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B HISTORY OF DEVELOPMENT

Understanding biological processes at the molecular level is
crucial for advancements in life science, including disease
diagnosis, pharmacology, and biotechnology. Visualizing
chemicals and the chemistry involved in living systems is a
fundamental aspect of this endeavor. One emerging technique
that has significantly contributed to this understanding is
vibrational spectroscopic imaging which allows researchers to
gain insights into the inherent complexities in biological
systems at the molecular level.' ™ Among all the different
technologies within this field, there is interest in infrared (IR)-
based methods due to a relatively large absorption cross
section’ from 107 to 107** cm® This value is much larger
than the cross section of spontaneous Raman scattering, which
is ~107* cm? sr™!. The larger cross section of IR absorption
allows detection of low-concentration molecules within
biological samples.

IR spectroscopy began its rich history in the early 1900s.
Coblentz documented how specific chemical groups exhibit
characteristic IR absorptions.” Among all the IR-based imaging
strategies, the Fourier-transform IR (FTIR)®’ microscope is
widely used for visualizing chemicals in materials and biological
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samples. The signal in the FTIR microscope is generated
through the absorption of IR radiation by molecules in a
sample.'’™"® The quantized molecular vibrations absorb
specific wavelengths of IR light, resulting in attenuated IR
reflection or transmission, which generates fingerprints for
each chemical component present in the samples. The FTIR
microscope collects the photons passing through a sample to
create spatially resolved images revealing the distribution and
composition of its molecular constituents. The commercial
FTIR microscope has reached an impressive sensitivity level of
0.1 mM."” However, the spatial resolution of FTIR is
approximately 6 um,'® which does not allow mapping of
specific molecules within a biological cell. In addition, the
substantial water background inherent in FTIR spectroscopy
has restricted its application to living systems.'*'® Another
issue facing FTIR is the laser source; the globar provides a
broad band of IR source, resulting in low power density.”"~>*

The advancement of quantum cascade laser (QCL)*
technology introduced a tunable IR laser to the IR spectros-
copy field, facilitating rapid measurement of IR absorption at
spatially resolved pixels. However, because of the diffraction
limit imposed by long excitation wavelengths, the spatial
resolution of QCL-based IR imaging typically falls within the
range of 4 to 7 um.”’ The development of atomic force
microscopy (AFM)-IR***® pushed the spatial resolution to
~20 nm by using an AFM tip to sense the sample thermal
expansion induced by IR absorption. However, the restricted
penetration depth of AFM-IR makes it unsuitable for imaging
chemicals inside of a 3D or liquid sample.

To address the above challenges, an optically detected super-
resolution IR imaging technology known as mid-infrared
photothermal (MIP) microscopy has been recently devel-
oped.””*” This approach revolutionized the field by addressing
the limitations encountered by FTIR, QCL-IR, and AFM-IR.
MIP microscopy achieves super-resolution IR imaging through
a pump—probe strategy. In this method, chemical bonds in
molecules are excited by a pulsed infrared beam. The energy of
the infrared photons is absorbed by the molecules and quickly

Special Issue: Fundamental and Applied Reviews in
Analytical Chemistry 2024

Received: April 18, 2024
Accepted: April 19, 2024

https://doi.org/10.1021/acs.analchem.4c02017
Anal. Chem. XXXX, XXX, XXX—XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xinyan+Teng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mingsheng+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hongjian+He"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Danchen+Jia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiaze+Yin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rylie+Bolarinho"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ji-Xin+Cheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.analchem.4c02017&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c02017?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c02017?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c02017?goto=recommendations&?ref=pdf
https://pubs.acs.org/toc/ancham/current?ref=pdf
https://pubs.acs.org/toc/ancham/current?ref=pdf
https://pubs.acs.org/toc/ancham/current?ref=pdf
pubs.acs.org/ac?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.analchem.4c02017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/ac?ref=pdf
https://pubs.acs.org/ac?ref=pdf

Analytical Chemistry

pubs.acs.org/ac

REVIE

\ Vibrational transition

Mid-IR - U
pump

Non-radiative
thermal relaxation

Object

Temperature rise

¥

Thermal expansion

I Probe beam | *
| Scattering | Density decreases
Photothermal I
chemical < I Phase <= +
contrast
| - I Refractive index
uorescence
decreases
(R e l L L |

Figure 1. Principle of mid-infrared photothermal imaging.

relaxed into heat, causing a localized thermal expansion.
Meanwhile, a focused visible probe beam is used to detect the
resulting photothermal expansion, thereby generating distinct
chemical contrasts. This pump—probe strategy provides
submicron spatial resolution. Notably, the large heat capacity
and consequently small temperature increase of water
minimizes the water background signal in MIP images, further
broadening the applications of MIP imaging in life science.

Photothermal imaging based on the change of refractive
index was reported in the 1980s.”® In 2012, Furstenberg and
co-workers developed a photothermal imaging approach to
improve spatial resolution by exploring the thermal emission of
samples induced by mid-infrared laser heating.”® Later,
Erramilli, Sander, and co-workers employed a QCL and a
continuous-wave fiber laser for photothermal imaging of
protein content in dried bird brain slices.”” Yet, these early
studies did not demonstrate submicron resolution, nor the
potential of MIP for imaging a living system in the aqueous
environment.

