroscopy (TERS) microscopy is a breakthrough tech-
nique for nanoscale chemical mapping, merging the high chemical specificity of
Raman spectroscopy with the exceptional spatial resolution of scanning probe mi-
croscopy [6]. This allows for vibrational analysis at the nanoscale, enabling the
identification of molecular structures and their precise arrangement in complex
systems, with applications extending to nanoscience, solid-state physics, and sur-
face chemistry, where it reveals subtle chemical variations at the single-molecule
level [6].

The development of novel fluorescent probes is paramount for advancing live-
cell chemical imaging, with research focusing on design principles and synthetic
strategies to create probes exhibiting high sensitivity, selectivity, and photostabil-
ity [7]. These probes are specifically engineered to target intracellular components
or processes, facilitating real-time visualization of chemical events within living
cells, including enzyme activity, intracellular pH fluctuations, and essential ion dis-
tribution, thereby significantly enhancing our understanding of cellular dynamics

[7].

X-ray microscopy provides a unique capability for elemental and chemical map-
ping, offering high spatial resolution and the ability to probe elemental composition
and oxidation states, even in challenging samples like thick or hydrated specimens
[8]. Techniques such as scanning transmission X-ray microscopy (STXM) and X-
ray fluorescence microscopy (XFM) are discussed for their broad applicability in
materials science, environmental science, and biology, emphasizing their advan-
tage in providing crucial chemical information with minimal sample preparation
[8].

Correlative chemical imaging achieved by synergistically combining atomic force
microscopy (AFM) and Raman spectroscopy represents a significant leap in un-
derstanding sample heterogeneity at the nanoscale [9]. This integrated approach
leverages AFM'’s topographic data with Raman’s chemical identification power
to provide a comprehensive view, particularly beneficial for studying the surface
chemistry of polymers, biomaterials, and thin films, revealing intricate correla-
tions between surface morphology and chemical composition for advanced ma-
terial characterization [9].

Super-resolution microscopy techniques are increasingly being adapted for chem-
ical analysis, aiming to achieve chemical information at unprecedented resolutions
by integrating with spectroscopic methods [10]. Techniques like stimulated emis-
sion depletion (STED) microscopy coupled with fluorescence spectroscopy are at
the forefront, enabling the visualization and analysis of molecular structures and
interactions within cells and materials with exceptional detail, thereby fostering
new discoveries in molecular biology and nanoscience [10].
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Description

The domain of chemical imaging and microscopy has undergone remarkable evo-
lution, with the introduction of techniques that afford superior spatial resolution
alongside chemical specificity, which is indispensable for dissecting intricate sys-
tems [1]. The convergence of spectroscopy and microscopy, exemplified by Ra-
man and infrared microscopy, facilitates the precise identification and spatial map-
ping of molecules, thereby furnishing granular data on sample constituents [1].
Pioneering label-free imaging modalities, such as stimulated Raman scattering
(SRS) and coherent anti-Stokes Raman scattering (CARS) microscopy, are fun-
damentally transforming the visualization of cellular and tissue architectures with
unparalleled detail [1]. These cutting-edge methodologies are exerting a profound
influence on research endeavors within biological systems and the realm of ma-
terial science, progressively expanding the frontiers of observable and analyzable
phenomena [1].

Coherent Raman scattering microscopy, with a particular emphasis on SRS mi-
croscopy, emerges as a potent label-free imaging approach owing to its elevated
signal-to-noise ratios and swift imaging performance, rendering it exceptionally
well-suited for the study of living biological specimens [2]. The foundational prin-
ciples governing SRS microscopy are expounded upon in detail, underscoring its
efficacy in delineating complex molecular distributions devoid of the requirement
for exogenous labeling, thereby inaugurating novel research pathways in neuro-
science, oncology, and the investigation of drug delivery mechanisms [2]. More-
over, continuous enhancements in instrumentation are consistently augmenting
the capabilities and practical utility of SRS technologies [2].

Infrared (IR) microscopy, encompassing a spectrum of techniques including
Fourier Transform Infrared (FTIR) microscopy and mid-infrared (MIR) spec-
troscopy, has historically served as a bedrock for chemical analysis, capitalizing on
the distinctive vibrational signatures of molecules to yield comprehensive chemical
information [3]. Its established advantages are particularly evident in the character-
ization of materials, the analysis of pharmaceuticals, and in biomedical research,
especially for the discernment of disease-specific molecular profiles [3]. Notwith-
standing its established position, ongoing research efforts are directed towards
overcoming existing limitations and exploring future trajectories aimed at refining
both the spatial resolution and the sensitivity of IR microscopy [3].

