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Phase-shifting optothermal microscopy enables
live-cell mid-infrared hyperspectral imaging of large
cell populations at high confluency

Tao Yuan'?, Lucas Riobo"?, Francesca Gasparin'?, Vasilis Ntziachristos'>3, Miguel A. Pleitez'**

Rapid live-cell hyperspectral imaging at large fields of view (FOVs) and high cell confluency remains challenging
for conventional vibrational spectroscopy-based microscopy technologies. At the same time, imaging at high cell
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confluency and large FOVs is important for proper cell function and statistical significance of measurements, re-
spectively. Here, we introduce phase-shifting mid-infrared optothermal microscopy (PSOM), which interprets
molecular-vibrational information as the optical path difference induced by mid-infrared absorption and can take
snapshot vibrational images over broad excitation areas at high live-cell confluency. By means of phase-shifting,
PSOM suppresses noise to a quarter of current optothermal microscopy modalities to allow capturing live-cell vi-
brational images at FOVs up to 50 times larger than state of the art. PSOM also reduces illumination power flux
density (PFD) down to four orders of magnitude lower than other conventional vibrational microscopy methods,
such as coherent anti-Stokes Raman scattering (CARS), thus considerably decreasing the risk of cell photodamage.

INTRODUCTION

Vibrational spectroscopy-based microscopy methods, such as co-
herent anti-Stokes Raman scattering (CARS) (1, 2), stimulated
Raman scattering (SRS) (3), and mid-infrared (mid-IR) micros-
copy (4), are label-free imaging modalities that take advantage of the
bond-specific vibrational transitions of biomolecules to achieve
intrinsic chemical contrast in living cells and tissues. In particular,
in vibrational microscopy, hyperspectral images (where each pixel
comprises a broad vibrational spectrum) can be acquired to allow
the differentiation of biomolecule subgroups—i.e., to discriminate
among different types of lipids, proteins, and carbohydrates by
computational analysis of hyperspectral images (5, 6). In this way,
label-free chemical microscopy could be applied for live-cell meta-
bolic imaging—avoiding the use of external fluorescent labels
needed in conventional florescence microscopy, which can under-
go photobleaching (7) and photoconversion (8) and possibly alter
the metabolic activity of cells (9). However, most vibrational im-
aging methods apply tightly focused excitation and point-by-point
raster scanning for image formation, which results in slow spectral-
imaging speed particularly at large fields of view (FOVs). For in-
stance, in mid-IR hyperspectral imaging, using quantum cascade
lasers for excitation and mechanical scanning for image formation
results in spectral-imaging times on the order of minutes to
hours—precluding live-cell hyperspectral imaging and increasing
the risk of cell photodamage due to long exposures (10). Raman
imaging, in combination with beam scanning using galvo mirrors,
can reach video rate imaging speeds (11); however, this approach
is restricted to small FOVs (~100 X 100 pm) requiring imaging
stitching to achieve larger FOVs (6, 12). In addition, although
wide-field Fourier transform infrared (FTIR) microscopy has been
developed to increase hyperspectral imaging speed (13), this ap-
proach has been mainly applied to dry thin tissue sections, due to
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reduced applicability for live-cell microscopy because of the strong
mid-IR absorption of water required in cell cultures.

To increase imaging speed—profiting from mid-IR absorption
with cross sections eight orders of magnitude larger than Raman
scattering—wide-field mid-IR microscopy methods based on the
optothermal effect and optical phase-contrast detection for rapid
hyperspectral imaging have been recently proposed (14-16). For
instance, Zhang et al. (14) developed bond-selective transient phase
(BSTP) imaging, in which mid-IR excitation results in a transient
refractive index change in the excited sample that is detected by a
phase-contrast microscope. BSTP enabled hyperspectral imaging in
living cells at above-video-rate speed, i.e., above 24 frames per sec-
ond. Similarly, Tamamitsu et al. (15) developed molecular vibration-
sensitive quantitative phase-contrast imaging (MV-QPI), which
detects mid-IR absorption images by quantitative phase-contrast
detection. Just like BSTP, MV-QPI has also shown above-video-rate
label-free mid-IR hyperspectral imaging in living HeLa cells with
subcellular spatial resolution. However, despite offering high-
imaging speed and demonstrations of their feasibility for live-cell
hyperspectral imaging, BSTP and MV-QPI are restricted to small
FOVs of 10 to 50 pm, whereas FOVs above 100 pm are necessary for
imaging cell populations. To address the limitation in FOV size,
Yuan et al. (16) recently introduced wide-field optothermal mid-IR
microscopy (WOMiM) based on snapshot pump-probe detection of
the optothermal signal. With WOMiM, the authors demonstrated
chemical contrast imaging of an unprecedentedly wide FOV of up
to 180 pm, achieving hyperspectral imaging of lipids [triglycerides
(TAGs)] in the 2950 to 2830 cm™* range. However, due to low sensi-
tivity, the working principle of WOMIM was demonstrated only on
synthetic TAG phantoms.