The Cheng group reported a high-performance QCL-based
MIP microscope in 2016, achieving for the first time 3D bond-
selective imaging of live cells and organisms with a spatial
resolution of 0.6 ym and a limit of detection (LOD) of 10 uM
for the C=0 bond.”® In 2017, the Cheng group reported an
epi-detected mid-infrared photothermal (epi-MIP) microscope
at a spatial resolution of 0.65 pm, which enabled analysis of a
pharmaceutical sample.”® At the same year, the Hartland group
introduced infrared photothermal heterodyne imaging with a
counter propagation geometry, reaching 0.3 um spatial
resolution.”” These innovations have led to the commercializa-
tion of MIP microscopy into a product, mIRage, released in
2018 by Photothermal Spectroscopy Corp.”" The entrepreneur
success made MIP microscopy widely accessible to academic
laboratories and industry, enabling broad applications.

Thus far, three categories of the MIP microscope have been
developed, namely scanning MIP microscopy, wide-field MIP
microscopy, and computational MIP tomography.

In scanning MIP, the IR and visible beams are confocally
focused onto a sample. The IR absorption induced photo-
thermal lens acts a microlens that alters the propagation of
transmitted or reflected probe photons, which can be detected
by a photodiode. By scanning a sample mechanically or
scanning the laser foci with galvo mirrors, the photothermal
signals can be collected pixel by pixel to form an MIP image.
Early sample-scan MIP microscopes suffer from the speed issue
and the residual water background. In 2021, the Cheng group
reported lock-in free photothermal dynamic imaging (PDI)**

with signal digitization and match filtering, increasing the
imaging speed by 2 orders of magnitude, and enhanced the
SNR by 4-fold. Moreover, the water background is greatly
suppressed by detecting high harmonic signals.”* In 2023, the
Sander group reported an alternative approach using a high-
speed boxcar detection system to capture low duty cycle time-
resolve MIP signals. Their boxcar-detected MIP microscope
provides a 4.4-fold SNR improvement while also suppressing
the water background.33 In 2023, video-rate scanning MIP
imaging using single-pulse photothermal detection per pixel
was introduced.”* These advancements collectively solidified
the scanning MIP microscope as a reliable tool.

The wide-field MIP microscope employs wide-field illumi-
nation of both the IR pump and visible probe beams onto a
sample.”>** By exploring the difference in the transmission/
reflection images between the IR-on and IR-off status, the
transient photothermal effects in a whole field-of-view can be
captured by a camera. Wide-field MIP significantly improves
MIP imaging speed up to 1250 frames per second.’

Computational MIP tomography aligns with quantitative
phase imaging techniques, including optical diffraction
tomography and intensity diffraction tomography, both
incorporating the MIP effect. Via measuring the phase shift
induced by IR excitation, the transient phase dynamics
modulated by the IR photothermal effect can be determined.
Computational MIP tomography introduces molecular specif-
icity to quantitative phase images, allowing for volumetric
chemical phase imaging.>”*’

The MIP microscope is highly compatible with other
modalities. The visible probe beam can be used for Raman
microscopy and/or fluorescence imaging of the same speci-
men. It is important to note that fluorescence has been utilized
to sense the photothermal signals, as thermosensitive
fluorescent probes enhance MIP sensitivity by 100 times
compared to scattering-based detection.*"**

On the application to life science, MIP microscope has
enabled bond-selective imaging of living biological systems
with submicron spatial resolution. These applications encom-
pass the analysis of proteins, carbohydrates, lipids, enzymes,
nucleic acids, ranging from individual nanometer scale viruses
to centimeter-scale tissue samples. Several notable examples of
this include the demonstration of stable isotope probing in
microbiolo§ical studies by the Goodacre group at Liverpool
University, ™ *® isotope-labeled cell metabolism by the Davis
group at Yale University,"”** and label-free analysis of
degenerative disease metabolism by Oxana Klementieva and
colleagues at Lund University.”’™>* In parallel, the Ideguchi
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Figure 2. Schematics of co- and counter-propagating mid-infrared photothermal microscope.

group at the University of Tokyo imaged water exchanges in
living cells.* The Kosik group at the University of California
Santa Barbara mapped azide-tagged fatty acids in human-
derived model systems.”> The Cheng group at Boston
University conducted mapping of enzymatic activity’* and
click-free imaging of carbohydrates.>®

In this review, we summarize the principle, describe the
instrumentation strategies, and highlight the most recent
significant applications to life science.

