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A P P L I E D  P H Y S I C S

Bond-selective imaging by optically sensing the 
mid-infrared photothermal effect
Yeran Bai1,2†, Jiaze Yin1,2†, Ji-Xin Cheng1,2,3*

Mid-infrared (IR) spectroscopic imaging using inherent vibrational contrast has been broadly used as a powerful 
analytical tool for sample identification and characterization. However, the low spatial resolution and large water 
absorption associated with the long IR wavelengths hinder its applications to study subcellular features in living 
systems. Recently developed mid-infrared photothermal (MIP) microscopy overcomes these limitations by prob-
ing the IR absorption–induced photothermal effect using a visible light. MIP microscopy yields submicrometer 
spatial resolution with high spectral fidelity and reduced water background. In this review, we categorize different 
photothermal contrast mechanisms and discuss instrumentations for scanning and widefield MIP microscope 
configurations. We highlight a broad range of applications from life science to materials. We further provide 
future perspective and potential venues in MIP microscopy field.

INTRODUCTION
Since the publication of a high-quality spectral database by Coblentz (1) 
in 1905, mid-infrared (IR) spectroscopy has become a versatile mo-
lecular analysis tool (2), especially with the development of Fourier 
transform IR spectrometry (FTIR) (3–5). The FTIR imaging, en-
abled by the development of a focal plane array detector (6), pro-
vides a few micrometer spatial resolution at the diffraction limit of 
the IR photons. While the IR spectroscopic imaging finds broad 
applications (7–9), new light sources including synchrotron (10, 11) 
and quantum cascade laser (QCL) (12) have improved the measure-
ment of IR absorption for each spatially resolved pixel. In particu-
lar, QCL enabled discrete frequency IR imaging (13), where specific 
vibration bands are selected to accelerate the imaging speed while 
offering sufficient chemical information about a specimen. On the 
detection side, up-conversion of mid-IR wavelengths to visible re-
gion has enabled hyperspectral IR imaging with a silicon-based 
camera (14–16). Despite these advances, a few fundamental limita-
tions of IR spectroscopy prevent its application toward in situ and 
in vivo chemical analysis. First, an accurate measurement of the ab-
sorption in a biological sample is hard to achieve because of sample 
heterogeneity, where the wavelength dependence of light scattering 
could cause substantial baseline artifacts (2). Second, the IR imaging 
provides a lateral resolution of 4 to 7 m in the fingerprint region 
due to the long excitation wavelength and lack of high–numerical 
aperture (NA) microscope objectives. Such resolution is not suffi-
cient to resolve intracellular distribution of molecules. Third, the IR 
imaging has limited depth-resolved capability. Last, the strong wa-
ter absorption in the IR regions hinders its applications from study-
ing living specimens in aqueous environments.

Near-field measurements have been implemented to overcome 
the diffraction limit in IR imaging. By recording IR scattering from 
an atomic force microscope (AFM) tip scanned over a polymer film, 
Knoll et al. (17) reported a spatial resolution of 100 nm. Later, by 
using the AFM tip to probe nanoscale thermal expansion induced 

by a pulsed IR laser, AFM-IR nanoscopy was developed (18–20). 
While the near-field probing IR technologies have found broad 
applications (21), these methods are limited to in vitro surface char-
acterization because of the contact requirement. Alternatively, 
the vibration-sensitive sum frequency generation (SFG) and third- 
order SFG processes have been harnessed to perform IR-sensitive 
imaging with submicrometer spatial resolution by probing the 
sample’s nonlinear susceptibility (2) or (3) (22). However, these 
techniques have not been widely applied because of noncentro-
symmetry sample requirements or the limited cross section of the 
nonlinear processes (23, 24).

The recently developed mid-infrared photothermal (MIP) microscopy 
not only overcomes the diffraction limit in far-field IR imaging but 
also circumvents the limitations in AFM-IR. In MIP microscopy, a 
visible beam probes the thermal effects induced by an intensity- 
modulated IR beam. The thermal effects include thermal expansion, 
pressure wave emission, refractive index change, and Grüneisen 
parameter change. Unlike the direct measurement of the absorption 
in IR spectroscopy, the temperature rise induced by photothermal 
effect is the origin of MIP signal. In addition, water background is 
reduced since it has a large heat capacity, resulting in a small tem-
perature increase. Moreover, water has relatively low thermo-optic 
and thermal expansion coefficients, resulting in a small MIP back-
ground (25). These properties allow MIP imaging of intact speci-
mens in liquid environment including living cells, which is beyond 
the reach of the direct IR and AFM-IR technologies. The MIP signals 
can be measured by a transmission dark-field geometry (26, 27), by 
reflection (28, 29), interferometrically (30), and acoustically (31, 32) 
in a stage scanning mode. Importantly, unlike AFM-IR, the MIP 
effect can be measured in a widefield manner through an interfero-
metric reflectance microscope (33), a quantitative phase micro-
scope (25, 34), or a low-coherence interferometric microscope (35). 
In the widefield MIP, the IR pump beam is weakly focused onto the 
sample that is illuminated by the visible probe beam in Kohler arrange-
ment. A complementary metal-oxide semiconductor (CMOS) camera 
enables multiplex signal readout, which drastically improves the 
imaging speed. Moreover, thermal confinement after a short IR 
pulse excitation offers submicrometer spatial resolution (33).

Optical photothermal spectroscopy through measurement of 
light deflection and thermal lensing effects was reported in the 
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1980s and 1990s (36–39). Photothermal microscopy using visible 
beams was developed to visualize single light-absorbing nanoparti-
cles (40–42) and has reached the detection limit of a single dye mol-
ecule (43). A scanning photothermal IR microscope was reported 
by Lee and Lee (44, 45) by mechanically chopping an IR beam tuned 
to C─H stretching vibration. The authors imaged an oil droplet in 
water and lipid components in fixed 3T3-L1 cells at a resolution of 
1.1 m. In a conference proceeding, Furstenberg et al. (46) reported 
chemical imaging of small crystals and polymer coating on micro-
electromechanical systems using a reflection photothermal micro-
scope. Erramilli and Sander’s group reported photothermal IR spectra 
of liquid crystal and showed the nonlinear Zharov peak splitting with 
QCL as pump beam (47–50). Mërtiri et al. (51) demonstrated a 
mid-IR pump, near-IR probe photothermal imaging using a reflec-
tive objective lens and showed a photothermal image of a dried bird 
brain tissue slice. Li et al. (52) reported photothermal IR imaging 
with counterpropagation of pump and probe beams and showed 
the imaging of 1.1-m polystyrene beads in water, glycerin, and CS2.

In 2016, Zhang et al. (26) reported a high-performance QCL-based 
MIP microscope that allows, for the first time, three- dimensional 
(3D) bond-selective imaging of biomolecules and drugs inside a liv-
ing cell at submicrometer spatial resolution. Through a dark-field 
geometry and a resonant amplifier, an unprecedented detection 
limit of C═O bond at 10 M was reached. This platform was quick-
ly converted into a commercial product mIRage by Photothermal 
Spectroscopy Corporation (Santa Barbara, CA, USA) and has al-
lowed broad applications in biology and material science (53–57). Since 
the 2016 paper, the MIP microscopy field has been quickly ex-
panded by a number of innovations made by many groups. Li et al. 
(28) reported a reflection MIP for submicrometer resolution analy-
sis of nontransparent specimens such as drug tablets. Kuno and 
Hartland’s Li et al. (58) reported MIP imaging of 100-nm polymer 
beads and a single bacterium using a counterpropagation geom-
etry. Widefield MIP imaging was developed to boost the imaging 
speed to over 1000 frames per second for thin polymer films (33). A 
MIP system with optical phase as readout was individually reported 
by Cheng’s and Ideguchi’s groups (25, 34, 59). MIP microscope in-
tegrated with a Raman spectrometer enabling the comprehensive 
characterization of biological samples was reported (29). Schnell et al. 
(35) has improved the spatial resolution of IR imaging by coupling 
a visible light-emitting diode (LED) into the system and using 
low-coherence interferometry to detect the surface deformation. 
Samolis et al. (60) showed improved MIP image contrast with the 
readout from lock-in amplifier phase channels and imaged protein 
distribution inside fibroblast cells embedded in collagen matrix (61). 
Shi et al. (31) recently demonstrated mid-IR imaging of tissue with 
a spatial resolution of 260 nm by using ultraviolet (UV)–excited 
photoacoustic as detection method. Pleitez et al. (32) demonstrated 
mid-IR photoacoustic microscopy with broad biomedical applica-
tions for monitoring carbohydrates, lipids, and proteins in cells 
and tissues. The Ideguchi group (62) recently reported the MIP 
quantitative phase imaging with depth- resolved capability and ex-
tended dynamic range (63).

