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ABSTRACT: Midinfrared photothermal (MIP) microscopy, also called

optical photothermal infrared (O-PTIR) microscopy, is an emerging tool

for bond-selective chemical imaging of living biological and material samples. -
In MIP microscopy, a visible probe beam detects the photothermal-based
contrast induced by a vibrational absorption. With submicron spatial
resolution, high spectral fidelity, and reduced water absorption background,
MIP microscopy has overcome the limitations in infrared chemical imaging
methods. In this review, we summarize the basic principle of MIP microscopy,
the different origins of MIP contrasts, and recent technology development
that pushed the resolution, speed, and sensitivity of MIP imaging to a new
stage. We further emphasize its broad applications in life science and material

Article Recommendations

LIFE SCIENCE

CHEMICAL MAPPING

S
9" Mid-infrared
Photothermal &
2, ; 15 =7 &
% &
R j j]

\ L IE s
ALIT3dAId IVHLO3dS

Downloaded viaTEXAS A&M UNIV COLG STATION on September 3, 2025 at 23:44:16 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

characterization, and provide a perspective of future technical advances.

1. INTRODUCTION

Optical microscopy based on the light—matter interactions has
been used for hundreds of years to magnify and resolve tiny
objectives. Advances in optical imaging technology have
revolutionized the way we perceive the world and improved
our ability to study life and materials. Conventional optical
microscopes, such as bright-field and phase microscopes, play
an important role in cellular and molecular biology experi-
ments, but lack molecular information." For visualization of
molecules, fluorescent labels have been widely used in
biomedical research and demonstrated its capability of dynamic
cellular imaging.”® Although fluorescence microscopy shows
three-dimensional (3D) imaging with high spatial resolution to
nanometer scale," " high temporal resolution down to
submillisecond scale,” and single-molecule sensitivity,8 the
lack of chemical information on the tagged molecules limits the
functional analysis of cells or organelles.

Chemical microscopy based on intrinsic signals from
chemical bond vibrations offers a way to overcome such
limitations. Vibrational imaging methods offer intrinsic
chemical selectivity based on spectroscopic signatures of
chemicals. Raman spectroscopy, one of the cornerstones of
molecular analysis, offers a way of mapping specific chemical
bonds without labels. Spontaneous Raman microscopy offers
submicron spatial resolution, but with a slow imaging speed.”"’
By generating a much enhanced signal level, coherent anti-
Stokes Raman scattering (CARS) or stimulated Raman
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scattering (SRS) microscopy'' allowed video rate vibrational
imaging of biological and pharmaceutical samples.'*"”
However, either spontaneous or coherent Raman microscopy
suffers from an extremely small Raman cross section (~107°
cm?® sr'), which limits its ultimate detection sensitivity.
Infrared (IR) spectroscopy is complementary to Raman
spectroscopy. Importantly, IR absorption offers 8 orders of
magnitude larger cross section (~107>* cm” sr™') that enables
adequate sensitivity. Based on IR spectroscopy, the Fourier
transform infrared (FTIR) microscopy has been developed for
spatially resolved chemical information on biological sam-
ples."*™'® Despite the well-established modality and wide
applications, FTIR imaging is limited to spectral acquisition
over a large bandwidth, even when only a few bands are of
interest.'” Quantum cascade laser (QCL)-based discrete
frequency IR imaging can select specific vibration bands,
providing rapid chemical imaging of a specimen.'” However,
due to the diffraction limit of long excitation wavelengths, the
spatial resolution of IR imaging usually ranges from 3 to 30
um."® Such poor resolution greatly limits the chemical analysis
of single microorganisms or subcellular structures. To tackle
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Figure 1. Timeline showing major developments and achievements in mid-infrared photothermal (MIP) imaging. ODT: optical diffraction
tomography. PDI: photothermal dynamic imaging. IDT: intensity diffraction tomography.

these challenges, a near-field scanning approach has been
developed to provide nanoscale chemical imaging,'”~> such as
atomic force microscopy infrared (AFM-IR) spectroscopy.
With an AFM tip, AFM-IR can detect and map IR-induced
thermal expansion with nanoscale resolution (~20 nm),”’ but
with a slow acquisition speed on the order of tens of minutes
per frame.”* Additionally, although AFM-IR has been applied to
liquid samples with the equipment of a total internal reflection
IR prism to overwhelm the influence of water,”"*> complex
setup and procedures make them unsuitable for routine use. It
remains difficult to conduct AFM-IR analysis of living systems
in an aqueous environment.

Recently developed mid-infrared photothermal (MIP)
microscopy”® surpasses the fundamental limitations encoun-
tered by FT-IR and AFM-IR in both resolution and liquid
specimen application. In an MIP microscope, a visible probe
beam detects the photothermal chemical contrast induced by a
vibrational absorption. When the wavelength of the pump mid-
IR beam is tuned to the absorption peak of the sample, the
thermal effect will lead to a local temperature change and
consequently thermal expansion, pressure wave emission,
change of refractive index, and change of Griineisen
parameter.”” By measuring the corresponding divergence
variation in the copropagating probe beam, a photothermal
chemical contrast can be acquired. Thus, the submicron
resolution is reached according to the diffraction limit of the
probe wavelength in the visible region. Furthermore, as MIP
microscopy measures absorption indirectly, the background
caused by nonresonant water absorption is minimal due to the
large heat capacity and small temperature increase of water.”®
Compared to direct absorption measurements in IR micros-
copy, MIP imaging opens a new window for chemical analysis
of living cells in liquid environment.

2. HISTORICAL DEVELOPMENT OF MID-INFRARED
PHOTOTHERMAL MICROSCOPY

Since the photothermal deflection measurements reported in
the 1980s and the 1990s,””*° photothermal spectroscopy has
been a ultrasensitive technique for measuring optical
absorbance and estimating concentrations of nanoparticles
and nonfluorescent molecules in solvents.”’ ~** Photothermal
spectroscopy employs a nonlinear signal generation via a
pump—probe mechanism, in which a pump beam is served as
the heating source and a probe beam detects the local refractive
index change induced by the heat release from sample
absorption.”” Benefiting from the high signal-to-noise ratio
(SNR) of no background absorption and the low photon noise
of the probe beam, visible photothermal microscopy based on
the electronic or plasmonic absorption has been developed.**
Photothermal detection of single absorbers, such as single
nanoparticles or single molecules, has been demonstrated.*> ™"
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With the advantages of high-sensitivity and label-free nature,
photothermal-based methods were extended from the visible to
the IR region in both microscopy and spectroscopy. Lee et al.*”
demonstrated a scanning photothermal IR microscope by
mechanically chopping an IR beam, through which lipid
droplets in fixed 3T3-L1 preadipocytes were chemically imaged
at resolution of 1.1 um.*” In a conference proceeding,
Furstenberg et al."' employed a tunable QCL pump beam to
a reflection photothermal microscope and acquired IR spectra
of small crystals. Technological progress has also been made in
photothermal spectroscopy. Erramilli and Sander reported
nonlinear photothermal spectroscopy by using a QCL pump
beam and nonlinear Zharov splitting in 50-um homogeneous
liquid crystal layers.*”~** In conference proceedings, Mértiri et
al. showed photothermal imaging of dried bird brain tissue with
the use of a mid-IR pump, near-IR probe, and a silicon objective
lens.” Li et al. demonstrated photothermal imaging of 1.1 ym
polystyrene beads at the single particle level in water, glycerin,
and carbon disulfide.*®