In wide-field optothermal imaging, phase difference (termed
MIR phase) micrographs induced by mid-IR absorption are ob-
tained by subtracting a strong phase background (termed intrinsic
phase) caused by a sample’s intrinsic optical properties (e.g., re-
fractive index). The quantitative intrinsic-phase image is usually
removed using postprocessing methods such as the Hilbert trans-
form (17), derivative method (18), and nonlinear phase unwrap-
ping method (19). However, because the MIR phase is two to three
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orders of magnitude smaller than the intrinsic phase (14, 20), these
postprocessing methods usually alter the weak MIR-phase signal,
resulting in poor detection sensitivity. Although adaptive dynamic
range shift (ADRIFT) quantitative phase imaging has been recent-
ly developed to bridge the large phase gap between the intrinsic
phase and the MIR phase (20), this method has not yet been dem-
onstrated at large FOV's for imaging live-cell populations.

As a step forward in wide-field mid-IR optothermal microscopy,
we introduce here phase-shifting optothermal microscopy (PSOM),
which implements wide-field excitation for a large FOV and incor-
porates a polarization-based phase-shifting module (PSM) to obtain
chemical contrast images with high sensitivity despite large intrinsic
phases. We hypothesized that achieving intrinsic-phase-independent
optothermal imaging will provide high sensitivity to small MIR-
phase variations, thus allowing further expansion of the mid-IR
beam for a larger FOV, and thereby reducing the mid-IR phototoxic-
ity to cells. Here, we demonstrate how the PSM enables PSOM to
reach shot noise sensitivity limits and effectively reduces noise-
equivalent phase down to 0.26 mrad, which is a quarter of the state
of the art (20). Low noise allows PSOM to sense a small MIR-phase
variation under a wide-field and low power flux density (PFD) exci-
tation. In our operational examples, PSOM achieved an unprece-
dentedly large FOV (50 times larger in area than state-of-the-art
FOV) (21) for live-cell mid-IR optothermal imaging, using excita-
tion PFD four orders of magnitude below the values typically used
in conventional vibrational imaging modalities such as CARS (22).
As examples of operation, we performed measurements of lipid
droplets (LDs) in matured adipocytes at high confluence (100%),
which is unprecedented in wide-field photothermal microscopy due
to the strong intrinsic phase of highly confluent cells.

RESULTS

Basic working principle of PSOM

Figure 1 schematically depicts the working principle of pump-and-
probe PSOM. PSOM is a label-free bond-selective imaging method
based on wide-field mid-IR excitation for optothermal generation
and polarization-based phase-shifting for thermo-optic readout
(see Fig. 1A, more details in Materials and Methods). Unlike previ-
ous mid-IR wide-field optothermal (photothermal) microscopy
methods (14, 15, 20), PSOM suppresses the large intrinsic phase of
the sample by means of a unique combination of a polarization
phase-shifting mechanism (see Fig. 1, B to F) (23) and a MIR-phase
retrieve algorithm, thus enhancing chemical contrast sensitivity for
live-cell imaging at high cell confluence and for capturing large
FOVs. A detailed description of the system is presented in Materials
and Methods. Here, briefly, a 532-nm linearly polarized (at 45° in
relation to the x axis) probe beam is split by a birefringent beam
displacer into two orthogonally polarized beams, termed sample
beam (SB) and reference beam (RB), which are subsequently rotated
90° by a half-wave plate (see Fig. 1A). The two parallel beams then
travel through the sample plane and are recombined by a birefrin-
gent beam combiner (Fig. 1B), forming a balanced path Mach-
Zehnder interferometer to cancel out the phase noise and reach
shot noise limit (24). Depending on the optical phase difference
between the SB and RB, the resulting recombined beam is either
linearly (same phase) or elliptically (different phase) polarized (see
Fig. 1, C to E). For the sake of imaging, the recombined beam is col-
lected by a microscope objective with its focus on the sample plane
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(Fig. 1A). The probe beam then travels through a quarter-wave
plate (fast axis at 45°), resulting in a linearly polarized beam with a
polarization angle that linearly depends on the optical phase differ-
ence between SB and RB (see Fig. 1F). The probe beam keeps its
initial polarization angle (a, at 45°) when there is no phase differ-
ence between SB and RB and rotates to § when an optical phase
difference ) between SB and RB is introduced (Fig. 1F)—for in-
stance, on SB at the sample plane (Fig. 1B). After passing through
an analyzer (i.e., a linear polarizer) and tube lens, the probe beam
then forms an image (PSM image) on the camera sensor, where the
intensity of the PSM image correlates sinusoidally to the optical
phase difference §y between SB and RB (see figs. S1 to S3). PSM im-
ages at different analyzer angles () are acquired to determine the
introduced optical phase difference & (see section S1).