H MIP PRINCIPLE

MIP facilitates super-resolution infrared (IR) imaging through
a pump—probe methodology. In MIP microscopy, a pulsed
infrared beam excites molecular vibrations. Through a
nonradiative thermal relaxation process, the IR photon energy
is converted to heat, resulting in a temperature rise within an
object (Figure 1). Subsequent thermal expansion decreases the
density of object and its refractive index. The photothermal
lens acts as a microlens to change the propagation path of
transmitted/scattered probe photons. Besides, photothermal
expansion changes the phase of the probe beam, and the
temperature rise modulates the emission of thermal-sensitive
fluorescent dyes. Thus, a visible probe beam can generate
chemical contrast by measuring the photothermal-modulated
scattering, phase, or fluorescence signals. MIP provides IR
absorption contrast with submicron spatial resolution, limited
by the diffraction limit of the short visible wavelength.
Furthermore, due to a large specific heat capacity of water,
the temperature rise of water is quite small, resulting in
minimal background signals in MIP images.

H MIP INSTRUMENTATION

In a MIP microscope, the high-performance quantum cascade
laser and OPO laser are commonly used as the pump beam. In
scanning-based MIP, a visible CW laser with low intensity
fluctuation is employed as a probe beam. A photodiode is used
to record the photothermal-modulated intensity variations of

the probe beam. In wide-field and computational MIP, a visible
pulsed laser is utilized, so that pump and probe pulses can be
tuned to overlap in the time domain, maximizing the use of full
well capacity of the camera. By subtracting the images of the
IR-on and IR-off status, wide-field and volumetric MIP images
can be generated.

Scanning vs Wide Field. Scanning-based MIP leverages
the alignment of confocal infrared (IR) and probe foci for
imaging, resulting in a reduced requirement for the IR photon
budget. The utilization of photodiodes allows for the
acquisition of a greater number of probe photons compared
to when using a camera. As a result, scanning-MIP can perform
shot-noise limited photothermal imaging. Leveraging the
mismatch of visible probe and IR pump foci, scanning-based
MIP offers a 40-fold resolution enhancement over IR imaging.
Meanwhile, only a small portion of IR photon energy
contributes to probe beam modulation, resulting in a relatively
low utilization of IR photons. Wide-field MIP addresses this
problem by matching IR and probe illumination area. It
employs a high-energy nanosecond IR pulsed laser to induce a
detectable photothermal effect in a wide field of view. It boosts
imaging speed and enables high-throughput molecular finger-
printing. Moreover, the high peak power and short duration of
the IR pulse efficiently increases the photothermal signal of a
nanosize object. Notably, wide-field MIP suffers from low
depth resolution and is challenging to perform optical
sectioning of biological systems. Computational MIP over-
comes this issue by integrating MIP microsco;)y with advanced
quantitative phase tomography methods,’>*” such as optical
diffraction tomography (ODT) and intensity diffraction
tomography (IDT). The difference between computational
phase tomography images of IR-on and IR-off status reflect
MIP tomography images. This ideal marriage facilitates real-
time volumetric molecular tomography of living sys-
tems, 405860

Co-propagation vs Counter-propagation. The first
point-scanning MIP microscope adopted a copropagation
geometry (Figure 2a), in which an IR pump beam and a visible

https://doi.org/10.1021/acs.analchem.4c02017
Anal. Chem. XXXX, XXX, XXX-XXX


https://pubs.acs.org/doi/10.1021/acs.analchem.4c02017?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c02017?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c02017?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c02017?fig=fig2&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.4c02017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Analytical Chemistry

pubs.acs.org/ac

REVIE

0.43 b

Spectroscopic stack

0
Measurement |1s
- | = Untreated A
& | Ery-treated for 1 hr /
oy ‘
Z A/ AY, \
£ |\ S\ \.
‘1 O'OC 1 i'] 1 4'00 1 6})0 \V F:C‘Q
Wavenumber (cm™)
cal 2] —-vsv U =12 71— 7y B-sheet
10 Amide I+A G Y Turns
2., 2197 Amidenl e,
81 [\= S.al
£ Amidenn 1T\ $08 A+C /
Q0.6 * A+tC/ |\ G S5 T *
2. 0.4 fam v ;* § - /'/.\ v /'/ i
€ S W 5047 ./') o\ \_ Lipids
=021 E I
) e 502 1 .
Z0.0{ RNAvirus z DNA virus -

o
°
R

X 0.035
o1 o ol A
< 02 S (~0030] * 12 s
< 03 o > 13 P 3
0.03 o < o
2 o4 © . >o00254{ 1 r
» e 05 °® Y = 15 .AAM Ak Y
< ) Y 7] . i
Loo2{ & LNy $ 0.020 M
£ & L™ = Ak L’
= 0.015 -
0.01 T T T T T T
005 T 1o
Sooal 12 " 3 M A
2004 M3 . -, @ 0.8 0
> M4 5 - T o6/
©0031 M5y R 2
c o n 044
] v " <
€002 L 02
£ | £°2
0.0
0o

900 9%0 10‘00 10’50 11’00 11‘50 12‘00 1250
Wavenumber (cm-')

900 950 1000 1050 1100 1150 1200 1250
Wavenumber (cm-1)

12C-glucose

3C-glucose

3C-glucose  '3C-glucose
+ gentamicin + erythromycin

reflection

1

1500 1550 1600 1650 1700 1750 1800 1500 1550 1600 1650 1700 1750 180

Wavenumber (cm") Wavenumber (cm-')

=121 —~vacv Amide | {GaE”
‘@ 1.0 K A+T

S Amide Il i

E® v T

o 06 ALY

= Ko e/ G

S o4 A A *

Eo02{ " .

e} LN

= 0.01 DNA virus "

1500 1550 1600 1650 1700 1750 1800
Wavenumber (cm-1)

1656 ¢

1612 cm!