In 2016, the Cheng group reported a high-performance
QCL-based MIP microscope and demonstrated, for the first
time, 3D bond-selective imaginég of living cells and organisms at
a spatial resolution of 0.6 um.”® Through a dark-field geometry
and a resonant amplifier, an unprecedented detection limit of
C=0 bond at 10 yM was reached. In 2017, the Cheng group
reported an epi-detected MIP microscope that enables
noncontact material characterization.”’ Via an effective
academic—industry partnership, the MIP microscope has
been quickly commercialized into a product mlRage,
announced by Photothermal Spectroscopy Corp (Santa
Barbara, CA, USA) in 2018."® Continuous technical innova-
tions by academic laboratories have enabled higher sensitivity
and higher resolution in MIP imaging. Major recent develop-
ments and achievements are summarized in Figure 1. To push
the spatial resolution limit, the Hartland group™” demonstrated
a counter-propagation system with a 532 nm probe beam and a
high numerical aperture water immersion objective, and
achieved a spatial resolution of 0.3 ym. By using the phase-
sensitive lock-in detection, the Sander group50 provided higher
contrast and enhanced spatial resolution for bond-selective
imaging of a single weak absorber. By harnessing interfero-
metric scattering with confocal configuration, the Cheng
group”' pushed the MIP sensitivity limit to single virus
detection. To boost the imaging speed, Cheng and Shakouri.>
developed a wide-field MIP microscope by sensing the transient
photothermal effect induced by absorption of single mid-IR
pulses and allowed ultrafast chemical imaging of thin polymer
films at 1000 frames per second. Very recently, the Cheng
group reported lock-in free photothermal dynamic imaging
(PDI) with signal digitization and match filtering.>® This
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Figure 2. Comparison of visible and mid-IR photothermal imaging. (A) Molecular energy level diagram and block diagram show the visible/IR
absorption-induced photothermal contrast. (B) Detection mechanism of visible photothermal microscopy: a modulated continuous wave (CW) is
used as the pump source (green) for inducing periodical heating. The nanoabsorber (yellow) serves as point heat sources, leading to a local
temperature and refractive index gradient (An, giyy,) of surrounding medium (blue). A probe beam (red) is used to detect the thermal lens. Adapted
from ref 76. Copyright 2014 AIP Publishing. (C) Principle of scattering-based MIP microscopy: A pulsed mid-IR laser, used as the pump (red),
induces a temperature rising at the absorber (orange), causing the local change of thermal expansion (Ar), refractive index (An), and thus the
intensity of scattering from the absorber. A probe beam (green) is used to detect the photothermal effect. In this condition, the samples are big
nanoparticles and the heating source is above the resolution of the probe.

method increased the imaging speed by 2 orders of magnitude
and realized 4-fold enhancement of SNR.

In addition to the progress in resolution and sensitivity
improvement, various mechanisms of MIP detection have been
explored. The MIP signal is mainly detected by optically
probing the scattering from a sample, including dark-field
scelttering,26’54’55 interferometric scattering,‘“’56 and optical
phase.’’~®" Other than the scattering-based contrast, the
photoacoustic (PA) signa162’63 and fluorescence®™®° have
been exploited to indicate the difference between IR on and
IR off states. The Cheng,’’ Ideguchi,’** and Bhagavar’’
groups simultaneously appreciated the use of optical phase to
sense the MIP effect, which also brings chemical information
into a phase image. The Lihong Wang group pushed the MIP
spatial resolution to 260 nm by employing ultraviolet-excited
PA detection of MIP signals.62 The Ideguchi61 and Cheng67
groups realized depth-resolved MIP imaging of biological
samples using optical diffraction tomography (ODT) and
intensity diffraction tomography (IDT), respectively. The
Cheng®* and Simpson®® groups had two back-to-back JACS
publications showing the mid-IR modulation of fluorescence,
which not only increases the specificity of MIP but also
provides a 100-fold enhancement in modulation depth
compared to the modulation of scattering intensity.

Meanwhile, combining MIP with other techniques opens
more opportunities. For example, the Cheng groupé8 integrated
confocal Raman spectroscopy to MIP imaging, which not only
provides complementary chemical information by full-spectrum
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Raman analysis but also shares submicron spatial resolution by
MIP microscopy. The Klementieva group69 developed a
multimodal spectroscopic imaging approach with the combi-
nation of MIP and X-ray fluorescence, which shows the
chemical imaging of trace elements and molecular structures in
neurons. With these advances in technology, MIP imaging has
found broad applications in biology and material science, such
as biomolecular mapping,°®’® metabolic activities monitor-
ing,26'63 bacterial antibiotics re%)onse,n single virus detection
and material characterization.””””* In this feature article, we
review the principle, recent technical advances and versatile
applications in the biomedical and material sciences.

3. PRINCIPLE OF MIP MICROSCOPY

In MIP microscopy, the chemical contrast originates from
vibrational absorption induced thermal effect. When a molecule
is excited by a pump beam, it quickly returns back to the ground
state with energy release through nonradiative thermal
relaxation. The photothermal effect leads to a local temperature
increase and then the changes of the sample’s optical and
physical properties.”’ Such changes are detected by a visible
probe beam in an MIP microscope (Figure 2A). Below we
compare MIP to visible photothermal microscopy and then
discuss the thermal dynamics in time and space.

3.1. Comparison of Visible and Mid-IR Photothermal
Imaging. Visible photothermal microscopy is one kind of
optical microscopy that gauges electronic absorption with
extremely high sensitivity (Figure 2A).*”*®7>7® For visible
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photothermal imaging, the absorbers usually have an extremely
small radius (~nm), such as gold nanoparticles, chromophores,
or single molecules. As electronic absorption provides a strong
light—matter interaction between photons and nanoabsorbers,
most of them have a large absorption cross section. Visible
photothermal microscopes employ a continuous wave (CW)
modulated by acousto-optic modulator (AOM) as the pump
source for inducing periodical heating. As the heating beam
spot is much larger than the nanoabsorbers, absorbers can serve
as point heat sources, leading to a local temperature change of
surrounding medium (Figure 2B). With the formed medium
temperature gradient within the diffraction limit, visible
photothermal microscopy can map the single nanoabsorbers
by measuring the refractive index gradient of the medium
(Attegium) With a visible probe.*