The synergistic interplay between sophisticated optical microscopy and chemi-
cal sensing constitutes a burgeoning field, presenting innovative strategies for
the visualization and quantification of particular analytes within complex matrices
through the creation of advanced fluorescent probes and nanoparticles [4]. This
integrated approach fosters dynamic chemical imaging, enabling the real-time de-
tection of analytes such as pH indicators, reactive oxygen species, and various
metal ions, thus facilitating precise biological and environmental surveillance [4].

Hyperspectral imaging (HSI) when integrated with microscopy, offers a robust
methodology for in-depth chemical characterization by capturing spectral data
across an extensive range of wavelengths for each pixel, thereby enabling the dif-
ferentiation and identification of diverse chemical constituents within a sample [5].
This combined methodology has showcased considerable utility in the examina-
tion of heterogeneous materials, including polymers and composite structures, as
well as in the food science and agricultural sectors for purposes of quality assur-
ance and anomaly detection, emphasizing the inherent value in harmonizing the
spatial information from microscopy with the spectral richness afforded by HSI [5].

Tip-Enhanced Raman Spectroscopy (TERS) microscopy represents a pioneering
technique for chemical mapping at the nanoscale, effectively integrating the high
chemical discriminative power of Raman spectroscopy with the exceptional spa-
tial resolution characteristic of scanning probe microscopy [6]. This integration
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facilitates vibrational analysis at the nanoscale, empowering the identification of
molecular architectures and their precise spatial organization within complex sys-
tems. Its applications span nanoscience, condensed matter physics, and surface
chemistry, where it excels in elucidating subtle chemical variations at the single-
molecule level [6].

The ongoing development of novel fluorescent probes is critically important for ad-
vancing the field of live-cell chemical imaging, with research concentrating on the
underlying design principles and synthetic methodologies necessary for fabricat-
ing probes that exhibit superior sensitivity, selectivity, and photostability [7]. These
probes are intentionally designed for targeted interaction with specific intracellular
components or biological processes, thereby facilitating the real-time observation
of chemical events occurring within living cells. Such probes are instrumental in
monitoring enzymatic activity, intracellular pH dynamics, and the localization of
essential ions, significantly enhancing our comprehension of cellular mechanisms

[71.

X-ray microscopy furnishes a distinctive capacity for elemental and chemical map-
ping, providing high spatial resolution and the ability to investigate elemental
composition and oxidation states, even within challenging sample types such as
thick or hydrated specimens [8]. Techniques like scanning transmission X-ray mi-
croscopy (STXM) and X-ray fluorescence microscopy (XFM) are examined for their
extensive applicability across materials science, environmental science, and biol-
ogy. Their key advantage lies in their capability to yield vital chemical information
with minimal requisite sample preparation [8].

The correlative chemical imaging approach, achieved through the synergistic in-
tegration of atomic force microscopy (AFM) and Raman spectroscopy, signifies a
substantial advancement in understanding nanoscale heterogeneity within sam-
ples [9]. This combined methodology leverages the topographic data acquired by
AFM with the chemical identification capabilities of Raman spectroscopy to con-
struct a holistic view of the sample. It proves particularly advantageous for scru-
tinizing the surface chemistry of polymeric materials, biomaterials, and thin films,
revealing complex interdependencies between surface topography and chemical
composition, which is crucial for sophisticated material characterization [9].

Super-resolution microscopy methodologies are increasingly being adapted for the
purposes of chemical analysis, with the objective of achieving chemical insights
at previously unattainable resolutions through integration with spectroscopic tech-
niques [10]. Specific methods such as stimulated emission depletion (STED) mi-
croscopy, when coupled with fluorescence spectroscopy, are at the vanguard of
this development. These integrated approaches hold immense promise for visual-
izing and analyzing molecular structures and their interactions within both cellular
environments and material matrices with exceptional fidelity, thereby propelling
novel discoveries in the fields of molecular biology and nanoscience [10].

Conclusion

This collection of research highlights advancements in chemical imaging and mi-
croscopy, focusing on techniques that provide high spatial resolution and chemi-
cal specificity. Key methods discussed include Raman microscopy (SRS, CARS,
TERS), infrared microscopy (FTIR), hyperspectral imaging, X-ray microscopy, and
super-resolution microscopy. These techniques are applied to various fields,
such as biological systems, material science, and nanoscience, enabling detailed
molecular identification, mapping, and analysis. The development of fluorescent
probes and the correlative use of techniques like AFM with Raman spectroscopy
are also emphasized for their contributions to understanding complex structures
and dynamics at the molecular level. The overarching theme is the push towards
label-free, high-resolution chemical characterization for deeper scientific insight.
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