Figure 3. MIP Applications in microbiology. (a) (Top) MIP images of single bacteria at amide I (1650 cm™"), scale bar, § ym. (Bottom) Averaged
single-cell MIP spectra of erythromycin-treated S. aureus cells and control group at phosphate (1030—1145 cm™), amide II (1500—1600 cm™),
and amide I (1610—1715 cm™") bands. (b) (Left) MIP hyperspectral image of fungal cell wall (1085 to 1220 cm™"). Scale bar, 5 yum. (Right) MIP
spectra at indicated pixels and their comparison. (c) (Left) MIP spectra of VSV, VZV, and VACV viruses. (Right, top) Interferometric scattering
and fluorescence merged images of single VACV viruses; (right, bottom) MIP image of the same area at amide I (1656 cm™"), scale bar, 10 ym. (d)
MIP images at 1656 and 1612 cm™" for controls, effective antibiotic, and ineffective antibiotic groups, scale bar, 5 ym.

probe beam were combined and focused by a reflective
objective. Through the central dark-field area of the reflective
objective, the scattered photons modulated by the mid-infrared
photothermal effect can be measured.”® This technique
enables, for the first time, 3D bond-selective chemical imaging
in live systems with submicron spatial resolution and
micromolar-level sensitivity. Alternatively, by collecting probe
photons from the sample at the same side of the objective, an
epi-detected version of the scanning-based MIP microscope
was built to characterize chemical components of opaque
pharmacological substances in a noncontact manner.’’ In
copropagation MIP, due to a low numerical aperture of
reflective objective, the visible probe beam is typically not as
tightly focused. The probe focus matches the bulkier
photothermal lens. Thus, copropagation MIP is suitable to
measure molecules dissolved in solution or intracellularly
diffused molecules. Moreover, epi-detection can be employed
to image opaque samples, such as functional materials, highly
scattering tissue slices, and live animals.

The counter-propagation MIP microscope can improve
spatial resolution and sensitivity for imaging nanostructures in
biological systems.”” By utilizing a high numerical aperture
(NA) refractive objective rather than a low NA reflective

objective, the visible beam can be tightly focused onto a sample
and the resolution can reach 0.3 ym, enhancing the contrast to
visualize subcellular molecular species (Figure 2b). In counter-
propagation MIP, the probe beam can be tightly focused to
sense nanosized objects. However, due to the strong scattering
of the probe beam, counter-propagation MIP is not suitable for
imaging complex tissues and material samples.

Detection Methods. In the scanning-based MIP micro-
scope, a photodetector is used to capture the intensity
variations of the transmitted/reflected probe beam modulated
by the photothermal effect. After electrical amplification, MIP
signals can be extracted by three approaches, lock-in amplifier
demodulation, high-speed digitization, and boxcar detection.

The lock-in amplifier has been commonly used to
demodulate mid-infrared photothermal signals. It is a classic
approach to extract a weak signal of a defined frequency from a
noisy input. It employs a heterodyne operation between a
noisy input and a sinusoidal signal with a defined frequency.
Followed by a lowpass filter, the defined frequency component
can be demodulated as a signal of interest. Thus, the lock-in
amplifier enables high-sensitivity MIP imaging with a reduced
noise level. The photothermal decay induces a phase shift
between the demodulated AC signal and the reference clock in
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the lock-in amplifier. By reading the phase channel signal from
the lock-in amplifier, this advanced approach ofters improved
sensitivity to resolve nanostructures in aqueous environ-
ments.”>** Notably, due to a low duty cycle of MIP signal,
the lock-in amplifier is not an ideal strategy because the
demodulated output includes extra noise from the signal-off
status. Besides, the lock-in detection method requires a few
cycles of signals and demodulates only the fundamental
component of the photothermal signal, which limits the
imaging speed and sensitivity.

High-speed digitization is a novel method to record time-
resolved photothermal dynamics with nanosecond resolu-
tion.’” It captures single pulse excitation photothermal
dynamics, facilitating video-rate MIP imaging speed.”* More-
over, the photothermal rise or decay dynamics can be
harnessed to differentiate between water and biomolecules,
which are an efficient method to suppress water background.
Thus, high-speed digitization enables MIP to resolve the weak
absorbers beneath the water background with improved speed
and sensitivity.

Boxcar detection is an alternative approach of high-speed
digitization to record the time-resolved photothermal dynam-
ics but with a minimal data processing load. Boxcar captures a
well-defined short temporal window during IR heating, so it
rejects the noise outside of this window but reserves signal
intensity. Thus, it is a good strategy to record the low duty
cycle photothermal signals. Boxcar-detected MIP microscope
provides a 4.4-fold SNR improvement with suppressed water
background.”