Compared to spontaneous Raman microscopy and recently devel-
oped coherent Raman scattering microscopy (64–66), MIP micros-
copy provides the following unique features. First, the mid-IR 
absorption has a cross section (~10−22 cm2sr−1) that is 100 million 
times larger than the Raman scattering cross section (~10−30 cm2sr−1). 
Second, the IR absorption is complementary to Raman scattering in 

selective rules. The Raman scattering scales with the molecules’ po-
larizability and is most sensitive to C─H, C─D, C═C, and C≡C 
stretching vibrations. The IR absorption, on the other hand, is based 
on dipole moment and is most sensitive to vibrations in C─O, 
C═O, C≡N, and phosphate groups. Consequently, while the coher-
ent Raman microscopy has found wide applications in the study of 
lipid metabolism and molecule-selective imaging with C─D and 
C≡C tags; the MIP microscopy can map glucose, proteins, nucleic 
acids, and drugs containing C≡N group with high sensitivity. Third, 
because the MIP microscopy relies on linear IR absorption and 
visible probing, the strong signal level allows use of widefield geometry 
to enable camera-based high-speed chemical imaging. Fourth, the 
photothermal effect can be induced by a compact and cost-effective 
QCL laser, which could facilitate translational research. Here, to 
flourish the growth of MIP microscopy field, we give a systematic 
description of contrast mechanisms, summarize various instru-
mentation strategies, and highlight the broad applications enabled 
by this emerging technology.

CONTRAST MECHANISMS
The MIP signal originates from a nonradiative relaxation process 
that happens in an absorber after IR photon excitation. The ab-
sorbed energy dispersed into the form of heat results in a local 
temperature increase, which changes the sample’s optophysical 
properties (67) and is detectable by various mechanisms (Fig. 1A). 
Previously developed visible photothermal microscopy for imaging 
nano-objects with electronic absorption (41, 43) introduced com-
prehensive theories and physical models to explain the signal’s ori-
gin and push the sensitivity limit down to single molecules in room 
temperature (41, 68–71). In these models, nano-absorbers are treat-
ed as a point heat source, and a thermal transfer medium around 
the objects is carefully selected to enhance the signal (68, 72). There-
fore, the photothermal contrast is mainly originated from the re-
fractive index modulation of the surrounding medium, other than 
the nano-objects themselves. Differently, the MIP microscopy is 
based on vibrational absorption; the target size is typically compa-
rable with the diffraction limit spot of the visible probe beam, and 
the target itself acts as a signal source. This feature enables the de-
tection of the MIP signal by temperature-sensitive optical methods 
without a need for a thermal medium. On the instrumentation side, 
a sinusoidal modulation is typically applied to the pump beam in 
the electronic absorption–based photothermal systems to create a 
time-dependent temperature gradient (40, 43), and a lock-in ampli-
fier is used to extract this periodically modulated signal. In compar-
ison, the MIP systems deploy a pulsed IR source, which can provide 
a heat confinement that results in a larger signal and a higher spatial 
resolution compared with sinusoidal modulation. Therefore, an 
independent description of contrast mechanism is needed for MIP 
microscopy.

The major type of MIP mechanism is based on optical scattering, 
and the MIP signal is generated from the scattering intensity dif-
ference between IR on and IR off states. Therefore, a dark-field 
geometry can be applied to minimize the unchanged illumination 
background and increase the signal-to-noise ratio (SNR) accord-
ingly (Fig. 1B). The groups of Hartland and Kuno have modeled 
scattering in a MIP system and compared the contribution of particle 
size and refractive index to signal generation (58, 73, 74). Bai et al. 
(33) presented an interferometric scattering model (Fig. 1C) and 
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a transient optical phase model (Fig. 1D) (25). Another optical 
phase measurement based on Mirau objective interferometer has 
been demonstrated by Schnell et al. (35). Furthermore, other than 
using scattering as contrast, a photoacoustic MIP system based on 
Grüneisen relaxation (Fig. 1E) has been demonstrated by the Shi et al. 
(31). These models vary with different detection geometries and 
contrast origins, and it is not feasible to cover all the work with a 
single theory. Here, we group these models into two major categories: 
optical scattering (Fig. 1, B to D) and photoacoustic contrast (Fig. 1E). 
A detailed description of temperature rise, photothermal detection 
methods, and simulation results is presented below.

IR absorption induced temperature change 
and photothermal effects
The photothermal effect is induced by local heating. Therefore, 
modeling the temperature rise is the first step for all MIP systems. 
The temperature modulation caused by a laser pulse can be inter-
preted with models in the literature (46, 74, 75). The maximum 
temperature change and transient temperature response depend on 
the IR pulse width, the pulse energy, the thermal properties of the 
target, and surrounding medium. The IR absorption–induced tem-
perature profile can be calculated by solving the following heat 
transfer equation under a specific IR wavelength

  m  C  s     dT ─ dt   =  Q  abs   −  Q  diss    (1)

where m and Cs represent the mass and specific heat capacity of the 
absorber, dT/dt is the temperature change over time, and (Qabs − Qdiss) 
denotes the rate difference between the absorbed and dissipated 

energies. Qabs for small particles can be approximated by IIRabs, 
where IIR represents the incident IR intensity and is assumed equal 
to the average intensity over the pulse duration ; abs represents the 
IR absorption cross section. The heat dissipation follows Newton’s 
law, and Qdiss is driven by the temperature gradient and given by 
(hS[T(t) − T0]), where h and S represent the heat transfer coefficient 
and effective transfer surface area from specimen to environment, 
respectively. [T(t) − T0] is the time-dependent temperature differ-
ence between the absorber and ambient environment T0. With the 
help of COMSOL Multiphysics (version 5.5, COMSOL AB, Sweden), 
the thermal property of a specific system can be evaluated on the 
basis of the model showed in Fig. 2A. The spherical particle represents 
the sample. The bottom of the sample is coupled with a substrate, 
and the other surfaces are coupled to the surrounding medium. The 
sample is treated as a uniform and continuous heat source with the 
same power of the IR absorption IIRabs. The temperature of substrate 
and medium boundaries are set to 293.15 K. Using the stationary 
study in heat transfer model, the sample’s heat transfer parameter 
hS can be evaluated by analyzing the thermal equilibrium state. As 
reaching the thermal steady state, the sample maintains a constant 
temperature difference Tc with the environment. The heat transfer 
parameter hS is then derived by calculating IIRabs/Tc. With chang-
ing the size of particle, medium, and substrate material, heat trans-
fer parameters of various conditions are acquired for subsequent 
simulation.