In PSOM, as can be seen in Fig. 1A, a sample placed in the SB
region of the sample plane is illuminated (wide-field illumination;
see fig. S4) by a pulsed mid-IR laser beam, at a selected excitation
wave number, to generate optical phase perturbation according to
molecular vibrational absorption. PSM images are then sequential-
ly acquired at optothermal transition (MIR-ON) and at thermal
relaxation between mid-IR laser pulses (MIR-OFF; see Materials
and Methods and fig. S5) to generate a subtraction image (MIR-ON
minus MIR-OFF; see Fig. 1, G to I). Four subtraction images at four
analyzer angles (namely, 315°, 0°, 45°, and 90°) are needed for the
phase-shifting mechanism (Fig. 1J). A PSOM micrograph is then
obtained by taking the square sum of the subtraction images and
applying eq. S11 (see text S2) to generate a phase map (Fig. 1K),
which linearly correlates with the sample’s mid-IR absorption at the
excitation wave number (see section S3) (14). As detailed in sec-
tion S2, the square sum of the subtraction images suppresses the
background from the sample’s intrinsic phase, resulting in en-
hanced MIR-phase contrast images that exclusively relate to mid-IR
absorption.

System characterization and proof of concept

First, we tested and characterized the imaging and spectroscopic
abilities of PSOM using synthetic TAG phantoms (see Materials and
Methods). Figure 2A, for example, depicts a PSOM micrograph of
TAG drops in water acquired at a mid-IR excitation wave number of
2850 cm ™! (3.509 pm), assigned to symmetric CH; vibration, which
generates intrinsic molecular contrast for lipids at a maximum MIR
phase of 81.5 mrad. For comparison, Fig. 2B shows a PSOM micro-
graph of the same FOV with no mid-IR excitation, which results in
an image where, as expected, no structures can be observed and
from which a spatial noise-equivalent phase of 0.33 mrad can be
determined. Furthermore, continuous MIR-OFF measurement of
57 min indicated a temporal noise-equivalent phase of 0.26 mrad
(see fig. S6; for calculation of the noise-equivalent phase, see Mate-
rials and Methods). Such a low temporal noise level is a quarter of
the values reported for state-of-the-art optothermal microscopy
(20), yielding a contrast-to-noise ratio (CNR; see Materials and
Methods) of 282:1 for the marked TAG drop in Fig. 2A. When com-
paring the imaging resolution of PSOM (Fig. 2A) and PSM (inten-
sity image; Fig. 2C) for the same structure, PSOM image appeared
sharper than PSM image despite having been generated by mid-IR
excitation, which suggests that PSOM might result in higher imag-
ing resolution compared to PSM. This is demonstrated in Fig. 2D
where the intensity profiles across the smallest TAG drop observed
in Fig. 2 (A and C) (white dashed line) were compared—the full
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Fig. 1. Imaging principle of PSOM. (A) Diagram of the overall system. PSOM is a synchronized pump-and-probe imaging method where the PSM probes the phase dif-
ference resulting from a wide-field mid-IR excitation (pump) to obtain a chemical contrast image. SB, sample beam; RB, reference beam. (B) A phase perturbation &, in the
sample plane results in elliptically polarized light after the beam combiner and rotation of the polarization plane of the beam after the quarter-wave plate. The rotation of
the polarization plane is analyzed by changing the transmission axis (TA) of the analyzer. FA, fast axis. The objective shown in (A) is removed (B) to emphasize beam polar-
ization. (C and D) Polarization states of the beams after the beam combiner. (C) Linear polarization is constructed in the unperturbed case (UC), and (D) elliptical polariza-
tion is constructed in the perturbed case (PC). (E) Polarization states of (C) and (D) illustrated in the x-y plane. (F) Polarization states of the beam after the A/4 plate.
o, polarization angle in unperturbed case; f, polarization angle in perturbed case. (G to I) Demonstration of MIR-ON and MIR-OFF subtraction at an analyzer angle of 315°,
with a line profile crossing three targets. i, absorption target; ii, nonabsorption target; iii, absorption target at high dynamic range. /, intensity; d, distance. (J) Four subtrac-
tion images are obtained at four analyzer angles (6 = 315°,0°,45°, and 90°). (K) A PSOM image constructed by the square sum (3 A/I.Z) of the subtraction frames illustrates
quantitative phase perturbation (A¢g) induced by mid-IR excitation, independently of the intrinsic phase.