B LIFE SCIENCE APPLICATIONS

Applications of MIP in Microbiology. Microbiology
encompasses a diverse array of basic living entities, such as
bacteria, archaea, fungi, protists, algae, and viruses.®
Fluorescence imaging and sequencing techniques have been
extensively utilized to understand the diverse metabolism,
phenotypes, and pharmacological stimulation in the field of
microbiology.®® MIP is harnessed as a novel tool for analyzing
the chemical content, metabolism, and physiology at the single
cell or single virus level. Examples include the protein dynamic
under drug stress,®”%® fungal cell wall analysis,34 and single
virus analysis.””’° As discussed below, these studies were
pursued through either a label-free manner or use of isotope
labeling.

The label-free MIP imaging is highly sensitive to the
fingerprint region, which allows assessment of antibiotic
influence on a bacterium for the purpose of delineating
bacterial phenotype and metabolic processes.’” Erythromycin,
known for inhibiting bacterial protein synthesis, induces
distinct infrared spectra changes in both untreated and treated
S. aureus. Highlighted differences manifest particularly in the
peak of phosphate groups of nucleic acids and the amide II and
I bands of proteins, respectively. As shown in Figure 3a,
erythromycin treatment leads to decreased intensity ratios of
amide I/phosphate and amide II/phosphate, suggesting
inhibited bacterial growth. In addition, the MIP signals in
fingerprints region were also used to monitor the interruption
in bacteria by drugs. The Goodacre group used MIP imaging
to monitor the production of the bioplastic poly-3-hydrox-
ybutyrate to investigate phenotypic heterogeneity within
Bacillus.

The high spatial resolution and spectral resolution of MIP
microscopy make it possible to analyze subtle differences in

nanoscale structures at nanoscale. MIP has been employed to
image fungal cell walls, offering insights into their composi-
tional intricacies.®® As shown in Figure 3b, video-rate MIP
facilitated hyperspectral imaging of fungal cells from 900 to
1250 cm™'. Analysis revealed distinct spectral signatures at
1050 cm™, 1080 cm™, and 1150 cm™ for the outer, middle,
and inner layers of the cell wall, respectively. This disparity in
spectral characteristics enabled the visualization of the layered
structure of cell wall through color-coded hyperspectral
imaging. Since the cell wall is a pivotal target for antifungal
drugs, this result is expected to facilitate forthcoming
investigations into the chemical antibacterial drug action.

The high spectral resolution of MIP also allows for the
detection of not only viral proteins but also nucleic acids inside
individual viruses in the fingerprint region.”’ Specifically,
distinctive MIP signals representing the vibrations of thymine
(T) and uracil (U) residues were identified, indicating unique
IR signatures of DNA and RNA viruses, respectively, as shown
in Figure 3c. This study also uncovers the presence of f-sheet
components in the proteins of the varicella-zoster virus. This
work demonstrates that MIP can offer detailed compositional
insights into individual virions.

In parallel to the label-free methodology, the stable isotope
probing (SIP)”' method can provide biosynthesis information
on individual bacteria, offering potential insights into microbial
behavior and interactions at the single-cell level. The Goodacre
group evaluated the incorporation of '*C-glucose and "“N-
ammonium chloride by a single Escherichia coli (E. coli).*>"* As
shown in Figure 3d, SIP MIP imaging could detect spectral
changes in phenotypic rapid antimicrobial susceptibility testing
(AST).® The Cheng group used SIP MIP for high throughput
rapid AST by monitoring '*C-incorporated protein synthesis in
single bacterial cells. E. coli was selected as the testbed, and
B3C-glucose was utilized for isotopic replacement in proteins,
resulting in a peak shift of the amide I band from 1656 to 1612
cm™' compared to the original '*C-incorporation protein
amide I. The protein synthesis can be quantitatively
determined through MIP imaging at the original and shifted
peaks estimating the isotopic replacement. This isotopic
protein synthesis can serve as a reliable indicator for assessing
disruptions by antimicrobials within single microorganisms.
Compared with traditional methods, the MIP-based method
significantly shortens the detection time. Independently,
Muhamadali and his colleagues used deuterium (*H) labeling
to differentiate active and inactive cells.”” By measuring the
MIP signal of C—D bond in individual bacterial cells, resistant
and susceptible cells can be distinguished based on their
metabolic activity. In summary, rapid identification of
antimicrobial resistance at the single-cell level has been
achieved via SIP-based MIP. Looking ahead, the application
of MIP in studying microbial responses to various environ-
mental stresses is anticipated to expand significantly.