While in MIP microscopy a pulsed mid-IR laser is used as the
pump beam, which can provide tightly confined heat and
induce a high temperature rise at the absorber (Figure 2C).27
As the local temperature is periodically modulated, the thermal
relaxation induced by vibrational absorption causes local
change of thermal expansion (Ar) and refractive index (An)
of the absorber itself. The absorbers often have a comparable
size with the visible probe beam and, thus, can serve as the
signal source in MIP imaging. In most cases, the scattering
intensity modulation is adopted to generate the chemical
contrast.””’® Tt is worth noting that all the photothermal
detection originates from the perturbation of the probe beam,
but the contrast mechanism could be attributed to a specific
process based on the relative size between the heat source and
probe focus. In photothermal imaging of nanoparticles with a
much smaller size than the probe focus, or where the excitation
focus is smaller than the probe focus, the contrast would be
attributed to thermal lensing. In this condition, the absorber can
be simplified as an ideal point heat source and its origin
scattering field is negligible. Absorbed energy needs to be
dissipated to the medium to form the refractive index gradient
and cause the perturbation of the probe. On the other hand, if
the heat source itself is above the resolution of the probe, the
photothermal modulation alternates its scattering field directly,
and the probe is perturbed without waiting for formation of the
thermal lensing in the medium. For those excitation volumes
larger than the probe resolution, the direct modulation of
sample refractive index is dominant.

With the rapid development of MIP microscopy, various
detection schemes (see section 4) in full bloom bring this bond-
selective chemical imaging technique to a new level.

3.2. Photothermal Dynamics in Time and Space.
3.2.1. Transient Heat Conduction of a Sphere Particle in a
Uniform Medium. The mid-IR modulated photothermal effect
arises from the local heating. When the analyte is irradiated with
a very short mid-IR pulse (<1 ps), one can calculate the
transient heat conduction of the sphere objects with the
fundamentals of heat and mass transfer.”” The transient heat
conduction of the particle depends on the opto-physical
properties of the particle itself and the surrounding environ-
ment. Assuming that the object’s diameter D is held at a
temperature (T}, t < 0) and is embedded within an infinite
medium of uniform temperature (T,) (Figure 3), the heat
conduction follows Newton’s law of cooling:

dT
mC,

SE - _qdiss

1
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T,

Figure 3. A model of transient heat conduction for a sphere particle
placed in a uniform medium. The object (red) with diameter D is held
at a temperature (T}, t < 0) and is embedded within an infinite
medium (gray) of uniform temperature (T,) at t = 0.

where m is the object mass, C, is the object specific heat
capacity, and g, is the heat dissipation source. For a sphere
particle,

q,,, = 27kD(T(t) = T,) )

where k is the thermal conductivity of the medium and T(t) is
the time-dependent object temperature. When eq 2 is
integrated into eq 1 and the differential equation is solved,
we can get

T(t) - T [2nkD
——— = exp|— t
L -T, mC; (3)
Thus, the decay constant 7 in analogy to an RC circuit is
1
T=|——|(mC) =R,.C
( 27kD )( J) = RG (4)

where R, is the resistance to heat transfer and C, is the lumped
thermal capacitance.

To validate this transient heat conduction model, we choose
a poly methyl-methacrylate (PMMA) spherical particle as an
example (Table 1), which has C, = 1460 [J/(kg*K)] and

Table 1. Calculated Decay Constant of D = 500 nm PMMA
Particles in a Homogeneous Medium

Thermal conductivity k at 20 °C/ Decay constant

Medium WHm™#K ! 7,/ns

Air 0.024 1500
Glycerol 0.26 135

Water 0.6 60
density p = 1180 [kg/m’]. For particles embedded in a

homogeneous medium, the decay constant is proportional to
D? and scale inversely with k according to eq 4. For PMMA
particles in air, we obtain the decay constant 7, = 6000 ns for D
= 1000 nm and 7, = 1500 ns for D = 500 nm, according to k;, =
0.024 [W/(m*K)]. In real experimental cases, the particle is
placed on a substrate such as silicon or calcium fluoride. In this
complex condition, the decay constant is hard to be evaluated
by this simple model. The simulated decay constant for D = 500
nm PMMA in the air but on a silicon substrate can be calculated
by COMSOL Mult7iphysics, which is 7, = 430 ns according to
our previous work.”” It is much smaller than the one completely
surrounded by the air (7, = 1500 ns). Thus, due to the large
thermal conductivity (ko = 1.5 X 10° [W/(m*K)]), silicon
wafer is often used as the substrate for MIP imaging, which can
reduce the heat accumulation and avoid overheating of the
sample between IR pulses. When the medium is with better

https://doi.org/10.1021/acs.jpcb.2c05827
J. Phys. Chem. B 2022, 126, 85978613


https://pubs.acs.org/doi/10.1021/acs.jpcb.2c05827?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c05827?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c05827?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c05827?fig=fig3&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.2c05827?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry B pubs.acs.org/JPCB

A Dark-field scattering B Interferometric scattering E Fluorescence

Sample Visible probe
Es E; l I E; Excitation Emission
Nanoparticle e

7 P = ~ R

- E. Labeled sample l l
\'TS: -~y ‘\ \. =

e

Substrate

Mid-IR pump
Es’ l I
/’:-__‘\ ES
;s 7 & N

3

"l \i‘ 7 PN "
@ Lty ¢

\
S0 AR
Mid-IR =
pump
I Mid-IR pump

C Optical phase D Photoacoustic signal

l Er’
[ )

Visible probe Sample

/\\/\\/ R \i//i\\/\\ 1 y 11 -

Mid-IR pump ta-3100 PA1 PAyr  PA2
4 V% - x
AARS L

X

Yl »Time
Figure 4. MIP signal detection mechanisms. (A) Dark-field scattering-based MIP imaging. As mid-IR pump beam is modulated, the size and local
refractive index change induce the modulation of the scattering field E; of the sample. The scattering modulation of the probe field (E;) is maximized
by a dark-field illumination geometry. (B) Interferometric scattering-based MIP detection. With a reference field E, to amplify the weak scattering
signal, MIP imaging probes the interferometric reflectance change from the sample, which is the coherent sum of E, and E,. (C) Optical phase-based
MIP detection. The photothermal effect induces a refractive index change of the sample, which further alters the optical path length in the probe
beam. The MIP contrast is detected by measuring the transient change in phase shift Ag induced by vibrational absorption. Adapted with permission
from ref 57. Copyright 2019 Springer Nature Limited. (D) Photoacoustic-detected MIP. Two pulsed probe beams generate PA signals at the state
without and with mid-IR pump. The difference between the two PA signals indicates the magnitude of the vibrational absorption by the sample.
Adapted with permission from ref 62. Copyright 2019 Springer Nature Limited. (E) Fluorescence-detected MIP. Thermosensitive dyes are chosen as
probes of the photothermal effect due to the strong thermal dependence of emission efficiencies. The pulsed mid-IR pump beam induces a
temperature rise around the dye, which subsequently modulates the fluorescence emission Eg;.