width at half maximum (FWHM) of the PSOM profile was 2.0 pm,
while the FWHM of PSM’s profile was 3.1 pm. The smaller FWHM
value from PSOM could have resulted from the fast thermal dissipa-
tion around the interface of the TAG drops and water, as noted by
other authors using other wide-field optothermal modalities, for
instance, BSTP imaging (14). For reference, Fig. 2D also shows the
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MIR-phase profile for the MIR-OFF micrograph in Fig. 2B, where
the signal and noise level obtained with PSOM are compared.
Beyond single-wavelength imaging, hyperspectral imaging (Fig. 2E)
was achieved for the same FOV in Fig. 2A by acquiring PSOM im-
ages while tuning the excitation wave number along a mid-IR spec-
tral range from 2960 to 2800 cm ™" in steps of 4 cm ™ (for simplicity,
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Fig. 2. Label-free chemical contrast imaging of synthetic TAG drops and living cells using PSOM. (A and B) PSOM micrographs of the TAG drops (A) with mid-IR exci-
tation at wave number 2850 cm™' and (B) without mid-IR excitation. BG, background. (C) Intensity image acquired by PSM at an analyzer angle of 45°. (D) Line profiles
crossing the smallest TAG drop in (A) to (C). a.u., arbitrary units. (E) PSOM hyperspectral image stack of the same FOV as in (A). (F) PSOM spectrum of TAG drop extracted
from (E) and its comparison to FTIR measurement. (G) PSOM micrograph of single living cells (3T3-L1), demonstrating CH; vibrational contrast obtained at excitation wave
number of 2850 cm™'. Dotted lines drawn through LDs and plasma membrane (marked as “M"). (H) Same FOV as (G) acquired by ZPC microscopy. (I) Line profiles crossing
LDs and membrane (M) of a cell, as indicated in (G). (J and K) PSOM image of 3T3-L1 fibroblast cells (J) and a group of HEK293 cells (K) acquired at mid-IR wave number of

2850 cm ™. (L) Line profiles of the cells from (J) and (K).

only 17 of 41 frames from 2928 to 2804 in steps of 8 cm™" are shown
in Fig. 2E). This allowed us to selectively extract the spectra of struc-
tures of interest in the FOV, as demonstrated when we plotted the
spectra (Fig. 2F) for the structures marked in Fig. 2A (white arrows).
Clearly, from Fig. 2F, the spectrum acquired by PSOM showed two
absorption peaks characteristic of TAG at 2920 and 2852 cm™", at-
tributed to methylene’s (CH,) asymmetric and symmetric stretching
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vibration, and in good agreement with the spectrum of TAG ob-
tained by conventional FTIR spectroscopy. The MIR phase at 2920
and 2852 cm ™" was up to 72.7 and 52.8 mrad, respectively, while, for
reference, the spectrum extracted from background (BG), originat-
ed from water absorption, remained low at a mean MIR-phase in-
tensity value of 8 mrad. The acquisition time of this hyperspectral
imaging stack was 32.8 s (discarding data transferring time, see
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Materials and Methods for details). Experiments in synthetic TAG
phantoms demonstrated a linear response of MIR-phase intensity
with mid-IR excitation power (fig. S7), revealing PSOM’s ability to
detect TAG drops at an excitation PED as low as 0.05 pW/um? at
CNR of 26:1. However, to enhance sensitivity in the experiments
presented here, we used PFD excitation of 0.16 pW/pm®. Our re-
ported PFD is about three times lower than typical values reported
for other photothermal imaging modalities (21), although it is com-
parable to values used in ADRIFT (which, however, reports a higher
MIR shot noise) (see table S1) (20), and up to four orders of magni-
tude below typical excitation values applied in conventional vibra-
tional imaging modalities such as CARS (15 mW/ pmz) (22).

The exceptionally low mid-IR PFD used in PSOM (0.16 pW/
um?) facilitates the application of mid-IR optothermal microscopy
to the study of live-cell metabolism by minimizing photodamage
exerted on cells (viability test results are shown in fig. S8; viability of
HelLa cells was 85.4% after 2 hours of measurement with PSOM). A
demonstration of PSOM’s live-cell imaging ability is presented in
Fig. 2G for 3T3-L1 differentiated adipocytes, showing lipid contrast
obtained at 2850 cm™' (CNR 117:1) generated by LDs formed after
6 days of incubation (see figs. S9 and S10 for corresponding PSM
intensity and intrinsic-phase images). The PSOM micrograph in
Fig. 2G is comparable to the image obtained by conventional
Zernike phase contrast (ZPC) microscopy as shown in Fig. 2H, in-
dicating good morphological correlation between the two tech-
niques. The MIR phase of LDs ranges from around 5 to 22 mrad,
while contrast from the phospholipids in the intracellular cell mem-
branes at 2850 cm™" peaks at 2.4 mrad (Fig. 2I). Such a low MIR-
phase contrast range (2.4 to 22 mrad) from live-cell structures, at
least three orders of magnitude smaller than the intrinsic sample
phase (~19 rad difference, from —5.46 to 13.49 rad; see fig. S11H), is
difficult to preserve in conventional QPI after application of post-
processing algorithms, which are typically applied to remove phase
wrapping (17-19). Thus, benefiting from intrinsic-phase removal
and reduced noise, PSOM is able to detect low-contrast cellular
structures rich in CH, bonds, such as cytoplasmic and intracellular
membranes. Figure 2 (J and K) shows PSOM images of 3T3-L1 fi-
broblast cells and human embryonic kidney (HEK) 293 cells, target-
ing the CH, vibrational signal using a mid-IR excitation wave
number of 2850 cm ™. Figure 2L shows line intensity profiles cross-
ing the two types of cells. It was observed that fibroblast cells with
low confluence (i.e., sparse cell distribution) have MIR phases of
around 4 mrad for a single cell. In contrast, highly confluent
HEK?293 cells, which grow in dense groups, have MIR phases that
can reach up to around 15 mrad.