Applications of MIP in Cell Biology. In the realm of cell
biology, the quest to unravel the mysteries behind cellular
machinery has continually driven the development of
innovative imaging techniques. Approaches like fluorescence,
Raman, or mass spectrometry-based imaging have made
significant discoveries, yet face limitations such as bulky
labeling,74 moderate sensitivity,l or low spatial resolution,”
respectively. MIP microscopy offers new capabilities to detect
cellular components with remarkable sensitivity and chemical
specificity.
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Figure 4. MIP Applications in cell biology. (a) MIP spectra (left) and image (right) of JZL184 incubated cells. (b) MIP images of live HeLa cell
incubate with 100 M FCCP for 30 min (image produced by the image at 2223 cm™" subtract the image at 2170 cm™). (c) (Left) MIP images of
12C lipid ester carbonyl band. (Middle) MIP ratio image of lipid ester carbonyl (1703 cm™)/lipid ester carbonyl (1747 cm™") after correction for
amide-I. (Right) MIP spectra of '*C and "*C incorporation in cells. Scale bar, 20 ym. (d) (Left, images) MIP ratio images and brightfield image of
*H OA and “C glucose in live Huh-7 cell. (Right, spectrum) MIP spectra of the live Huh-7 cell within a lipid droplet (pink) and outside the lipid
droplet (blue). Scale bar, 10 ym. (e) MIP images (left) and spectra (right) of palmitic acid and *H labeled palmitic acid labeled U20S cells

compare with control cells. Scale bar, 20 ym.

MIP was used to monitor the uptake and intracellular
distribution of drugs in the fingerprint region and silent region
(usually 1800—2800 cm™', with no cellular vibrations and
functional groups in this region).”*’® JZL184, known as a
monoacylglycerol lipase inhibitor, has demonstrated efficacy in
reducing cancer cell migration. Visualization of its intracellular
transportation and accumulation of JZL 184 is facilitated by
MIP imaging in the fingerprint region. The accumulation of
JZL184 is notably observed at the central region of the cell
body (Figure 4a). Imaging observation of drug uptake was also
facilitated by a nitrile group, which has signal in the silent
region.”® Trifluoromethoxy carbonyl cyanide phenylhydrazone
(FCCP) is an uncoupling agent containing two nitrile groups.
The Fujita group successfully observed the uptake, incorpo-
ration, and accumulation of FCCP in living HeLa cells at 2223
cm™ by a lab-built MIP microscope (Figure 4b).

The specific domain vibration emanating from the cell body
has aroused interest. The amide I peak (~1658 cm™) is
generated by the C=O stretch and is strongly influenced by
hydrogen bonding between adjacent peptide chains. Therefore,
the overall shape and position of the amide I band tell the
secondary structure of the proteins. The Gardner group used
MIP to obtain the spectral features of Mia PaCa-2 cells.”” They
observed that the amide I band shifts to higher frequencies and
broadening in relation to the cell nucleus. Researchers are also
focusing on the C—H region, as the Gardner group also
observed significant spatial lipid distribution changes in this
region.77 Independently, the Ideguchi group observed water
exchanges within living cells, assessing the replacement of
D,0-based PBS with H,0O-based PBS in the C—H region by a
lab-built MIP microscope.*’
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MIP spectra of fresh tissue and 4% PFA fixed tissue. (Right) Overlapped MIP image of 1630 cm™/1656 cm™, 1680 cm™'/1656, and 1740 cm™"/
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100 ym in zoom in images. (Right, bottom) Fluorescence and MIP azide images at varying distances from the surface of an organoid slice. Scale
bars, 500 ym in overview image, 100 ym in zoom in images.

The incorporation of SIP enables metabolic tracking of Davis group utilized MIP to monitor the rates of de novo
specific molecules in complex cellular environments, offering a lipogenesis by incorporating '*C glucose into differentiated
solution for revealing intracellular metabolic processes. The adipocytes, as shown in Figure 4¢.*” Glucose metabolism leads
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to the production of fatty acids which are utilized to synthesize
triglycerides that are stored as energy reserves in lipid droplets.
The introduced "*C-labeled glucose serves as a tracer, enabling
the tracking of "*C incorporation into lipid droplets via the de
novo lipogenesis pathway. A methodical examination of the
integration of labeled carbon into the ester carbonyl of
triglycerides is conducted on both live and fixed cells.
Following the incorporation of 3C, the carbonyl peak shifts
from 1747 to 1703 cm™". This shift enables the monitoring of
de novo lipogenesis rates through the intensity ratio of *C/'*C.
Subsequently, the Davis group accomplished multiplexed
imagin% by employing isotopes *H and *C as distinctive
labels.”® The ?H isotope exhibited notable peaks at 2100 and
2200 cm™!, whereas the *C=0 isotope displayed a peak at
1703 cm™". The ratiometric multicolor MIP images of the two
isotopes enabled the examination of variations in de novo
lipogenesis rates during oleic acid (OA) incorporation. This
approach facilitated the examination of lipogenesis and the
exogenous regulatory impacts of OA, along with the
exploration of competitive clearance pathways, within live
adipocytes and hepatocytes (Figure 4d). Independently, the
Cho group explored MIP images to monitor real-time neutral
lipid synthesis via lipid droplets using *H labeled palmitic acid
(16:0), within the C—D band at 2193 cm™" and the C—H band
at 2855 cm™! (Figure 4e).7® Together, leveraging the infrared
absorption properties of lipids, SIP MIP enables dynamic
observation of lipid metabolism.