For t ≤ , T(t) can be derived by solving Eq. 1 with the initial 
condition T(0) = T0

  T(t ) =  T  0   +    I  IR      abs   ─ hS  (1 −  e   −  hS _ m C  s  
 t )  (2)

Fig. 1. Schematic of MIP effects and detection mechanisms. (A) Block diagram shows the IR absorption–induced photothermal process. After the sample absorbed the 
incident IR photons with specific vibration frequency, the energy quickly dissipated in the form of heat, leading to local temperature increase. Depending on the IR pulse 
duration and sample thermal property, the thermal expansion and pressure wave emission may occur. Subsequently, the optical property such as refractive index is 
changed as a result of decreased density and changed polarizability. These modulated physical properties could be detected by optical or acoustical methods, as illus-
trated in (B to E). (B) Dark-field scattering as MIP contrast (26, 44, 80, 81). As the local temperature is periodically modulated, the amplitude and far-field distribution of 
absorbers’ scattering field Es are influenced because of the size and refractive index changes. With dark-field illumination geometry, the scattering intensity modulation 
is accounted as MIP signal. (C) Interferometric scattering as MIP contrast (29, 33, 58). With a reference field introduced either from transmitted field   E r  

T   or reflected field   E r  
R  , 

the detected signal is the interference between the scattered and reference fields. As a result, the weak scattered field and MIP modulation is enhanced and allows for 
detection. (D) Optical phase as MIP contrast (25, 34, 35, 62). The phase delay (∆) of the probe field passing through the object would change because of dimension (l) and 
refractive index (n) change, which can be detected interferometrically. (E) UV-excited photoacoustic signal as MIP contrast (31). Because of the increased local tempera-
ture, the Grüneisen parameter () of sample is changed, resulting in magnified photoacoustic signal that is detected by an ultrasound (US) transducer.
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For t > , the IR pulse heating is finished and Qabs is zero. The 
temperature profile can be expressed as

  T(t ) =  T  0   + ( T  max   −  T  0   )  e   −  hS _ m C  s  
 t   (3)

where T0 is the environment temperature and Tmax is the maximum 
temperature increase derived from Eq. 2. The simulation results based 
on Eqs. 2 and 3 are given in Fig. 2 (B to F) for polymethyl methac-
rylate (PMMA) beads of different sizes under several commonly 
used IR pump conditions and embedding mediums. In this simula-
tion, the absorption cross section of PMMA particle at 1729 cm−1 is 
evaluated by using the Mie scattering theory. The used complex re-
fractive index of PMMA is 1.4176 + i0.361, where the imaginary 
part represents the extinction coefficient (76). Absorption coeffi-
cient is derived from Mie theory based on a Python package (77). 
Several types of laser are used with difference in intensity and pulse 
duration and resemble the parameters of QCL and optical paramet-
ric oscillator (OPO) source correspondingly. The substrate is set to 
be silicon or CaF2. Air, water, and glycerol are used as different em-
bedding mediums. The physical properties (density and heat con-
ductivity) of used material are taken from the COMSOL material 
library. Collectively, the parameters used for the following simula-
tion, including the absorption cross section abs, heating source 
IIRabs, derived heat transfer parameter hS of different conditions, 
and exponential decay constant mCs/hS are given in table S1. The 
thermodynamic property of beads with different sizes is shown in 
Fig. 2B. For this set of simulations, IR source has a pulse duration of 
980 ns and peak intensity at sample of 5.4 kW/cm2, which resembles 
the QCL parameter used in MIP experiments. From the results, we 

can observe a temperature plateau as the absorbed energy equals to 
the dissipated energy. For small particles with high heat transfer 
capability, this plateau would be instantly reached, limiting its max-
imum temperature rise. As the bead size increases, the heat dissipa-
tion becomes less dominant in the heating process, leading to a 
gradually increased maximum temperature difference T. However, 
for beads with a diameter larger than 2 m, the maximum T would 
decrease because of the slowly increased absorption cross section 
(abs~r2) compared with heat capacity (mCs~r3), as illustrated in 
Fig. 2C. To improve the MIP contrast of small particles, one can 
choose an IR source with higher peak energy and short pulse dura-
tion, as shown in Fig. 2D. For the curves of  = 980 ns, the IR has the 
same configuration used in simulation (B), representing the QCL 
source. The simulation of  = 20 ns represents the OPO-based IR 
source. OPO-based IR is set to the same average power and repeti-
tion rate but with shorter pulse duration, which results in a higher 
peak power. A detailed discussion on laser source options is given 
in the following instrumentation section. Importantly, the thermal 
properties of the environment also influence the temperature rise of 
the sample. As shown in Fig. 2E, the substrate functions as a heat 
sink, which improves the heat dissipation of system. Because of 
higher thermal conductivity, silicon has been used as the substrate 
for MIP imaging (33), where the complete cooling is achieved be-
fore the next IR pulse arrives and there is no sample overheating by 
the heat accumulation. The effect of thermal medium is shown in 
Fig. 2F. Water and glycerol have better thermal conductivity than 
air, leading to faster heat diffusion and quicker temperature plateau 
reaching speed but a lower temperature rise. Collectively, these sim-
ulations illustrate how temperature is modulated after the pulsed IR 

Fig. 2. Simulation results of localized temperature profile of a polymer bead under single IR pulse heating. (A) COMSOL model used in the simulation. (B) Simula-
tion of thermodynamic properties of PMMA beads with different sizes under single IR pulse. This IR parameter is also used in the following simulations (C, E, and 
F). (C) Simulation results of maximum temperature increase of PMMA beads with different sizes under single pulse heating. (D) Simulation results of thermodynamic properties 
of a 300-nm PMMA bead under laser sources with different pulse duration IR and average power     ̄ P   IR   . (E) Simulation results of thermodynamic properties of a 500-nm 
PMMA bead on different substrate. (F) Simulation results of thermodynamic properties of a 500-nm PMMA bead in different thermal medium.
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excitation, providing a general guidance for signal level estimation, 
system design, and sample preparation.

The photothermal process causes several effects along with tempera-
ture rise ∆T, including secondary IR radiation, thermal expansion 
∆l, refractive index alternation ∆n, and photomechanical pressure 
change ∆P (42). Among them, methods based on ∆n, ∆l, and ∆P 
have shown excellent performance for detecting the MIP signal. 
The optical detector is typically used to sense the change of ∆n and 
∆l. These two parameters are closely linked to the scattering pro-
cesses. With the localized temperature modulation T(t) described 
previously, the IR absorbers would experience thermal expansion and 
refractive index change due to decreased density and temperature- 
influenced polarizability (78). Those two changes can be approxi-
mated as linearly proportional to the temperature change ∆T

  l =   1 ─ l     
dl ─ dT   lT = lT  (4A)

  n =   dn ─ dT   T = T  (4B)

where l is the dimension change, dl/dT is the derivative of dimen-
sion to temperature, and  = (1/l)(dl/dT) represents the linear thermal 
expansion coefficient.  = dn/dT is the temperature dependence of 
refractive index, also termed as thermo-optic coefficient. Typically, 
 and  are on the level of 10−6 to 10−4/K for biological samples, metals, 
and polymers (25, 78, 79). The scattered field Es from sample under 
the incident probe field Ei is expressed as Es = ∣s(n, l)∣eis(n,l)Ei, 
where ∣s(n, l)∣ is the scattering amplitude and s(n, l) is the scatter-
ing optical phase. With the presence of modulated ∆l and ∆n, the Es 
would experience a change in magnitude, far-field distribution, and 
optical phase retardation. As a result, the difference between the IR 
on and off states is the origin of scattering-based MIP contrast. These 
scattering modulations can be detected through dark-field (26, 80), 
interferometric scattering (29, 33, 58), optical phase (25, 34, 35, 62), 
as described below.
Dark-field contrast (Fig. 1B)
In the dark-field geometry, the illumination and scattered photons 
are spatially separated in the detection path. The ballistic illumina-
tion photons are diminished by selecting detection angles (80) or 
adding an iris (26, 44, 81) before the detector. Therefore, pure scat-
tering photons dominate the detector. The detected intensity Idet is 
proportional to ∣Ei∣2∣s(n, l)∣2. The MIP signal lies in the scattering 
intensity change