Pulse 1 Mid-IR pump Pulse 2

[
>

Laser power

PA signal

thermal conductivity than air, a faster heat conduction can also L=2Jat (7)
be reached, such as 7, is 135 ns in glycerol and 60 ns in water,
respectively (Table 1). In principle, the photothermal which gives the distance at which the amplitude of the heat flux
modulation period is limited by the thermal decay constant, reduces by e times from its sample’s surface value at x = 0.
which defines the highest modulation frequency for complete If we assume t = 7 = 240 ns for a PMMA particle of 1 ym
heat dissipation and further determines the speed of MIP diameter, the calculated thermal diffusion length is L= ~200 nm
imaging. in water. Such short thermal diffusion length sets the
3.2.2. Thermal Diffusion in Space. For MIP imaging foundation for submicron spatial resolution in MIP imaging.
application to materials, cells, and organisms, the thermal Meanwhile, water absorption of the visible probe beam is
diffusion of the medium could cause a heated background and negligible and mid-IR light can penetrate water up to ~100 ym
compromise the spatial resolution. In a uniform medium, the based on the absorption coefficient in the1000 to 3000 cm™
heat transfer rate is proportional to the temperature gradient window, which allows MIP imaging of living cells and small

organisms cultured in a medium.

® = —kAVT(x, t) (5)
where @ is the heat flux, k is the thermal conductivity, and A is 4. DIFFERENT MIP MODALITIES

the unit area. The 1-D solution is The mainstream of MIP detection mechanism is based on the
optical scattering of the samples. Three different strategies have

_ x been used for scattering-based MIP imaging: (i) dark-field

T(x, t) = T, — Tyerfl —— - 26,54,80,81 (o N .
2.Jat (6) scattermg (Flgure 4A), (ii) interferometric scatter-
ing49’51’5 56,68 (Figure 4B), and (iii) optical phase57_59’61
where, for t > 0, erf is the error function and @ is thermal (Figure 4C). In parallel, other detection mechanisms have been
diffusivity. explored, including (iv) PA signal®>®>** (Figure 4D) and (v)

Thus, the thermal diffusion length can be defined as fluorescence intensity”* (Figure 4E).
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4.1. Dark-Field Scattering-Based MIP Imaging. Com-
pared to the visible photothermal imaging, MIP detection
suffers from the small cross section of mid-IR absorption and
large focal volume of the pump beam. To detect small signals in
the scattering background, dark field geometry (Figure 4A) is
deployed by Zhang et al. to maximize the scattering contrast
modulatlon in the probe beam and reduce the background
noise.”® In this configuration, the probe beam propagates
through the sample via the dark-field objective. When the pump
beam is modulated, the temperature rise at the IR focus greatly
changes the local refractive index, which further alters the
propagation of the probe beam. This scattering perturbation
can be sensitively detected by the dark-field geometry, which
allows MIP imaging of live cells and organisms with submicron
spatial resolution and mlcrosecond scale pixel dwell time.”® In
2017, Sullenberger et al.”" reported wide-field MIP modulation
based on dark-field detection of Mie scattering. In this work, a
QCL pump induces a periodic change in the particle’s
optophysical properties and a CW 532 nm laser probes the
scattering of the particles (Figure SA). The magnitude of the
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Figure S. Technical advances of dark-field scattering-based MIP
imaging. (A) MIP modulation based on Mie scattering shows
temperature change induced integrated scattering intensity of a 3
p#m PMMA particle. Reprinted with permission from ref 81. Copyright
2017 Optica Publishing Group. (B) Cellular dynamics of living brain
cells observed by MIP microscopy with the deployment of an
incubation chamber. Adapted with permission from ref 80. Copyright
2019 American Chemical Society. (C) Dark-field MIP microscopy in a
wide-field manner. A pupil engineering strategy attenuated the
reflected background light and enabled 6-fold enhancement of SNR.
Reprinted from ref 54. Copyright 2021 American Chemical Society.

Mie scattering oscillation is found to be proportional to particle
absorption and pump intensity, which enabled concurrent
spatial and spectral discrimination of individual 3 ym PMMA
and silica spheres. By using the same configuration reported by
Zhang et al, ¢

the microscope to maintain the culture conditions for MIP

Lim et al.** deployed an incubation chamber on

imaging of living cells. In this work, MIP imaging was used to
monitor cytoplasmic protein distributions and cellular dynam-
ics of living brain cells such as oligodendrocytes and neurons
(Figure SB). Via a pupil engineering strategy, Zong et al>*
realized dark-field MIP imaging in a wide-field manner,
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providing 6-fold signal-to-background noise ratio improvement
(Figure SC).

4.2, Interferometric Scattering-Based MIP Detection.
When it comes to the subwavelength bionanoparticles, such as a
single virus, a single exosome, or even a single protein, the
elastic scattering intensity of these nano-objects scales with the
sixth power of the particle size. The weak scattering from the
sample makes them indistinguishable from the background in
elastic scattering-based MIP imaging. To address this challenge,
interferometric scattering-based MIP detection has been
developed by using a reference field to amplify the weak
scattering signal and push the sensitivity down to a single
virus.”" In this model, MIP imaging probes the interferometric
reflectance change from the sample, and the camera captures
the intensity signal from the coherent sum of reference and
scattered fields (Figure 4B). With the interference with a
stronger reference field, the weakly scattered light from the
nano-object is greatly enhanced. By detection of interferometric
scattering in a confocal configuration, interferometric MIP not
only enjoys a reduced size dependence of optical contrast
(scaling with the third power of the particle size)®’ but also
enables chemical imaging down to nanoparticles.”’

Interferometric MIP imaging is generally implemented by
using a counterpropagating geometry of pump and probe
beams first reported by Li et al,* in scanning or wide-field
manners. In the confocal scanning manner, a tunable mid-IR
pump beam is focused at the sample via a Cassegrain objective
and a CW visible probe beam is focused at the same spot with a
high numerical aperture (NA) refractive objective (Figure 6A).
The detection signal arises from the interference between the
particle scattering and the reflected probe beam. With the
deployment of a high NA objective for the probe system, MIP
microscopy can reach the spatial resolution of 0.3 ym and
showed the ability to chemically image 100 nm polystyrene
beads” and single viral particles.”’ With a similar counter-
propagating geometry, Bai et al.>? developed a widefield
interferometric MIP microscope and allowed ultrafast chemical
imaging at the speed of 1250 frames per second (Figure 6B).
With the synchronization of exposure frames with a modulated
mid-IR pump and pulsed visible probe, time-resolved MIP
imaging via a regular camera was achieved. However, since the
low power density of IR pump and weak photothermal signal of
single bionanoparticles, wide-field MIP also faces challenges in
detection limit and quantitative analysis. Via substrate design,
Yurdakul et al.*® utilized a 70 nm silicon nitride/silicon layered
substrate to increase interferometric contrast by reducing the
background and enhancing the scattered field (Figure 6C).
Such technical improvements advance the MIP microscopy
toward high-resolution and high-throughput spectroscopic
imaging of individual bionanoparticles including viruses,
exosomes, and protein assemblies.