Implementation of PSOM for large FOV live-cell

mid-IR microscopy

Figure 3 depicts an operational example of large FOV imaging of liv-
ing cells at high confluence (100%), which has not been demonstrated
before by state-of-the-art optothermal microscopy. Measuring highly
confluent live cells is important because many cellular processes are
only representative of the in vivo state at high confluence, for instance,
the differentiation of myoblasts into myotubes and the differentiation
of preadipocytes into adipocytes (25). Figure 3A shows a ZPC image
of 3T3-L1 cells at day 6 after differentiation, displaying an imaging
area fully occupied by cells (100% confluence)—for the same FOV,
Fig. 3B illustrates a PSOM image at 2850 cm™" with selective lipid
contrast. The mid-IR irradiation area for PSOM imaging is an ellipse
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(major axis: 700 pm, minor axis: 400 pm) as shown by the white
dashed line in Fig. 3B, giving an effective chemical contrast FOV of
2.2 % 10° pm. Larger FOV's can be obtained by further expanding the
mid-IR excitation area, as shown in fig. S12A for matured 3T3-L1 dif-
ferentiated cells in a FOV of 5.18 X 10° pm—which is 50 times the
demonstrated FOV of state-of-the-art wide-field optothermal mi-
croscopy (acquisition time: 0.8 s, discarding data transfer time). Such
a large imaging area with living cells at 100% confluence is unprece-
dented in optothermal microscopy.

Figure 3C shows a zoomed-in FOV of the red dashed area high-
lighted in Fig. 3 (A and B), used to further compare images from a
ZPC microscope and PSOM. In ZPC micrographs, such as in Fig. 3
(A and C), LDs can only be recognized by overall morphology (i.e.,
with no specific lipid contrast), which makes them hard to distin-
guish from the large background originating from all molecular
content in the cell body—particularly by image segmentation algo-
rithms (see fig. S13). Therefore, quantification of the amount of LDs
cannot be easily automated in conventional ZPC micrographs. This
confounding background is effectively suppressed in PSOM micro-
graphs (Fig. 3, B and C), where the contrast at 2850 cm ™' originates
predominantly from the LDs. Unlike measurements at low conflu-
ence (such as the single-cell images in Fig. 2G), the MIR phase of
LDs in Fig. 3 (B and C) reaches up to 113.0 mrad (CNR 404:1), pos-
sibly due to more efficient lipogenesis at 100% confluence as op-
posed to lower confluence values. Moreover, acquiring the intrinsic
phase of highly confluent cell populations by conventional QPI
methods is prone to errors due to strong phase wrapping (fig. S11, F
and I), which makes conventional QPI-based wide-field optother-
mal microscopy techniques inadequate for the task of imaging live-
cell populations at high confluence. PSOM circumvents this problem
by acquiring native MIR-phase images—i.e., independent of intrin-
sic phase. The capability to image large FOVs enables PSOM to si-
multaneously capture the heterogeneous activity of cells at different
locations and, hence, allows statistical analyses to be carried out on
large number of cells to avoid biases that arise from analyzing single
cells. As an example, we applied PSOM to determine LD displace-
ment in a large FOV (fig. S12) and LD count (fig. S13), both at high
confluency using intrinsic lipid-specific contrast.

Last, Fig. 3 (D and E) shows two PSOM micrographs of 3T3-L1
cells, at a lipid-specific mid-IR wave number of 2850 cm™" and lipid
unspecific (off-resonance) wave number of 2700 cm™}, used to dem-
onstrate PSOM image specificity to molecular absorption when vi-
sualizing living cells. Comparing Fig. 3 (D and E), it can be observed
that the LDs only appeared when a wave number of 2850 cm™" was
used and were absent when a wave number of 2700 cm ™' was used.
Moreover, Fig. 3F shows the spectrum of the marked LD in Fig. 3D,
as well as the spectrum of a reference point taken from location
marked as “BG” in Fig. 3D. The two spectra of LD and BG are plot-
ted together with the TAG spectrum acquired by FTIR. Figure 3G
shows a hyperspectral image stack (from mid-IR wave number of
2950 to 2700 cm™" with steps of 5 cm ™, only 26 of 51 images are
shown for simplicity) of a zoomed-in area as highlighted in Fig. 3 (D
and E), illustrating variance of the imaging contrast of LDs over
wave numbers. From Fig. 3 (F and G), it can be observed that LDs
show high contrast near 2920 and 2850 cm ™", and contrast fades out
when the mid-IR wave number approaches 2700 cm™". The two ab-
sorption peaks can be attributed, respectively, to vibration caused by
symmetric and asymmetric stretching of the CH, bond of TAGs,
which are the main components in LDs. It is worth noting that the
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Fig. 3. Hyperspectral imaging of highly confluent (100%) living cells at large FOVs by PSOM. (A) 3T3-L1 cell micrograph (day 6 after differentiation) obtained by ZPC
microscope. (B) Chemical contrast micrograph obtained by PSOM for the same FOV as in (A), at wave number 2850 c¢m™". Dashed ellipse: Effective chemical contrast FOV
of 400 x 700 pm. (C) Zoomed-in FOVs in red dashed rectangles in (A) and (B). (D and E) PSOM images of 3T3-L1 cells at (D) CH, resonance wave number 2850 cm™" and
(E) off-resonance wave number 2700 cm™'. These are two representative images selected from a hyperspectral imaging stack. (F) Spectra extracted from hyperspectral
imaging stack, showing PSOM spectrum of LD and the spectrum from background (cell media). For comparison, the spectrum of TAG measured by FTIR spectroscopy is
plotted. (G) Hyperspectral imaging stack for a selected area marked by rectangles in (D) and (E), illustrating chemical contrast change of three LDs from wave number of