    I  det   =  ∣  E  i   ∣   2  [  ∣ s(n + T, l + lT ) ∣   2  −  ∣ s(n, l ) ∣   2 ]  (5)

For sphere particles, Mie theory has been used for interpret the 
MIP signal dependency with samples’ property by calculating Eq. 5, 
as reported in (80).
Interferometric scattering contrast (Fig. 1C)
For small particles in Rayleigh regime, scattering intensity is in-
versely proportional to the sixth power of size. Therefore, the scat-
tering intensity will fall below the detector’s noise floor, leading to 
indistinguishable scattering signals. Inspired by the interferometric 
scattering detection of nanoparticles (82, 83), a reference field Er 
can also be used in MIP systems to enhance the weak scattering field. 
In MIP, the Er is selected as part of the transmitted   E r  

T  or reflected 
incident field   E r  

R  , depending on the detection geometry, collectively 

denoted as Er = rEi. Since the scattering intensity is negligible, the in-
tensity on the detector is modified to

   I  det   ≈  ∣  E  i   ∣   2  [  r   2  + 2r ∣ s(n, l ) ∣ cos    s  (n, l ) ]  (6)

Therefore, the MIP signal is proportional to the change on the 
term ∣s(n, l)∣cos s(n, l), which is inversely proportional to the 
third power of the size. Compared with dark-field MIP, interfero-
metric scattering enhances the weak scattering field with a strong 
reference field. However, the background noise also increases as the 
total photons reaching the detector increases. Therefore, the inter-
ferometric scattering would be more attractive to detect nanoparti-
cles in which the scattered intensity is not sufficient for generating 
photons above the detector’s noise limit. The dark-field detection is 
more appealing for large particles. For quantitatively analyzing the 
MIP contrast of particle with the presence substrate reflection, 
Li et al. (58) have used finite element method calculations to solve 
the electromagnetic field under such an inhomogeneous environ-
ment, which shows great agreement with experimental results. Fur-
thermore, for film sample, in which case only the interferometric 
reflection is considered, an analytical expression of the MIP con-
trast has been presented in (33). Using the interferometric enhance-
ment, an ultrafast MIP system with imaging speed of 1250 frames 
per second have been achieved.
Optical phase contrast (Fig. 1D)
Instead of measuring the scattering amplitude modulation by the 
two methods mentioned above, MIP contrast can be performed by 
retrieving the complex scattering field modulation involving both 
amplitude and phase information. To retrieve the forward scatter-
ing field, a common path off-axis holography arrangement can be 
used. The reference field Er is generated by spatially separating the 
sample-transmitted beam with a grating and then filtering out the 
high-frequency components of the first-order diffracted beam with 
a pinhole. The second-order beam is unaffected and carries the 
sample information. The recombination of these two beams at the 
camera plane creates the interference fringes, with a spatial fre-
quency k related to the off-axis angle , k = 2sin()/. With detected 
signal Idet(x, y) = Ir + Is(x, y) + 2ErEs cos [kx + (x, y)], the optical 
phase delay introduced by the sample can be isolated via Fourier 
transform and reconstructed (84). Similarly, the difference of optical 
phase between IR off state s and IR on state    s  

H   is acquired by shin-
ing or blocking the IR illumination; hence, the optical phase con-
trast of MIP is expressed as (25)

       s   =   s  
H  −    s   =   2l ─ 


    (  n   1 ─ l     

dl ─ dT   +   dn ─ dT   )  T =   2l ─ 


   (n +  ) T   (7)

As interferometric scattering that uses a reference field to amplify 
the weak scattering signal, optical phase–based MIP modalities hold 
the potential for imaging specimen that does not have strong scat-
tering contrast, such as sample with similar refractive index with 
the medium.

On the other hand, by measuring the modulated backscattering 
field, a Mirau interferometer–based MIP system is demonstrated 
for tissue imaging (35). Under this detection strategy, an interfero-
gram is recorded in the image plane by the phase-shifting method, 
which helps retrieve the modulated optical phase that is related to 
the sample surface height modulation, representing as (35)
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   =   2 ─ 


    n  0   h  (8)

where n0 denotes the refractive index between sample and objective 
lens and h is change in the height difference between the sample 
surface and the objective focal plane after IR heating. With the as-
sumption that h is the result of axial expansion, h can be related 
to the temperature change T(z) and thermal expansion coefficient 
(z) along the axial direction z: h = ∫ T(z)(z)dz. Note that both 
methods retrieve the optical phase information from holograms. 
The difference between them lies in the origin of the phase differ-
ence: Optical path length passing through the sample is changing 
for the first technique, while the path length from the surface to the 
objective focal plane is changing for the second technique.

It is interesting to compare the intensity measurement with the 
phase measurement. From Eq. 7, the thermal expansion ∆l and re-
fractive index ∆n can cancel each other if  and  have opposite 
signs, which makes the signal that is proportional to (n + ) dimin-
ished for certain materials and components. For scattering intensity– 
based contrast, opposite signs for  and   would have opposite 
influence on scattering amplitude s(n, l) as well but with a more 
complicated relationship. However, with the help of Mie theory, 
this complicated dependency can be numerically studied. In the lit-
erature (58, 74), the contribution of the refractive index change and 
thermal expansion is evaluated separately. These results reveal that 
under certain cases, the thermal expansion would become domi-
nant for small particles. In most cases, the change of refractive index 
contributes more to the MIP signal for polymer beads (74). Further-
more, the depth-resolved imaging capability has been demonstrat-
ed for intensity-based scattering measurement (26, 29), which is not 
easy to perform in phase detection because of the integral signal 
along the whole path length. However, some works have shown 
preliminary results demonstrating the depth-resolved capability by 
coupling multi-angle illumination (62).
Grüneisen relaxation contrast (Fig. 1E)
The photoacoustic signal is strongly related to the thermodynamics 
property of the material with the Grüneisen parameter  (85).  is 
approximately linearly dependent on the temperature (86), and d/dT 
is reported to have two orders of magnitude larger than that of the 
dn/dT for water-rich tissue. As a result, by measuring two subsequent 
UV pulse–induced photoacoustic signals at IR on and off states, the 
change of received photoacoustic intensity change conveys the local 
temperature modulation. Therefore, this method provides the IR 
absorption information with UV light–determined resolution (31).

On the other hand, the nanosecond IR pulse alone could gener-
ate photoacoustic signal, which can be detected by an ultrasound 
transducer (32). As the photothermal-induced temperature jump 
occurs faster than the time required for the sample to expand, part 
of the heat energy would dissipate in the form of pressure wave (67). 
Generated mid-IR photoacoustic signal intensity is proportional to 
the sample’s IR absorption, providing high sensitivity with detec-
tion limit of 1.5 mM for dimethyl sulfoxide at laser power at hun-
dreds of microwatts. Furthermore, since the mid-IR pump is the 
only light source involved for the signal generation, it has less photo 
damage to the biological samples compared with the UV as the 
probe. However, the spatial resolution is limited to a few microme-
ters because of the long wavelength of mid-IR light and ultrasound.