4.3. Optical Phase-Based MIP Detection. Transparent
samples, such as biological cells, can affect the probe beam in
terms of optical phase delay.”* This provides a new way for MIP
imaging of transparent specimens. As shown in Figure 4C,
when the probe beam propagates through the sample, a phase
image can be acquired via the interference with a reference
beam. The photothermal effect induces a refractive index
change of the sample, which alters the optical path length via
the thermo-optic effect. MIP contrast is then acquired by
measuring the transient change in phase shift induced by
vibrational absorption, which can further provide a spectral
information with scanning the IR wavelength.”” Besides the

https://doi.org/10.1021/acs.jpcb.2c05827
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(NA) refractive objective allows MIP detection of the interference between the particle scattering and the reflected probe beam. Reprinted from ref
49. Copyright 2017 American Chemical Society. (B) Wide-field MIP with a virtual lock-in camera strategy. A modulated mid-IR pump and a pulsed
visible probe are synchronized with the exposure frames of a regular camera, pushing the time resolution to submillisecond level. Reprinted with
permission from ref 52. Copyright 2019 American Association for the Advancement of Science. (C) Substrate-modified interferometric MIP
microscopy. A 70 nm silicon nitride/silicon layered substrate is used to increase interferometric contrast by reducing background and enhancing the
scattered field. Reprinted from ref 56. Copyright 2021 IOP Publishing.
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Figure 7. A lock-in free wideband data acquisition system for transient photothermal dynamics detection. (A) Simulation of local temperature
modulation under a pulsed IR excitation. The absorber has a decay constant of 400 ns; the IR source has a repetition rate of 100 kHz and a pulse
duration of 900 ns. (B) PDI setup schematics and electronics diagram. A pulsed mid-IR beam is focused on the sample with a reflective objective lens
(RL). Backscattered probe photons are collected with a 50/50 beam splitter (BS), forward scattered probe photons are collected by the reflective
objective and separated by a dichroic mirror (DM). Probes are collected and sent to silicon photodiodes (PD) connected with a wideband voltage
amplifier. A high-speed data acquisition (DAQ) card is used to collect photodiode signal after voltage amplifier (AMP). (C) Raw photothermal
dynamics signal acquired from 500 nm diameter polymer particles under the IR excitation at 1729 cm™". (D) PDI image of 300 nm diameter polymer
particles at 1729 cm ™' excitation and conventional MIP image acquired with the lock-in amplifier in the same field of view. PDI shows over 4 times
SNR improvement for single particle detection. Adapted with permission from ref 53. Copyright 2021 Springer Nature Limited.

adoption of interference to amplify the weak scattering signal, advanced the phase-based MIP microscopy toward applications
optical phase-based MIP modalities also show the advantages in across the spectrum of biomedical science.
imaging specimen that are with similar refractive index with the 4.4. Photoacoustic-Detected MIP. The local temperature

change can also be measured through PA detection of the
Griineisen coefficient I" that is linearly proportional to the PA
signal and is sensitive to local temperature with a dependency of
dI'/dT by 4%/K. To provide high spatial resolution and
uniform PA signal over the whole sample, pulsed ultraviolet

medium. Cheng, Popescu and co-workers reported a bond-
selective phase microscope by integration of pulse IR excitation
and a diffraction phase microscope.”” Ideguchi’s group
independently developed an MIP microscope with optical

phase as readout, which can quantify the sample-specific laser was used as the probe in the PA-detected MIP

. . . e .. 60,85 . . . .
optical-phase-delay with chemical sensitivity.” "> By combining microscopy.’” Here, a pulsed mid-IR pump beam excites the
the quantitative signal with machine learning, Schnell® et al. sample to generate PA signals at IR on and off states as shown
8603 https://doi.org/10.1021/acs.jpcb.2c05827
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Figure 8. Technical advances in mid-infrared photothermal tomography. (A) Depth-resolved ODT detection for chemically cellular imaging. The
probe beam (green) is split into two paths to create the Mach—Zehnder off-axis interferometer and illuminates the sample at various incident angles
by a rotating wedge prism. (B) By adding the pulsed IR pump beam (red), the reconstructed tomography allows (a, b) refractive index (RI) and (¢,
d) MIP detection of the fixed HEK293 cells at different axial planes. (e) The MIP spectrum shows the resonant of protein amide II band (1563 cm™)
in the nucleolus (white arrow in (d)). (f) Zoom-in images in (a)—(d) (red-square regions) show the depth-resolving capability of the nucleolus.
Reprinted from ref 61. Copyright 2020 Optical Society of America. ODT: optical diffraction tomography.

in Figure 4D. The difference between two PA signals can
indicate the magnitude of the vibrational absorption that is
linked to the temperature rise.”> With the employment of an
ultraviolet laser, photoacoustic MIP imaging can provide high-
resolution, high-contrast chemical imaging of fresh biological
samples. As the lateral resolution is determined by the
wavelength of probe beam, photoacoustic MIP imaging can
reach a high spatial resolution of 250 nm according to the
diffraction limit of ultraviolet wavelength. In addition, ultra-
violet light not only is transmissive in water"® but also has a high
absorption of most biomolecules.”” This provides a suppressed
water background and an imaging contrast of the biological
samples in the liquid environment. Moreover, the ultraviolet
probe beam can propagate in thick samples,*® providing a way
to image biological tissues without thin slicing.

4.5. Fluorescence-Detected MIP. For scattering-based
MIP detection, the photothermal effect induces a small
scattering modulation, typically on the order of 107*/K, due
to the small thermal expansion and thermo-optic coefficient of
the samples. While in wide-field MIP imaging, the scattering
intensity at each pixel is limited by the well depth of a CMOS
camera. Thus, such small scattering modulation depth limits the
SNR especially in the wide-field detection.”® As an alternative,
fluorophores have a strong thermal dependence of emission
efficiencies (~1%/K), which is about 100 times larger than the
thermally induced scattering modulation. Based on this
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principle, fluorescence-detected MIP microscopy has been
independently developed by the Cheng group®* and Simpson
group,” offering improved image quality and video rate
chemical imaging speed. In a typical fluorescence-based MIP
microscope, thermosensitive fluorescent dyes are chosen as
probes of the photothermal effect (Figure 4E).°* After the
sample is stained with a selected thermosensitive fluorophore,
the fluorescence emission efficiency can be modulated by the
temperature change induced by a pulsed mid-IR pump beam.
With a highly increased modulation depth, the wide-field MIP
imaging speed can be improved by 2 orders of magnitude up to
video rate.®* In addition, the excitation and emission light of
fluorescence are at different wavelengths without any
interference patterns. Taken together, fluorescence-based MIP
imaging provides both suppressed-background and improved
image quality. Furthermore, the fluorescence labels offer
specific information on the biomolecules, which augments the
specificity of MIP imaging.