Applications of MIP in Neurology. MIP imaging has
proven valuable in the study of neurodegenerative diseases.
These diseases, such as Alzheimer’s disease (AD) and
Huntington’s disease (HD), are characterized by the loss of
neurons and the formation of neurotoxic structures that are
rich of B-sheet amyloid proteins.””*” MIP microscopy has been
harnessed as a potential tool for delving into the molecular
underpinnings of AD, HD, and similar conditions, offering
insights critical for understanding their progression and
potential therapeutic intervention.

For example, Oxana Klementieva and colleagues reported
the detection of polymorphic amyloid aggregates directly in
neurons by MIP imaging.”' They conducted imaging of f-
sheet structures in both primary neurons and AD transgenic
neurons, which allows the observation of protein aggregation at
the subcellular level (Figure Sa) alongside an increasing
presence of unordered structures at 1638 cm™' and lipid
oxidation at 1740 cm™". By coupling synchrotron-based X-ray
fluorescence with MIP, they discovered that in AD-like
neurons, iron clusters are found together with higher levels
of amyloid f-sheet structures and oxidized lipids.*’

Through the combination of immunofluorescence, fluo-
rescence-guided, and fluorescence-detected techniques, MIP
revealed alerts of AD and HD. Immunofluorescence was
combined with MIP to visualize specific protein structures and
organelles for MIP measurement, accordingly detecting
molecules at the subcellular level.”® Figure Sb shows the
immunofluorescence MIP images, MIP ratio maps, and
corresponding confocal image of immunofluorescence. The
f-sheet structure (1630 cm™'/1656 cm™') and lipid
oxidization (1740 cm™'/1656 cm™) was clearly observed.
Furthermore, MIP revealed that the accumulated f-amyloid
protein within endosomes exhibits a heightened concentration
of -sheets. Fluorescence-guided MIP also played an important
role in the study of degenerative diseases.”” In fluorescence-
guided MIP, wide-field epifluorescence imaging is first

conducted, followed by MIP measurements performed on
fluorescently labeled areas. In Figure Sc, MIP images showed
fluorescently labeled amyloid plaques along with the
distribution of B-sheet structures within the same plaque at
the ratiometric map between 1630 and 1656 cm™'. More
recently, the Cheng group utilized wide-field fluorescence-
detected MIP, capable of recording the photothermal
modulation of fluorescence emission, to identify p-sheet
enrichment within protein aggregates in a yeast model of
HD,* showing the potential of MIP for protein analysis in a
live neuron.

MIP was also used to detect amyloid plaques rich in S-sheet
structures in the freshly extracted tissue.>* Additionally, in this
study, time-resolved MIP images were demonstrated. These
MIP images revealed the emergence of small new spots
featuring f-sheet structures. The appearance of these new f-
sheet structures coincided with a rise in oxidized lipids,
mirroring the amyloid aggregation observed in AD tissue
(Figure 5d).

The use of small, bio-orthogonal tags facilitates precise
biological metabolic imaging, producing peaks in the silent
region to circumvent interference from the background signal.
Bio-orthogonal MIP offers flexibility in degenerative disease
related research, capitalizing on the distinct characteristics of
the sharp, intense, and consistent peaks. Along this direction,
the Kosik group used MIP to investigate newly synthesized
lipid droplets in human-relevant model systems™ (Figure 5f).
The azide (—N;) group is attached to the terminal position of
palmitic acid, which is the primary fatty acid produced during
fatty acid synthesis in mammalian cells. Through the utilization
of azido-fatty acids exhibiting a prominent peak at 2096 cm ™',
targeted imaging of newly synthesized lipid droplets has been
successfully accomplished. The presence of the azido channel
at 2096 cm™' indicates the newly synthesized lipid droplets,
while the 1744 cm™ channel corresponds to the total amount
of lipids. The authors conducted a comparative analysis of lipid
metabolic levels between neurons and astrocytes in brain
organoids using bio-orthogonal MIP. The newly synthesized
lipids were directly visualized in organoids across various cell
types, mutation statuses, differentiation stages, and temporal
intervals. Lipid metabolism alteration is visualized in human
stem cells and their differentiated microglia cells. This study
marks a pioneering application of MIP for silent window bio-
orthogonal analysis within human-derived model systems,
pushing bio-orthogonal MIP to a new stage for investigating
metabolic alterations.