Since the mid-IR pump power varies in different setups, it 
is hard to compare the detection sensitivity directly between 

scattering- and photoacoustic-based MIP systems. Here, we sum-
marize the reported results and give a discussion toward the factors 
that affect the detection limit. The photoacoustic method using UV 
probe claimed a higher sensitivity in detecting small nanoparticles, 
where carbon beads with a diameter of 50 nm is imaged with SNR 
of 7 under an acquisition time of 1 s (31). This result outperforms 
the counterpropagation MIP system where a single polystyrene bead 
with diameter of 50 nm is acquired with SNR 10 to 50 under a pixel 
dwell time of 90 ms (74), except that the pump source used in the 
photoacoustic system (NT242-SH, EKSPLA) has one order of higher 
pulse energy than that in the scattering based MIP system (Firefly 
IR, M-squared). The sharply dropped scattering intensity (~r6) 
compared with slowly dropped photoacoustic signal (~r3) is another 
important reason for this sensitivity difference. However, because the 
probe light used in scattering-based method is chosen outside of the 
sample absorption range, the power incident on the sample could be 
higher to increase the SNR. In addition, a thermal medium can be 
applied to enhance the scattering MIP modulation of small molecules 
via forming a refractive index gradient. In another work, the reported 
detection limit of scattering-based MIP system reached a molar con-
centration of 10 M for small molecules, g-valerolactone, in carbon 
disulfide solution (26) with IR pulse energy of tens of nanojoules.

In terms of imaging speed, a point-by-point image acquisition 
needs to be performed to maintain the optical resolution for the 
mid-IR photoacoustic measurements, where the throughput might 
be a concern for certain applications. On the contrary, the optical 
detection enables more flexible selection between point-scan and 
widefield while maintaining the submicrometer spatial resolution.

INSTRUMENTATION
The various configurations of MIP microscope are summarized in 
Fig. 3. The geometries of a MIP imaging system can be grouped into 
two categories. The first is a scanning system where the mid-IR 
pump and visible probe are focused onto a diffraction-limited spot 
and the images are created by collecting the point-by-point signal 
from a lateral translation stage (Fig. 3, A to C). The second category 
is the widefield configuration, where the IR beam is loosely focused 
and the visible beam illuminates the full field of view instead of a single 
diffraction-limited spot (Fig. 3, D to F). The essential components 
include a mid-IR pump, a visible or near-IR probe, a photon detec-
tor, light-focusing elements, and electronics for synchronization 
and data acquisition. We will first summarize the configurations 
and then discuss the key parameters of pump and probe beams used 
in various MIP systems.

In the scanning scheme, copropagating IR and visible beam are 
combined with a dichroic mirror and then guided to a reflective 
objective. The transmitted probe photons are collected and focused 
onto a photodiode or an avalanche photodiode (Fig. 3A). The resi-
due of the IR reflection from the dichroic mirror is sent to a mercu-
ry cadmium telluride (MCT) to generate the power spectrum from 
the IR laser during the spectral measurements. To study opaque 
samples such as drug tablets, backscattered visible photons can be 
collected by adding a polarizing beam splitter and a quarter-wave 
plate (28). Notably, the backward-detected MIP system was quickly 
commercialized and turned into a product mIRage.

The counterpropagation (Fig. 3B) of the IR and visible beam was 
developed to address the NA limitation of the reflective objective, 
where the highest achievable NA is around 0.8. A high-NA refractive 
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objective could boost the collection efficiency of scattered visible 
photons and increase the spatial resolution. To monitor the IR power 
for spectrum normalization, partial of the IR beam is sampled with 
a calcium fluoride (CaF2) plate and focused on the MCT detector. 
Superior detection sensitivity has been demonstrated with the counter-
propagation scheme where a single bacterium cell can be resolved 
(29, 58). The spatial resolution of 300 nm is achieved after deconvo-
lution using a probe wavelength of 532 nm and an objective NA of 
1.2. Notably, with a balanced detector, imaging of 100-nm-diameter 
particles has been achieved recently (74).

The advantage of high-NA objective and visible probe was further 
exploited by coupling a spectrometer into the counterpropagated 
MIP system, where the visible probe was used as the excitation source 
for Raman spectroscopy (29). In situ pinpoint IR and Raman spectra 
of bacteria and 3T3 fat cells have been demonstrated with the hybrid 
IR + Raman system. However, the counterpropagation scheme re-
quires delicate alignment of visible and IR beams such that their foci 
overlapped. A special sample preparation is needed to avoid the excess 
IR attenuation when IR and visible beams travel toward each other. 

For example, in an application (25), the cell sample was immersed in 
phosphate-buffered saline, sandwiched between two sapphire plates, 
flipped, and then put on the sample holder.

The spatial resolution of the scanning MIP system can be further 
improved using a UV light (Fig. 3C). The UV photoacoustic signal 
is modulated by the temperature-dependent Grüneisen parameter. 
The photoacoustic signal detection upon IR absorption of biomolecules 
can achieve spatial resolution down to 260 nm in UV regime. The 
IR and UV beams were combined and focused with a reflective 
objective to the sample immersed in the acoustic coupling medium, 
and the generated acoustic signal was detected with an ultrasound 
transducer.

While successful demonstrations have been made with the scan-
ning MIP systems, there remain a few limitations. First, most of IR 
photons do not contribute to the signal because of the mismatch of 
the IR and visible focal spot size. Second, because of the slow speed 
in sample scan, imaging a cancer cell with 200 × 200 pixels required 
~20 s (26), which is not fast enough to capture moving objects or for 
high-throughput detection. To address these limitations, widefield 

Fig. 3. Typical instrumentations of MIP microscopy. (A to C) Scanning systems: An image is created by lateral translation of the sample stage. (A) Copropagation of 
mid-IR and visible (Vis.) beams (26, 45). The two beams are combined with a dichroic mirror (DM) and focused to the sample plane with a reflective objective. The detector 
photodiode (PD) on the top and bottom showed the transmission and reflection detection geometry. An additional polarizing beam splitter (PBS) and a quarter-wave 
plate (QWP) are used in the reflection mode. The residue reflection of the IR beam at the DM is collected with an MCT to normalize the power in spectral measurement. 
(B) Counterpropagated iRaman system for in situ imaging of IR and Raman at submicrometer resolution (29, 58). The backscattered photons with wavelength longer than 
the incident beam are reflected to pass through a long-pass filter (LPF) and focused into a spectrometer for Raman analysis. (C) UV-localized mid-IR imaging by detection 
of Grüneisen parameter change due to the mid-IR absorption induced local temperature increase (31). (D to F) Widefield system: An image is formed with the widefield 
illumination and detection. (D) Reflection intensity change detection system (33). The visible beam is a LED, and the LED emitter is projected to the back focal plane of the 
objective. The CMOS camera is conjugated with the sample plane. (E) Bond-selective transient phase microscope (25, 34). The IR beam is modulated with a chopper and 
a shutter to accommodate the sample thermal diffusion and the speed of the CMOS sensor. The quantitative phase is acquired with a common-path, off-axis diffraction 
phase microscope. (F) IR-optical hybrid microscope (35). The sample expansion due to the IR absorption is interferometrically detected by a Mirau interference objective.



Bai et al., Sci. Adv. 2021; 7 : eabg1559     14 May 2021

S C I E N C E  A D V A N C E S  |  R E V I E W

8 of 14

MIP systems have been developed (Fig. 3, D to F). In the reflected 
interferometric scattering measurement (Fig. 3D), a 4-f lens system 
is used to project the LED emitter to the objective back focal plane 
to create a uniform sample illumination in epi-configuration. The 
modulated IR pump beam is weakly focused on the sample plane 
with a CaF2 lens, and the illuminated area is around 40 m in diam-
eter. The sample is prepared on a silicon wafer substrate to reflect 
back the forward-scattered visible photons, providing a reference 
field for interferometric scattering measurement and good thermal 
conductivity functions as a heat sink. The reflected visible photons 
are collected with the same objective and then projected on the 
camera with a tube lens. A shot-noise limited detection sensitivity 
has been demonstrated (25, 33); therefore, increasing the total photons 
by N times could increase the SNR by   √ 

_
 N    times. While a single-pixel 

photodiode can receive orders of magnitude higher photons than a 
single pixel in a camera sensor, the widefield systems take advantage 
of the multiplex feature. As shown in (33), for a 200 × 200 pixel 
image, the widefield imaging speed is about 25 times faster than the 
point-scan method at the same SNR. The most critical parameter to 
improve the SNR and imaging speed in a widefield system is full 
well capacity or saturation capacity of the camera. The typical wide-
field MIP system (25, 33, 34) uses camera with full well capacity 
around 20 ke−, while, if a 2 million full well capacity camera (35) is 
used, the imaging speed could be increased by 100 times without 
sacrificing the SNR.