2950 to 2700 cm™". LD, lipid droplet; BG, background.

actual image acquisition time for this hyperspectral imaging stack
(FOV: 2.5 x 10° um, corresponding to 2.5 X 10° pixels) with 51
frames was only 41 s (discarding data transferring time), while ac-
quiring similar hyperspectral imaging stacks would take hours for
a point-by-point scanning vibrational microscope. For instance, a
hyperspectral imaging stack with FOV of 2.25 x 10* pixels took
3.125 hours when using a confocal Raman microscope (26).

DISCUSSION

Here, we presented PSOM for hyperspectral vibrational imaging of
highly confluent (up to 100%) living cells in large FOVs. The unique
combination of phase-shifting detection and MIR-phase generation

Yuan et al., Sci. Adv. 10, eadj7944 (2024) 21 February 2024

achieves suppression of the intrinsic sample phase and enhances sensi-
tivity—allowing the detection of small phase differences induced by
vibrational absorption under wide-field mid-IR illumination. Suppres-
sion of the intrinsic sample phase does away with the need for postpro-
cessing nonlinear phase unwrapping algorithms. These algorithms are
typically required in conventional quantitative phase microscopy for
the extraction of MIR phase, and their usage can result in additional
imaging artifacts. In particular, with PSOM, we were able to demon-
strate snapshot imaging of vibrational contrast of living cells at FOVs
up to 5.18 x 10° pm. Besides having a FOV that is approximately 50
times larger than current state of the art (1 X 10* pm; 100 x 100 pm),
PSOM achieves this large FOV without computational frame stitch-
ing (21) and thus avoids the associated disadvantages. Imaging large
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numbers of cells in large FOV's as opposed to single cells in small FOV's
is highly desirable in live-cell microscopy as it allows the achievement
of statistical relevance with a small number of quickly and easily ob-
tained snapshots. In addition, benefiting from the intrinsic-phase can-
cellation brought about by phase-shifting—which yields sub-mrad
noise-equivalent phase—using PSOM we were able to measure highly
confluent mature adipocytes (containing large organelles) as well as
detect the weak vibrational signal (~2.4 mrad) from cell membranes.
Moreover, as PSOM is able to provide hyperspectral images from large
FOVs, mid-IR spectrum at each pixel in the FOV can be extracted
to analyze the distribution of biomolecules of interest in a given cell
population—opening up new perspectives for live-cell hyperspec-
tral imaging and its application in label-free metabolic imaging.

As next steps, PSOM could be further developed to achieve faster
live-cell hyperspectral imaging speeds by increasing the acquisition
imaging frame rate. Frame rate acquisition could be increased, for in-
stance, by (i) using a mid-IR source with a higher repetition rate than
the one used here (1 kHz) so that a MIR-ON/OFF imaging cycle can
be reduced from 0.5 ms down to 80 ps—physical limit defined by the
optothermal cycle (see fig. S14); (ii) implementing a polarization
camera to simultaneously acquire images at four different analyzer
angles (27) (this will reduce the time spent on the mechanical rotation
of the analyzer and result in the ability to obtain MIR-phase images in
a single snapshot); and (iii) application of onboard image averaging to
reduce data-transfer time from camera to computer. In addition, im-
provements on imaging resolution can be achieved by using a high-
numerical aperture (NA) objective instead of the low-NA objective
used in our study (NA = 0.28). Furthermore, super-resolution wide-
field optothermal imaging can be achieved by analyzing the time-
domain optothermal signal (28). Last, our current efforts are focused
on characterizing and improving PSOM’s sensitivity to absolute ab-
sorption coefficients and biomolecular concentration—and although
a matter for future publications, in fig. S15, we offer a first glance of
PSOMs sensitivity to optical absorption using water as reference. In
water, the lowest absorption coefficient detected was 218 cm ™", which
generated an MIR phase of 5.4 mrad. Because this value is consider-
ably above the 0.26 mrad of the noise-equivalent phase reported here,
we expect PSOM to able to detect even lower absorption coeflicients
in a future, dedicated, study on sensitivity.