Mapping Biochemistry in Living Systems. Chemistry
supports the intricate processes governing cellular life with the
breakdown and formation of chemical bonds. Chemistry is
involved in nearly all vital cellular events that regulate the
survival and death of cells. The ability to directly observe
chemical reactions within living systems is essential for
understanding cellular functions and disease mechanisms.
MIP microscopy enables real-time visualization of chemical
processes within biological samples. Notably, the MIP
spectrum obtained from biological samples exhibits distinct
features corresponding to specific chemical bonds present
within the sample. These spectral features can reveal the
formation of new chemical components or alterations in
molecular structure, providing insights into ongoing chemical
reactions within living systems. Consequently, MIP micros-
copy facilitates the observation of chemical reactions within
living systems in real-time. As an example, the Cheng group
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Figure 6. Nitrile chameleons for enzyme activity mapping in cancer cells, c. elegans, and brain tissue. (a) Molecular structures of Casp-CN(S), Phos-
CN(S), and the enzymatic products Casp-CN(P), Phos-CN(P). (b) MIP spectra of Casp-CN(S), Phos-CN(S), and the enzymatic products Casp-
CN(P) and Phos-CN(P), 50 mM in DMSO. (c) MIP signal intensity of Casp-CN(P) (top) and Phos-CN(P) (bottom) at different concentrations
in DMSO. (d) Quantification of K_,./K,, (associated with [P]/[S]) in the cells from PIC-pretreated and PIC-free groups. (e) Comparison of SNR
between MIP imaging of C=N (at 2174 cm™') and fluorescence imaging of NBD in cancer cells at 488 nm. (f) Simultaneous visualization of the
phosphatase and caspase-3/7 activity profile in Dox-pretreated SJSA-1 cells incubated with Phos-CN(S) and Casp-CN(S). Scale bar, 40 ym. (g)
Simultaneous activity mapping of phosphatase and caspase in UV-pretreated C. elegans incubated with the nitrile chameleons. Scale bar, 20 ym. (h)
Simultaneous mapping of phosphatase and caspase activities in Dox-pretreated (1 #M) mouse cerebral cortex sections after incubation with the

nitrile chameleons. Scale bar, 100 pm.

reported an approach for the evaluation and localization of the
activity of various enzymes within living systems through the
MIP imaging of a class of nitrile-tagged enzyme activity probes,
termed nitrile chameleons.>

The study employed a class of enzyme activity probes
consisting of an enzymatic substrate, a nitrile group (—C=N)
serving as a reaction reporter, and a self-assembly moiety.
These probes exhibit several features enabling the simulta-
neous detection and localization of multiple enzymes within
living systems. Initially, these probes offer a bio-orthogonal
MIP signal in a cell-silence region,83 eliminating the MIP
signals emanating from endogenous functional groups in cells.
This characteristic facilitates direct detection with minimal
interference from cellular background. Additionally, the nitrile
group in the probes undergo reaction-activable changes in the
MIP spectrum, which is why the probes are called nitrile
chameleons, allowing for the discrimination between enzy-
matic substrates and products (Figure 6a). Moreover, the
narrow-band MIP spectrum of nitrile groups enables multi-

color imaging with minimal crosstalk between the spectra of
different molecules. Furthermore, the probes generate in situ
self-assemblies and form nondiffusive nanofilaments following
enzymatic reactions (Figure 6b), unveiling the spatial
distribution of enzyme activities through MIP imaging of
enzymatic products. Last but not least, due to the large IR
cross-section of nitrile groups and the formation of nanofila-
ments which locally concentrate the molecules, the MIP
microscopy reported in this work achieved a submicromolar
detection sensitivity for the nitrile groups in the enzymatic
products; this sensitivity approximates to the sensitivity of
nitrobenzofurazan (NBD) by confocal microscope. Such a low
limit of detection (LOD) enables a highly sensitive detection
of enzyme activities (Figure 6¢).

This method was successfully used to map the activity of
diverse enzymes, including phosphatase and caspase, within
living cancer cells, C. elegans, and brain tissues, as shown in
Figure 6d. They found that the wavenumber of the nitrile
group in living organisms is slightly different from the
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corresponding molecule in dimethyl sulfoxide (DMSO).
Notably, an intriguing interaction between phosphatase and
caspase-3/7 during apoptosis was observed (Figure 6e),
highlighting the potential of this methodology for identifying
targets relevant to treatment. Furthermore, this approach
enables the quantitative assessment of the inhibitory impact of
enzyme inhibitors by evaluating the relative enzyme catalytic
efficiency. This capacity surpasses traditional off-on strat-
egies*™®> employed for imaging enzyme activity.

B OUTLOOK

As reviewed here, MIP microscopy allows for pump—probe
chemical imaging with high detection sensitivity, high spatial
resolution, and high imaging speed. Using this tool, protein
aggregation, carbohydrate trafficking, and lipid synthesis were
studied in microbiology, cell biology, and/or neuron biology.
Looking forward, we anticipate new technological advance-
ments and new applications. On the technology side, we
anticipate the imaging sensitivity to reach nanomolar or even
single molecule level through advancement of instrumentation,
vibrational probes, and data science. The elegant integration of
fluorescence and MIP will enable fingerprint analysis of
bionanoparticles or intracellular organelles, providing new
insights into the function of organelles. On the application
side, we expect broader applications of protein functions and
multiomics via the integration of vibrational reporters and
further advancement of the MIP instrument. Finally, along the
translation into the clinic, we expect MIP-based chemical
histology to become a valuable diagnosis tool. We also expect a
miniature of the MIP microscope to be integrated into a hand-
held or wearable device for noninvasive marker-based precision
diagnosis.
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