4.6. Lock-in Free Photothermal Dynamic Imaging. To
detect the small modulation on the probe beam, the lock-in
amplifier has been used to extract the signal at the pump laser
modulation frequency. Such a single frequency filtering
technique is ideal for analyzing sinusoidal signals or signal
with a 50% duty cycle. In addition, the modulation frequency
should be chosen where the background noise is minimized for
reaching high SNR. However, these two conditions are not

https://doi.org/10.1021/acs.jpcb.2c05827
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Figure 9. Biological applications of MIP microscopy ranging from single viruses, single bacteria to single mammalian cells. (A) MIP imaging of one
single poxvirus at amide I (1650 cm™") and amide IT (1550 cm™") bands and MIP spectra of four single poxviruses at the fingerprint region. Reprinted
with permission from ref 51. Copyright 2021 American Chemical Society. (B) MIP imaging of single S. aureus at amide I (1650 cm™") and averaged
single-cell MIP spectra showing different fingerprint spectra of untreated and erythromycin-treated (1 h) S. aureus cells. Reprinted with permission
from ref 71. Copyright 2020 American Chemical Society. (C) The reconstructed 3D view from depth-resolved MIP imaging at the 1750 cm™" C=0
band of a live PC-3 cell shows the individual lipid droplets. Reprinted from ref 26. Copyright 2016 American Association for the Advancement of
Science. (D) MIP imaging of d;,-palmitic acid treated A549 lung cancer cells. MIP imaging at 2940 cm ™' reveals C—H rich lipid and protein contents
while MIP imaging at 2092 cm™" (C—D peak) shows the distribution of d;;-palmitic acid metabolites. Reprinted with permission from ref S5.

Copyright 2017 American Chemical Society.

satisfied in the case of MIP imaging. In MIP, nanosecond
pulsed excitation is usually employed for maintaining high
spatial resolution and high contrast.”” The local temperature of
a sample under impulse excitation is illustrated in Figure 7A,
which is composed of a transient temperature jump followed by
an exponential decay. Successful extraction of such transient
signal requires information from the fundamental frequency
and the higher-order harmonics simultaneously which is
beyond the capability of lock-in detection. In addition, the IR
repetition rate is limited to below hundreds of kilohertz due to
the mandatory cooling period.”® The 1/f noise from the probe
light source is dominant in this frequency region, resulting in a
degraded SNR.

To overcome the obstacles, a lock-in free detection scheme
termed photothermal dynamics imaging (PDI) for sensing the
transient photothermal dynamics was developed by the Cheng
group.” In this method, a wide-band acquisition system is
employed instead of narrow-band filtering. As illustrated in
Figure 7B, the intensity modulation signal on the probe beam is
detected with a fast photodiode and directly digitized after
wide-band amplification. With nanosecond-scale temporal
resolution, the photothermal dynamics are revealed as shown
in Figure 7C. By utilizing the signal in higher order harmonics
where system noise is reduced, a significant SNR improvement
than in the case of lock-in detection is achieved (Figure 7D).
With such sensitivity, PDI enables photothermal detection
under single pulse excitation, which largely boosts the speed of
MIP imaging. Furthermore, captured photothermal dynamics
reveal the thermal property of samples, bringing a new
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dimension of information together with IR absorption for
sample scrutinization, including sensing the microenvironment,
differentiating small signals from the water background.>

Collectively, with the temporal resolution in a nanoseconds
scale, PDI provides the tool for investigating complex
photothermal processes such as nonlinear heating effect™”’
and superimposed thermal dissipation” at submicron spatial
resolution.

4.7. Midinfrared Photothermal Tomography. To
provide depth-resolved spectroscopic detection of biological
samples, MIP-based chemical phase microscopy has been
developed to enable quantitative volumetric chemical imaging.
The Ideguchi group presented MIP quantitative phase
microscopy with ODT for depth-resolved molecular vibrational
imaging.”' In ODT, a probe beam is split into two paths to
create an incident and a reference wave by the configuration of
a Mach—Zehnder off-axis interferometer. A rotating wedge
prism is used to provide multiangle tomographic measurements
(Figure 8A). By applying a pulsed IR beam to ODT, phase-
based MIP images are reconstructed from the modulated
scattered light fields with diffraction effect, which enables
volumetric chemical analysis of complex and fragile biological
samples. The reconstructed tomography allows refractive index
and MIP detection of the fixed HEK293 cells at different axial
planes, which shows the depth-resolving capability of the
nucleolus in the cell (Figure 8B).

More recently, the Cheng and Tian groups reported a bond-
selective intensity diffraction tomography (BS-IDT) scheme for
a noninterferometric volumetric MIP imaging of cells and
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Figure 10. Applications of MIP microscopy in protein analysis of living neurons. (A) Bright-field and MIP images for live neurons are shown and
long-term (4 h, 340 s time interval) MIP imaging allows tracking of four MIP signals associated with the bidirectional and slow transport of axonal
protein along the dendrite branches. Reprinted with permission from ref 80. Copyright 2019 American Chemical Society. (B) O-PTIR imaging of

APP-KO primary neuron incubated with synthetic AB(1—42) revealed the f-sheet elevated aggregation by O-PTIR mapping at 1630 and 1650 cm™".

1

Reprinted from ref 93. Copyright 2020 John Wiley & Sons, Inc. (C) Co-registered O-PTIR image (at 1650 cm™ with red as max and green as min)
and S-XRF image (in red) enables correlative study of protein structures and trace elements directly in APP-KO primary neuron incubated with
synthetic A(1—42). Reprinted from ref 69. Copyright 2021 Springer Nature Limited. S-XRF: synchrotron-based X-ray fluorescence.

organisms.”” A customized nanosecond pulsed laser ring array
is integrated with the time-gated pump pulses in BS-IDT, which
enables the acquisition of transient 3D refractive index
variations at microsecond time scale.

5. BROAD APPLICATIONS

MIP spectroscopic imaging allows molecular recognition at
submicron spatial resolution, which provides new insights for
chemical study in biomedical and material science. Since the
demonstration of a high-performance MIP microscope in 2016,
this technology was quickly commercialized into a product
mlIRage in 2018. MIP microscopy, also called optical photo-
thermal infrared (O-PTIR) microscopy, is emerging as a
valuable tool for life analysis, environmental monitoring, and
material characterization. Below we highlight some exciting
applications.

5.1. Bond-Selective Imaging in Life Science. MIP has
enabled multiscale applications in life science, ranging from
single viruses, single bacteria, single mammalian cells, sliced
tissues, to whole organisms. MIP detection of a single virus has
been demonstrated in both poxvirus and vesicular stomatitis
virus at the fingerprint region (Figure 9A).”" The dominant
spectral features are attributed to the amide I band at 1650
cm™" and the amide II band at 1550 cm™!, indicating the viral
proteins. Limited by the optical resolution, the MIP images of
single poxvirus at both wavenumbers are shown as high contrast
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diffraction-limited spots. The rich chemical information at the
fingerprint region offers a new idea to differentiate viral particles
based on variations in biocomposition; this bond-selective
imaging and spectral analysis opens a new way for subtyping
biological nanoparticles in a label-free manner.