Since the MIP process involves the change of sample refractive 
index and dimension change, which are related to optical phase 
measurement, widefield phase imaging with chemical bond infor-
mation has been demonstrated (25, 34, 62). The phase map of a 
sample is acquired with a common-path off-axis interferogram 
configuration (Fig. 3E). The modulated IR beam is shined from the 
top of the sample obliquely. The visible beam is produced by second- 
harmonic generation from a near-IR beam and is pulsed by an 
acousto-optic modulator. With the optical phase detection method 
mentioned above, the MIP phase image is created by comparing the 
phase images at hot (IR on) and cold (IR off) state. The surface ex-
pansion can be detected through other interference methods such 
as using a Mirau interference objective with an axial piezo stage for 
phase shifting measurement (Fig. 3F).

Mid-IR sources
Frequency down-conversion of two near-IR ultrafast picosecond 
pulses through difference frequency generation (DFG) to produce 
mid-IR pulses were used in early MIP studies (44, 45). Through the 
optimization of DFG process and spectral focusing of two near-IR 
femtosecond pulses, the maximum DFG output reached 22 mW 
with the spectral resolution of 29 cm−1 (27). The wavelength cover-
age of the DFG output is usually wider than that of a single QCL 
chip and is ultimately dependent on the two near-IR inputs and the 
specification of the DFG crystal. For laboratories using ultrafast la-
sers, it would be a viable choice to generate a mid-IR source. The 
commercial mid-IR lasers used in the MIP experiments are either 
mid-IR OPO or QCL. The OPOs typically produce higher pulse en-
ergies with fixed repetition rates and pulse widths, while QCLs pro-
vide fast spectral sweeping speed and flexible repletion rates and 
pulse width but with lower pulse energy. Clearly, high pulse energy 
and lower repetition rate are more suitable for a widefield MIP system. 
Pulse duration plays an equally important role. For small particles 
with high heat dissipation capability, a temperature plateau would 

be reached during the single IR pulse heating process and maximum 
T is hard to increase by heating for longer time, limiting the MIP 
contrast. In such cases, an IR source with higher peak power would 
contribute to a larger MIP signal, as illustrated in Fig. 2D. In the 
simulation results, the laser with the same peak power would generate 
similar temperature modulation for pulse durations of 600 and 980 ns. 
However, the maximum T can be increased five times using short 
IR pulse ( = 20 ns) with the same average power and repetition rate.

IR modulation
The modulation at submegahertz frequency plays a key role in max-
imizing the photothermal signal, as has been demonstrated in both 
visible and mid-IR pumped systems (26, 68). Therefore, modula-
tion of the IR beam is an essential part in any MIP system, and it is 
closely linked to the laser types and setup geometries. For the scan-
ning systems shown in Fig. 3 (A to C), since a lock-in amplifier is 
used to extract the modulated signal, the mid-IR lasers are typically 
externally triggered at high repetition rates around 100 to 200 kHz 
(26, 58), using either QCL or mid-IR OPO as the pump source. For 
a MIP setup based on the DFG process, acousto-optic modulation 
on one of the input near-IR beam will transfer the modulation to 
the IR output (27). Some scanning MIP systems were performed at 
lower repetition rates of 1 kHz because of the limitation of lasers 
(31, 44, 45). For widefield MIP systems shown in Fig. 3 (D to F), a 
multipixel sensor such as a CMOS camera is used as a detector 
(25, 33, 35). Since off-the-shelf cameras are not fast enough to capture 
photothermal response induced by each IR pulse, the IR pulses are 
modulated into pulse trains to accommodate the camera speed, such 
that a captured frame is the average response to multiple IR pulses. 
The modulation is often achieved with a rotating chopper or shutter 
with desired duty cycles (33). For example, in Fig. 3D, the IR repetition 
rates is 20 kHz, the mechanical chopper is 1250 Hz with a duty cycle 
of 50%; therefore, IR is modulated into eight bursts per group.

Probe source
The probe beam is at a wavelength outside the absorption range of 
the sample, such as in the visible or near-IR region. Shorter wave-
length is preferred to improve the spatial resolution of MIP micro-
scope. In most cases, the probe is a continuous wave beam, and 
recently developed MIP setups used a pulsed probe to improve the 
detection efficiency and achieve the time-resolved imaging capabil-
ity. Because a lock-in amplifier is absent in widefield MIP systems, 
a pulsed probe is crucial for detection. The use of pulsed probe and 
the electronic synchronization of IR, visible, and detector compose 
a virtual lock-in camera, which extracts the periodically modulated 
signal (25,  33). The use of pulsed probe also enables the time- 
resolved imaging capability by controlling the relative time delay 
between the pump and probe. The heating and thermal decaying 
processes can be clearly mapped, and heating by individual IR puls-
es can also be observed (25). The temporal resolution of time- 
resolved widefield MIP imaging equals to the pulsed width of the 
probe beam, and submicrosecond to 50-ns temporal resolution has 
been demonstrated for thin film samples. The simulation of the 
thermal decay process for polymer beads with various sizes is shown 
in Fig. 2B, indicating that a shorter probe pulse is expected to im-
prove the detection efficiency and temporal resolution. Lasers and 
LED have been used as the probe for MIP microscopes. Broadband 
lasers should be used to minimize the speckle-induced coherent 
noise artifacts in the widefield MIP systems.
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BROAD APPLICATIONS TO BIOMEDICAL SYSTEMS AND MATERIALS
Providing submicrometer spatial resolution and chemical selectivity 
and being applicable to living systems in aqueous environment, MIP 
microscopes have contributed insights into various systems. Here, 
we highlight the applications of MIP microscope to chemical map-
ping of intracellular biomolecules, drug molecules, tissues, whole 
organisms, solar cells, and bioplastics.

Biomolecular mapping and metabolic imaging in single cells
MIP imaging at a single bacterium level has been demonstrated in 
the fingerprint region (29, 87, 88) and the high wave number region 
(58). The significance of single-cell measurements when studying 
heterogeneous samples was clearly shown by the comparison of en-
semble FTIR spectra and single-cell spectra in both fingerprint and 
high wave number regions (Fig. 4, A and B). This capacity allows 