In summary, we foresee PSOM becoming a broadly applied imag-
ing tool in biological research, particularly in live-cell microscopy and
single-cell metabolic imaging. For example, as PSOM is a low-
irradiation-power label-free molecular imaging modality capable of
long-term longitudinal monitoring, unlike fluorescence label-based
microscopy, it can continuously capture intrinsic biomolecular con-
trast over a long time without the risk of photobleaching. Further-
more, beyond the lipid contrast obtained here with an excitation wave
number of 2850 cm ™! (CH,), metabolism of other biomolecules, such
as proteins and carbohydrates, could also be studied by extending the
spectral coverage to the appropriate fingerprint region, for instance,
imaging proteins using the amide bands characterized by absorption
peaks between 1700 and 1400 cm™" and imaging carbohydrates that
can be detected in the 1300 to 900 cm™" spectral range.

MATERIALS AND METHODS

Experimental setup

As shown in Fig. 1A, the probe beam of the PSM was generated by
a 532-nm pulse laser (Cobolt 06-Tor, HUBNER GmbH & Co. KG,
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2 kHz), configured to emit a linear polarization beam at an orien-
tation of 90° in relation to the x axis. A linear polarizer (LPVISCO050-
MP2, Thorlabs Inc.) with a transmission axis of 45° was placed in
front of the laser to obtain a 45° linearly polarized beam. Next, the
linear 45° polarized beam was divided by a birefringent beam dis-
placer (BD27, Thorlabs Inc.) into two orthogonally polarized
beams—at 0° and 90° polarization angle with the same intensity. In
the beam displacer, the 90° component (termed RB) traveled
straight through the beam displacer, while the 0° component
(termed SB) deviated 2.7 mm away from the RB path and then
continued its travel parallel to RB at the output of beam displacer.
The two beams then passed through a half-wave plate (WPHSMO05-
532, Thorlabs Inc., fast axis: 45°), which rotated the polarization
angle of both beams by 90° in relation to the fast axis of the half-
wave plate. Therefore, after the half-wave plate, the polarization
angle of SB and RB was 90° and 0°, respectively. The two beams
then traveled through the sample plane and were, afterward, re-
combined by a birefringent beam combiner (BD27, Thorlabs Inc.).
The combined beam then traveled through the objective (MY10X-
803, NA =0.28; Thorlabs Inc.), which was focused on the sample plane.
After the objective, the beam passed through a quarter-wave plate
(WPQSMO05-532, Thorlabs Inc., fast axis: 45°) and a rotation motor-
controlled polarizer (LPVISC050-MP2, Thorlabs Inc., termed ana-
lyzer in the main text), for phase-intensity conversion (see section S1).
The beam was finally focused by a tube lens to the camera (Dimax
cs4, Excelitas PCO GmbH) to form a PSM image.

The pump beam was generated by a mid-IR optical parametric
oscillator (OPO) pulse laser (NT277, EKSPLA; 1-kHz pulse repeti-
tion rate). A germanium window was used in front of the pump
source to filter out the visible “signal” beam generated by the para-
metric process of OPO. The mid-IR (“idler” beam) was then weakly
focused by a low-NA gold parabolic mirror (#37248, Edmund Op-
tics Ltd.; NA = 0.062) on the sample, and the distance of the para-
bolic mirror to the sample plane was adjusted to achieve the desirable
excitation FOV.

The pump and probe laser pulses were synchronized by a trigger
pulse generated by a trigger delay generator (Texas Instruments mi-
crocontroller, MSP430F5529 LaunchPad). As shown in fig. S5A, the
trigger delay generator was connected to a mid-IR laser, visible (Vis)
laser, and camera. The mid-IR laser was externally triggered by
1-kHz pulse trains to generate 1-kHz mid-IR pulses (9-ns pulse
width), while the Vis laser and camera were externally triggered by
2-kHz pulse trains to generate 2-kHz Vis pulses (2- to 3-ns pulse
width) and to capture the image at the time when the Vis pulse ar-
rived at the sample. As shown in fig. S5B, because the repetition rate
of the mid-IR pulse was half of the repetition rate of the Vis pulse,
half of the images were acquired without mid-IR pulse excitation
(MIR-OFF cycle), while the other half of images were acquired with
mid-IR pulse excitation (MIR-ON cycle). The time interval between
a MIR-ON image and a MIR-OFF image was 0.5 ms. A delay (termed
exposure delay) was introduced between mid-IR external trigger
and Vis external trigger so that the camera captured the image at
exactly the time when the optothermal effect occurred. Varying this
exposure delay results in the time-dependent optothermal transient
signal as shown in figs. S14 and S16. In living cell measurements, we
averaged 200 PSOM images to increase the CNR, which required
1600 PSM images in total for a final PSOM image (eight PSM im-
ages were required for a single PSOM image, as shown in Fig. 1, G
to J), acquired from Vis using 1600 trigger pulses within 0.8 s.
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Preparation of 3T3-L1 white adipocytes