MIP has enabled metabolic imaging of bacteria at the single-
cell level, in both the ﬁngerprint6 7071 and high wavenumber
region.”” The bacterial metabolic response to antibiotics
(erythromycin) has been revealed by the MIP spectral change
in single S. aureus (Figure 9B).”' Rapid characterization of
antibiotic response has been achieved by in situ spectroscopic
analysis of single bacteria. This provides accurate and
comprehensive information on the physiological state of
individual bacteria and can further reveal the heterogeneity
within an isogenic population. Additionally, MIP can also be
used to study specific metabolic activities by identifying the
isotope-labeled compounds uptake.”’

When it comes to the complex organelles inside mammalian
cells, MIP microscopy shows the high-performance chemical
imaging of specific components of living cells. Bond-selective
analysis of C=0 bond”® and C—H band***” were demon-
strated to study the lipid droplets in single cancer cells. Label-
free 3D mapping of lipid droplets inside a single living cancer
cell has been further demonstrated (Figure 9C).** Combined
with isotope labeling, the fatty acid metabolism was visualized
in cancer cells at the C—D band (Figure 9D).>> To study the
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evaluation of stimulatory effects of peptides on osteogenesis and biomineralization. Reprinted from ref 96. Copyright 2021 Elsevier. (C) Digital
histopathology based on IR absorption. IR absorption image at 1550 cm™ on the left and computed H&E image using the stainless staining approach
in the middle compared to the H&E image of adjacent tissue section on the right. scale bar 100 ym. Adapted with permission from ref 59. Copyright
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while ultraviolet-localized MIR photoacoustic microscopy (ULM-PAM) image reveals nerve fibers or bundles at higher resolution and low water
background. Further overlaid with a photoacoustic microscopy (UV-PAM) image with UV wavelength around 224 nm for nucleic acid, the PA
histology show both the myelin in green and nucleic acid in purple. Reprinted from ref 62. Copyright 2019 Springer Nature Limited.

metabolic activity in living cells, the MIP-induced acoustic revealed by variations in the amide I band. The capability of
signal was used to monitor the lipids, proteins, and identifying the protein secondary structure and lipid-rich bodies
carbohydrates in 3T3-L1 adipocytes during lipid droplet on the submicron scale has also been demonstrated in live
formation.”> The high sensitivity of MIP to biochemical cancer cells.”* With the combination of synchrotron-based X-
variations has enabled differentiation between lung cancer ray fluorescence nanoimaging techniques, Gustavsson et al.*”
cells and normal cells.”’ Local biochemical variability was also coregistered the trace element composition information and
demonstrated within single, healthy red blood cells via MIP revealed that iron clusters colocalize with elevated amyloid /-
imaging.”” sheet structures and oxidized lipids in primary AD-like neurons
Label-free MIP imaging is very sensitive to protein amounts (Figure 10C).

and secondary structures, thus opening new possibilities of With technological advancement and commercialization,
dynamic protein analysis in living neurons. Real-time MIP MIP microscopy also shines in the field of chemical histology.
imaging of oligodendrocytes was reported to investigate cellular Using an mIRage system, Bakir et al.”” realized spectroscopic
dynamics during division, apoptosis, and migration. The detection and chemical imaging of collagen down to the single
intercellular protein-rich vesicle transportation on the axons fibril level (Figure 11A). Rahmati et al.”® visualized the
of a live neuron was also observed (Figure 10A).*" As protein distribution of phosphate and amine content via MIP imaging
aggregation is associated with many neurodegenerative diseases and evaluated the conformational changes of peptides and their
and often with enriched S sheet components in the secondary effects on osteogenesis and biomineralization (Figure 11B).
structure, MIP offers new opportunities for studying protein Combined with machine learning, Schnell et al.>” obtained full
aggregation and its structure in vivo. Klementieva et al.” slide IR absorption images of an unstained breast tissue
revealed a ~ 20 cm™' red shift of the amide I peak in amyloid microarray slide and developed algorithms to realize the
fibrils in the MIP spectrum and achieved label-free automated histopathologic segmentation and generation of
identification of amyloid aggregation at the subcellular level computationally stained images (Figure 11C). With the
by comparing the MIP intensity ratio between an « helix and f employment of PA detection, MIP microscopy can provide
sheet (Figure 10B). Furthermore, the structural polymorphism label-free histology analysis and offer rich chemical and
of amyloid protein aggregations in neurons has also been structural information on tissue samples.””*” Shi et al.’”
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Figure 12. Applications of MIP microscopy in material science. (A) Epi-MIP image of a Tylenol tablet at (a) 1413, (b) 1502, (c) 1656, (d) 1750
cm™, and (e) overlaid image of (a—d) show the distribution of active pharmaceutical ingredients acetaminophen (green) and three most abundant
excipients corn starch(red), poly vinylpyrrolidone (PVP in cyan) and sodium starch gycolate (SSG in magenta) respectively. Reprinted with
permission from ref 47. Copyright 2017 American Chemical Society. (B) O-PTIR imaging at the characteristic absorption peaks (1003 cm™) of the
highly explosive PETN reveal its distribution within fingerprints for forensic purposes. Reprinted with permission from ref 98. Copyright 2020
American Chemical Society. (C) MIP imaging reveals the spatial heterogeneities in cation-specific compositions in mixed cation perovskite films.
Reprint with permission from ref 99. Copyright 2018 American Chemical Society. (D) MIP spectra of single, high aspect ratio Au nanowires between
2800 and 4000 cm™ reveals a series of resonances. The MIP images show the spatial distribution of the nanowire absorption. Reprint with
permission from ref 72. Copyright 2020 National Academy of Science. (E) The submicrometer resolution of O-PTIR (at 1747 cm™") enables the
visualization and characterization of micro(nano)plastics (imides-containing particles) released from the heated silicone-rubber baby teats. Reprinted
with permission from ref 73. Copyright 2021 Springer Nature Limited. (F) O-PTIR reveals the core—shell morphology of liquid—liquid phase-
separated particles with aerodynamic diameters <400 nm containing ammonium nitrate primarily in the core and PEG primarily in the shell.
Reprinted with permission from ref 102. Copyright 2020 American Chemical Society. (G) O-PTIR imaging distinguishes the compositions across
the thin layers of the stratigraphy for an extremely small fragment extracted from Van Gogh’s painting. Reprinted with permission from ref 103.
Copyright 2021 Wiley-VCH GmbH.

Providing rich chemical information and submicron reso-
lution, MIP microscopy is an emerging tool for in situ,
nondestructive chemical analysis of bulk or nanoscale drugs.
The Cheng group demonstrated first application of MIP
microscopy in mapping intracellular drug distribution.*® With
the development of an epi-detected MIP microscope,” Li et al.
showed active pharmaceutical ingredients and excipients
visualization in a Tylenol tablet (Figure 12A). Distribution of

demonstrated high-resolution and high-contrast chemical
imaging of myelin and nucleic acid in thick brain slices (Figure
11D).

5.2. Chemical Imaging in Material Science. In material
analysis, the application of MIP microscopy spans energy
systems, environment, and cultural heritage, including charac-
terization of drugs, nanoparticles, nanocomposites, micro-
plastics, polymers, and environmental pollutants.