Fig. 4. Broad biological applications of MIP microscopy. (A) MIP image of single Staphylococcus aureus cells; pinpoint MIP and Raman spectrum at the arrow indicated cell. 
Adapted with permission from (29). Copyright (YEAR2019) American Chemical Society. a.u., arbitrary unit. (B) MIP image of a single Escherichia coli cell at 2968 cm−1 and spectrum 
acquired with single-cell MIP versus ensemble FTIR spectrometer. Reprinted with permission from (58). Copyright (2017) American Chemical Society. (C) 3D reconstruction of a live 
cancer cell lipid droplet mapping. From (26). Reprinted with permission from AAAS. (D) MIP image of lipid droplets inside a live C. elegans. From (26). Reprinted with permission 
from AAAS. (E) Metabolic imaging of cancer cells where the C-D signal is clear because of the addition of d31-palimitic acids to the culture medium. Reprinted (adapted) with 
permission from (27). Copyright (2017) American Chemical Society. (F) Raw phase and MIP chemical phase image of live fat 3T3 cells; the dashed circle indicates the IR illumination 
area. Reprinted by permission from Nature/Springer (25). Copyright (2019) Author(s) licensed under a Creative Commons Attribution 4.0 License. (G) Lipid, protein, and carbohydrate 
mapping of 3T3-L1 cells with mid-IR optoacoustic microscopy. Reprinted by permission from Nature/Springer (32). Copyright (2020). (H) Bright-field and MIP image at protein amide I 
band of live neurons and the traces of particle indicated with 1 to 4 are also shown. Adapted with permission from (81). Copyright (2019) American Chemical Society. (I) Cultured 
primary neuron MIP image at 1630 and 1650 cm−1; the ratio map (1630 cm−1/1650 cm−1) in the dashed region with higher sheet structures shown in red; the IR band corresponding 
to sheet structures is indicated with a red arrow. Reprinted with permission from ref. (54). Copyright (2020) Author(s) licensed under a Creative Commons Attribution 4.0 License. 
Copyright Wiley (2020). (J) Surface expansion–based MIP image of 5-m-thick tissue slide at 1550 cm−1 and the computed hematoxylin and eosin (H&E images) based on the 
stainless MIP image, which is co-registered with the conventional H&E stain of adjacent tissue. Reprinted with permission from ref. (35). (K) Mid-IR photoacoustic microscopy (MIR-PAM) 
image of myelin in a 300-m-thick brain slice. Higher resolution of the same region is achieved by UV-localized MIR photoacoustic microscopy (ULM-PAM); the histology image generated 
from the stainless photoacoustic images with green represents myelin and violet represents nucleic acids. Reprinted by permission from Nature/Springer (31). Copyright (2019).
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developing an in situ tool to study metabolic activity of individual 
bacterium in a complex environment and to enable rapid antibiotic 
susceptibility testing (88–90). Among the various organelles, lipid 
droplets are involved in various biological processes and are good 
targets in MIP imaging due to the strong signal from carboxyl group in 
triglycerides. 3D mapping of lipid droplets inside a single living cancer 
cell (Fig. 4C) and a living whole Caenorhabditis elegans (Fig. 4D) 
has been demonstrated (26). For functional studies, mapping of palmitic 
acid metabolites (Fig. 4E) in mammalian cells was demonstrated by 
integrating MIP imaging and stable isotope probing (27). Using wide-
field MIP techniques, lipid and protein distribution inside a living 
3T3-L1 fat cell (Fig. 4G) has been achieved at high speed with a bond- 
selective quantitative phase microscope (25). The carbohydrate dis-
tribution inside 3T3-L1 adipocytes (Fig. 4G) was visualized with 
mid-IR optoacoustic microscopy at IR resolution (32).

Protein is a key building block of all organisms, and IR spectros-
copy is very sensitive to protein components and protein secondary 
structures. Targeting the protein-rich components, Cho et al. (81) 
reported (Fig. 4H) the time-lapse imaging of live brain cell division 
process and intercellular vesicle transportation. The protein IR 
spectrum often contains complex amide bands, and among them, 
amide I is the most pertinent to protein secondary structures and is 
composed of a series of overlapping bands corresponding to differ-
ent secondary structures. The IR band range of typical  helix and  
sheet structure is around 1648 to 1657 cm−1 and 1623 to 1641 cm−1. 
By investigating the intensity ratio between MIP signals at 1630 and 
1650 cm−1 of cultured primary neurons (Fig. 4I), Klementieva et al. 
(54) revealed Alzheimer’s disease–related amyloid protein aggrega-
tion at subcellular resolution.

High-resolution chemical histology
Digital spectral histopathology based on the inherent signature of 
the samples has drawn lots of interests. MIP-based histopathology 

has the potential to provide real hematoxylin and eosin (H&E) 
results with similar visible wavelength spatial resolutions. Schnell et al. 
(35) demonstrated the whole breast tissue micro array slide with MIP 
imaging at discrete IR wavelengths (Fig. 4J) and developed the classification 
algorithm to differentiate cell subtypes. By coupling the UV-excited 
photoacoustic with IR fingerprinting information, Shi et al. (31) 
mapped a fresh fixed mouse brain tissue and obtained myelin and 
nucleic acid images (Fig. 4K), where the computed two-color pathol-
ogy images resemble the gold standard stained histology images.

Imaging drug molecules in tablets and inside cells
The MIP microscope has been used to map intracellular drug distri-
bution and characterization of drug tablets. The label-free merit of 
this technique is particularly suitable for this application because 
labeling would interfere with the function of the drug molecule. 
Zhang et al. (26) demonstrated the accumulation of anticancer drug 
JZL184 in pancreatic cancer MIA PaCa-2 by taking MIP multispec-
tral images, and the multivariate curve resolution analysis showed 
lipid and lipid inhibition drug accumulation. The active pharma-
ceutical ingredients and excipients in a Tylenol tablet cross section 
was imaged with an epi-detected MIP microscope (Fig. 5A), and the 
weight percentage of different compositions was calculated with 
signal intensity map and compared with the listed value (28). These 
examples demonstrate the potential of applying this emerging tech-
nology to pharmaceutical industry for its nondestructive and high 
spatial resolution merits.

Characterization of materials
MIP microscopy has also found applications in material science, 
where labeling methods are hard to apply. The Fabry-Perot type of 
resonance of a single gold nanowire was imaged, and the IR spectral 
mea surements of different nanowire lengths between 2.5 and 3.8 m 
were performed (Fig. 5B). The authors did the finite element 

Fig. 5. Application of MIP microscopy in material science. (A) Backward-detected MIP image of a Tylenol tablet at 1413, 1502, 1656, and 1750 cm−1 corresponding to 
corn starch (red), acetaminophen (green), polyvinylpyrrolidone (cyan), and sodium starch glycolate (magenta). Reprinted with permission from (28). Copyright (2017) 
American Chemical Society. (B) MIP spectra of individual Au nanowires with different lengths; MIP image at 3074 cm−1 with length of 2.9 m and 3393 cm−1 with length of 
3.75 m. Reprinted with permission from ref. (79). (C) MIP image of mixed cation perovskites FA0.1MA0.9PbI3 films and MA/FA ratio map; the MIP spectra are obtained at the 
points shown in the ratio map. Reprinted with permission from (91). Copyright (2018) American Chemical Society.
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simulations and obtained good consistency with the experimental re-
sults (79). Local cation-related inhomogeneities in mixed cation perovskites 
film (Fig. 5C) were visualized by using a MIP microscope at sub-
micrometer spatial resolution (91). The same group recently imaged 
cation migration of perovskite under different bias conditions and 
gained insights into solar cell stability (92). The interface of the bio-
plastics polylactic acid and polyhydroxyalkanoate laminate was imaged 
and characterized by a commercialized MIP microscope mIRage (53).

Comparison between MIP and Raman spectroscopy
Raman spectroscopy and microscopy have been extensively applied 
to study biological samples since water has minimal background in 
Raman spectra (93). Coherent Raman scattering microscopy, based on 
either coherent anti-Stokes Raman scattering or stimulated Raman 
scattering, has been recently developed to dramatically improve the 
imaging speed (66, 94–96). Video-rate imaging of protein and lipid 
distribution inside skin has been achieved by using Raman bands in 
the C─H stretching region (64, 97). The unprecedented performance 
in the high–wave number region enables direct visualization of mem-
brane potential of neurons in the label-free manner with high speed 
(98). However, Raman scattering cross sections are 5 to 10 times 
weaker (99, 100) in the informative fingerprint region. In contrast, IR 
absorption has a larger cross section in the fingerprint region than in 
the high–wave number C─H and O─H stretching region. Taking 
PMMA as an example, the linear absorption coefficient of C─H 
stretching mode at 3.39 m is 1396 cm−1; while in the fingerprint re-
gion, the linear absorption coefficient for the C═O stretching mode at 
5.78 m is about six times higher, reaching 7904 cm−1 (76). A direct 
comparison of IR and Raman spectra of PMMA is shown in Fig. 6. The 
large IR absorption cross section in the fingerprint region allowed 
vibrational spectroscopic detection of a single virus with an interfero-
metric MIP microscope (30), which is hard to reach by Raman or co-
herent Raman spectroscopy. At single bacterium level, MIP showed 
much higher SNR than Raman spectroscopy under the same laser power 
and acquisition time (Fig. 6, B and C) (88). The high SNR in MIP 
spectroscopy further allowed spectroscopic detection of bacterial re-
sponse to antibiotic erythromycin treatment (88). In summary, these 
two vibrational spectroscopic techniques are not competing but rath-
er provide complementary information. Notably, there is a growing 
trend of acquiring both Raman and IR spectra for comprehensive 
characterization of investigated samples (29, 56, 101).