A mouse fibroblast cell line (3T3-L1, American Type Culture
Collection: CRL-1658) was used as an in vitro model of white
adipocytes. The preadipocytes were plated in custom-made plates
(fig. S17) and cultured in growth medium composed of low-
glucose (1 gliter ') Dulbecco’s modified Eagle’s medium (DMEM;
Merck) supplemented with 10% fetal bovine serum (FBS; Merck)
and 1% penicillin-streptomycin (Merck). Once 100% confluence
was reached, the cells were differentiated to adipocytes. For this
purpose, a differentiation medium, composed of high-glucose
(4.5 gliter_l) DMEM (Merck), 10% FBS, 1% penicillin-streptomycin,
insulin (1 pg ml™'; Sigma-Aldrich), 0.25 pM dexamethasone
(Sigma-Aldrich), 0.5 mM 3-isobutyl-1-methylxanthine (Sigma-
Aldrich), and 1:1000 volume ABP [L-ascorbate (50 mg ml™),
1 mM biotin, 17 mM pantothenate (Sigma-Aldrich)], was added
to the cells on days 0 and 2. On day 4, the cells were cultured with
differentiation medium supplemented with insulin (1 pg ml™)
and 1:1000 volume ABP. On day 6, the differentiation medium
was changed back to growth medium (low glucose). Cells were
kept in an incubator at 37°C with 5% CO; and measured by
PSOM in growth medium (low glucose). A cell-free region for
the RB was created by covering half of the dish with a medical-
grade tape (ARcare 90445Q, Adhesives Research Inc.), which was
removed during PSOM measurement.

Preparation of TAG drops

A suspension (10 mg/ml) of TAG drops was prepared by dissolving
1 mg of 1,2-dioleoyl-3-palmitoyl-rac-glycerol (Sigma-Aldrich Inc.)
in 100 pl of a chloroform-methanol solution (2:1). Ten microliters of
the TAG drop suspension was pipetted on a custom-made dish
(fig. S17; with a ZnS window as dish bottom) and left to dry at room
temperature until the chloroform and methanol were completely
evaporated, leaving the TAG drops on the surface of the ZnS win-
dow. After evaporation of chloroform and methanol, the dish was
perfused with deionized water and covered with a cover glass, main-
taining a 3-mm depth of water in the dish during the measurement.
On the ZnS window, a reference region was maintained without any
TAG drops for the RB.

Viability test

For the viability test, we plated HeLa cells in six custom-made
dishes and cultured the cells until 80% confluence was reached.
The cells were divided into two groups: Dishes 1 to 3 were mea-
sured by PSOM, and dishes 4 to 6 were used as controls. Dishes 1
to 3 were measured continuously for 2 hours on the PSOM stage,
with one dish used per wave number tested (2850, 1550, or 1100
cm™'). At these three wave numbers, mid-IR PFD on a sample
was 0.165, 0.027, and 0.024 pW/pm?, respectively. The corre-
sponding control dishes (dishes 4 to 6) were maintained in the
same condition (room temperature) without mid-IR illumina-
tion. Immediately after finishing the test, to assess the negligibil-
ity of photodamage induced by PSOM, standard erythrosine B
exclusion assays were performed. The cells in all the dishes (con-
trol and test) were stained with erythrosine B before counting
them, and cell viability was expressed as the percentage ratio of
viable irradiated cells compared to the corresponding viable non-
irradiated controls. For determination of statistical significance,
OriginPro9.1 software was used. Reported data corresponded to
the mean + SD from three measurements.

Yuan et al., Sci. Adv. 10, eadj7944 (2024) 21 February 2024

CNR and noise level

The CNR, which takes the value of 0.26 mrad according to fig. S6, is
defined as the MIR-phase difference between the signal and the
background (@signal — PBc) divided by the temporal noise-equivalent
phase o, as follows

CNR = Psignal — Prc 1)

GS
where temporal noise-equivalent phase o, is calculated from 57 min
of a PSOM video (fig. S6) without mid-IR excitation, using

1 5N

c, = 5N i (@; — 1) 2

@; is the MIR phase at pixel index i from the MIR-OFF PSOM video,
and p is the average of MIR phase among 5N pixels, N is the number
of frames in the video, and pixels are chosen from five locations as
shown in fig. S6A. For calculating spatial noise-equivalent phase, all
pixels of a single frame are used.

Data processing

PSOM images were processed by Image]. Illustration of spectra and
profiles was achieved by MATLAB. For images shown in Fig. 2 (G, ],
and K), the water absorption background (determined in cell-free
region) was subtracted from the overall image, for better illustration
of the cell contrast. The tracing of LDs in figs. S12 and S13 was
achieved by TrackMate.

Supplementary Materials
This PDF file includes:

Sections S1 to S6

Figs.S1to S17

Tables S1 and S2
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