8608 https://doi.org/10.1021/acs.jpcb.2c05827

J. Phys. Chem. B 2022, 126, 8597—8613


https://pubs.acs.org/doi/10.1021/acs.jpcb.2c05827?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c05827?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c05827?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c05827?fig=fig12&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.2c05827?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

Feature Article

drugs and excipients in single pharmaceutical inhalation
aerosols was also mapped using a commercial microscope
mIRage.”” It is expected that the capability of MIP in rapid,
label-free drug formulation characterization will promote
research in pharmaceutical science and advance the pharma-
ceutical industry. With the high-performance in chemical
mapping and spectroscopic detection, MIP has also shown
potential in rapid detection of highly explosive materials. For
example, Banas et al.”® has reported the rapid detection of
exogenous high-explosive substances deposited within finger-
prints, such as pentaerythritol tetranitrate (PETN) for forensic
purposes (Figure 12B).

MIP has also proven to be a useful tool in the energy field.
Kuno and co-workers revealed the correlation between solar
cell performance and cation composition.”*”” Large composi-
tional spatial heterogeneities in mixed cation perovskite films
were visualized via MIP mapping of local cation-specific
compositional distributions (Figure 12C).”” The authors
further investigated the bias-induced cation migration of
perovskite and suggested a cation instabilities suppressed
strategy in hybrid perovskites to improve the solar cell
stability.”* In the plasmonic field, with IR spectroscopic
mapping of 2.5—3.8-um-long gold nanowires (NWs) (Figure
12D), the resonances of the NWs were assigned to different
Fabry—Pérot modes and the finite element simulations
matched the experimental results very well.”> The components
were mapped at the interface of the bioplastics, polyhydrox-
yalkanoate, and polylactic acid laminate sample. A complex
spatial distribution of the constituents was found in the
laminate, rather than a simple binary system.'*” Independently,
by providing chemical property information, MIP microscopy
was applied to explain the in situ fibrosis mechanism of
polytetrafluoroethylene (PTFE) composites during the one-
step extrusion process.1

With submicron spatial resolution, MIP has demonstrated
applications in analysis and/or detection of contaminants, such
as microplastics and other environmental contaminants in air or
water. By using the mIRage system, Su et al.”” revealed the
release of micro(nano)plastics from silicone-rubber baby teats
after steam etching and chemical modification of the surface
(Figure 12E). By quantifying the direct exposure of bottle-fed
infants to surface-active microplastics, it was estimated that over
0.66 million elastomer-derived microplastics may be ingested
by a one-year-old baby. Via MIP microscopy, the distribution of
chemical species within atmospheric particles was mapped at
the single sub- and supermicrometer particle level (Figure 12F),
providing both physical and chemical properties of single
atmospheric aerosols.'**

With nanoscale spatial resolution and offering comparable
spectroscopic information as FTIR, MIP microscopy has also
become a promising tool in cultural heritage. The reduced
amount of extracted sample and the nondestructive nature of
MIP measurements help preserve the integrity of artwork while
providing a complete chemical characterization of the
components. The detection of geranium lake pigments and
analysis of the stratigraphy were achieved in a Van Gogh
painting103 (Figure 12G), and the distribution of chemical
phases was mapped in a 19th-century painting.'”* Providing
information on nanocomposition, MIP is expected to advance
the understanding of chemical processes in oil painting and
guide the conservation of historical paintings.
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6. SUMMARY AND OUTLOOK

MIP microscopy is an emerging tool for high-resolution
imaging of chemicals in biological and material samples. In
this review, we have discussed various detection methods,
technology developments, and broad applications in life science
and material science. Since the first report of high-performance
chemical imaging of living cells and organisms at submicron
resolution,”® MIP microscopy has evolved in various ways. On
the detection side, various methods including interferometric
scattering,SI’Sé optical phase,”” ™" lock-in phase,”® PA detec-
tion,*>®> fluorescence detection,®*~%¢ signal digitization,53 and
computational tomographym’é7 significantly improved the
performance and broadened the application field. Meanwhile,
advances are made in pushing the imaging resolution, speed,
and sensitivity of MIP to the next stage. For examples, high
spatial resolution of 300 nm has been achieved with a counter-
propagation system."” Ultrafast imaging of 1250 frames/s has
been reached on a wide-field manner.”> Detection sensitivity
down to a single virus has been realized via detection of
interferometric scattering in a confocal configuration.”’ MIP
microscopy has been widely used for mapping lipids, proteins,
and carbohydrates in unstained live cells, monitoring metabolic
activities, and mapping the distribution of specific molecules in
various materials.

Although MIP microscopy has shown significant impact in
life science and material characterization, more work is needed
to improve the technology and expand the pool of applications.
Looking into the future, we envision the following innovations
in pump source, probe detection, and contrast enhancement.
(i) For pump source, improvement in the pulse energy, pulse
duration, repetition rate, and wavelength range of IR lasers can
enhance the sensitivity and speed of MIP microscopy. Current
MIP imaging utilizes a narrow-band IR laser to excite single
absorption bands and usually requires a long time for
overlapped band analysis. Reduction in laser tuning time
between wavelengths will enable ultrafast hyperspectral MIP
imaging. (ii) For probe detection, with the recently developed
single pulse digitization method,>® video rate and hyperspectral
MIP imaging of living cells are expected. (jii) Contrast
enhancement approaches such as interferometric detection®"°
and plasmon resonance enhancement can push the MIP
detection of small bionanoparticles in high-throughput.

On the application side, the boost in imaging speed and
spectral information will enable more in-depth analysis in life
science and material characterizations. (i) With the capability of
chemical imaging at subcellular resolution, the MIP technique
has the potential to provide a metabolic imaging platform for in
situ characterization of lipid or protein metabolism in cells and
brain organoids. (ii) With video rate MIP imaging, the
dynamics of different cellular components can be tracked
within a few seconds in a label-free manner. (iii) With ultrafast
hyperspectral MIP imaging, complicated band analysis could be
performed, such as protein secondary structure decomposition
and isotope incorporation quantification. Additionally, rapid
chemical analysis of unknown species in a high-throughput
manner can be realized by the ultrafast hyperspectral imaging.
(iv) For physiological and biochemical phenomena in live cells,
chemical probes with mid-IR absorbance hold promise for
multiplexed imaging in many biological events and signaling
networks. MIP probes based on alkyne or nitrile tags are
expected to provide high-resolution mapping of multiple
enzyme activities at the subcellular level. (v) As MIP
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microscopy is highly compatible with fluorescence, MIP
imaging can benefit from the high specificity of widely used
fluorescent probes for more targeted chemical analysis.

Finally, as increasing MIP modalities were developed and
extensive applications were achieved, a rigorous theoretical
framework should be established to explore the photothermal
signal generation, such as the anticipated point-spread functions
for the different MIP imaging modes. A deeper understanding
of the origin of photothermal contrast will pave the way for
further improvements of the technique to surpass current
sensitivity and resolution.
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