OUTLOOK
The MIP spectroscopy and imaging field is evolving exponentially 
over the past few years. Many efforts have been made to improve 
the performance of MIP systems and to apply it to make new dis-
coveries. With the advantages of providing IR spectroscopic infor-
mation, submicrometer resolution, noncontact measurement, and 
minimized water absorption background, this technique sheds new 
light on life science and materials science. Looking into the future, 
we expect that this field will grow in the following directions.

On the technology side, we highlight the following challenges 
and possible solutions. (i) Volumetric imaging. 3D MIP imaging 
has been demonstrated by scanning the sample over the foci of the 
IR and visible beams (26). However, the depth information is lost 
for widefield visible illuminations. To retrieve the depth informa-
tion, optical diffraction tomography with multiple illumination 
angles of the visible probe has been demonstrated (62). Other 3D 
imaging modalities, such as the optical coherence tomography, can 
be coupled into the MIP system to enable volumetric imaging capa-
bilities. (ii) Multimodal imaging. Adding the visible beam provides 
enormous potential to perform multimodal imaging, and the hy-
brid IR + iRaman system has established a good start by using the 
visible probe as the Raman excitation source. The visible probe 
could also be used to perform fluorescence imaging. Such multi-
modal imaging is expected to speed up the adoption of MIP by the 
life science community. (iii) Expanding the field of view. Larger 
field of view is preferred when performing tissue-level studies. The 
current field of view is limited by the scanner in scanning MIP or 
the IR power density in widefield MIP. To address this limitation, 
mosaic stitching can be used in scanning systems as shown in (26) 
for the worm imaging and brain slice imaging (31). For the wide-
field setup, a more powerful IR laser and IR focusing optics with 
longer focal length can be used. The nonuniformity of IR focal spot 
can be corrected with a focal spot beam shaper. (iv) Pushing the 
detection limit. The sample sizes demonstrated with MIP tech-
niques are usually at hundreds of nanometers to several micro-
meters. To see smaller organisms such as virus, the detection limit 
needs to be improved. As we have discussed in the mechanisms sec-
tion, the interferometric methods can be introduced to enhance the 
detection of nano-objects. The interferometric scattering microsco-
py and related techniques (102) provide good reference to enhance 
the DC image contrast and, hence, the scattering-based MIP 

Fig. 6. Comparison between MIP and Raman spectroscopy. (A) FTIR and spontaneous Raman spectra of PMMA. The spectra are offset for clarity. The window from 1800 
to 2750 cm−1 is omitted since no notable peaks are presented. (B and C) SNR comparison in single-cell MIP and single-cell Raman spectroscopy from bacteria sample with 
different spectral acquisition time. Reprinted with permission from (88). Copyright (2020) American Chemical Society.
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detection limit. On the other hand, a new contrast mechanism such 
as Grüneisen relaxation (31) with higher temperature dependency 
and smaller size dependency can potentially break the detection 
limit. (v) Enhancing the chemical selectivity. The specificity of MIP 
can be improved by coupling IR probes. The Raman probes such as 
alkyne have been extensively explored and have shown applications 
in the study of metabolic activities in cells and tissue (103). The in-
corporation of IR probes in various sample has also been reported 
with IR spatial resolution (104). Therefore, coupling the IR probes 
into the MIP system would enable functional studies of small mole-
cules at high resolution. (vi) Breaking the diffraction limit. Current 
MIP systems have reached the diffraction limit of the visible probe 
beam. Borrowing methods used in existing superresolution tech-
niques, such as structure illumination, would further break visible 
beam diffraction limit in a widefield MIP system. (vii) Quantitative 
analysis of size and concentration. Since the MIP contrast originat-
ed from local temperature rise, the microenvironment is expected 
to influence the MIP signal level. In addition, in the interferometric- 
based detection, the phase difference between scattering and refer-
ence beam would cause inaccurate interpretation of the sample 
dimension. To accurately correlate the MIP signal intensities with 
concentration or dimensions, careful calibration experiments are 
needed, for instance, calibration of microscale temperature by 
coherent Raman scattering microscopy (105).

On the application side, MIP has been demonstrated to achieve 
high-SNR chemical imaging of biomolecules including carbohy-
drates, proteins, and lipids. To expand the pool of the application, 
we envision the following aspects: (i) Single-cell metabolic imaging 
in neurons, cancers, and bacteria. Label-free and isotope-labeled 
metabolic studies based on vibrational spectroscopy and imaging 
have been explored (27, 89, 103, 106). Specifically, the coherent 
Raman scattering–based methods has provided subcellular mapping 
of glucose metabolism in cells and different mouse tissues (107, 108). 
The direct IR absorption–based imaging techniques have not been 
able to observe subcellular distribution of metabolites. Providing 
submicrometer resolution and complementary information as to 
Raman spectroscopy, MIP has shown single-cell metabolic imaging 
capabilities by fingerprinting a single bacterium in response to anti-
biotics (88) and by coupling deuterium-labeled palmitic acids to 
cancer cells (27). In addition to cancer research, the metabolic im-
aging lays the foundation for studying the physiology of micro-
organisms, where the single-cell resolvability is particularly important 
to understanding the heterogeneity of cellular phenotypes in bacteria 
(109). Compared to other metabolic imaging techniques such as 
nanoscale secondary mass spectrometry and microautoradiography 
(110, 111), MIP metabolic imaging is nondestructive and is compatible 
with other analytical tools such as gene sequencing. (ii) Chemical 
histology at subcellular resolution. Label-free chemical histology 
generates staining-like results based on inherent properties of 
the sample, such as refractive index and molecular spectroscopic 
information. Chemical histology based on coherent Raman scattering 
provides submicrometer spatial resolution and minimal sample 
preparation, where a fresh tissue can be used (112–114). Comple-
mentary to Raman scattering, IR absorption–based tissue mapping 
provides higher throughput with a coarser resolution when a focal 
plane array is used; however, the tissue is normally thin sliced and 
dried on IR transparent substrate for better spectrum interpretation 
(115, 116). With MIP, the sample preparation is less stringent com-
pared to conventional IR measurement since the tolerance to water 

absorption is higher, and a real staining-like image can be acquired 
with a much improved resolution. (iii) Study of engineered materi-
als. The AFM-IR methods have been widely applied to investigate 
the surface of various materials including polymer blends and poly-
meric fibers (21). MIP has been used for characterizing the spatial 
mixing of adjacent bioplastics (53). Providing higher throughput 
and far-field contactless capability, broader applications are expect-
ed. (iv) In vivo application through portable devices. Using a QCL 
laser, MIP system is highly compact. In addition, a widefield MIP 
setup can be used to further simplify the system by avoiding a scan-
ner. One potential challenge of building a portable device is the de-
livery of IR and visible light to the sample. One possible solution is 
to build a hollow-core fiber-based light guide system and miniatur-
ize the microscope optics into a handheld probe (117).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/20/eabg1559/DC1
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