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Abstract: Optical coherence tomography (OCT) is a label-free, non-invasive 3D imaging tool
widely used in both biological research and clinical diagnosis. Conventional OCT modalities
can only visualize specimen tomography without chemical information. Here, we report a
bond-selective full-field OCT (BS-FF-OCT), in which a pulsed mid-infrared laser is used to
modulate the OCT signal through the photothermal effect, achieving label-free bond-selective 3D
sectioned imaging of highly scattering samples. We first demonstrate BS-FF-OCT imaging of
1 µm PMMA beads embedded in agarose gel. Next, we show 3D hyperspectral imaging of up to
75 µm of polypropylene fiber mattress from a standard surgical mask. We then demonstrate BS-
FF-OCT imaging on biological samples, including cancer cell spheroids and C. elegans. Using
an alternative pulse timing configuration, we finally demonstrate the capability of BS-FF-OCT
on imaging a highly scattering myelinated axons region in a mouse brain tissue slice.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Since the first report by Huang et al. in 1991, optical coherence tomography (OCT) has
experienced many advanced technical developments and demonstrated significant applications
in the past decades [1]. OCT has evolved from time-domain OCT (TD-OCT) [2], which
mechanically scans the optical phase of the reference arm to obtain the signal from different
depths, to spectral-domain/Fourier-domain OCT (SD/FD-OCT) [3–5], which spectrally resolves
the detected interferometric signal from different depths without mechanically scanning. SD/FD-
OCT has dramatically improved the sensitivity and imaging speed of OCT and achieved in vivo
retinal imaging [4] till video rate [5]. Besides improving the scanning speed of scanning mode
OCT, an alternative approach is to use multi-pixel detectors. To enable high-resolution en-face
OCT imaging, time-domain full-field OCT (FF-OCT) was developed [6,7]. FF-OCT adopts
wide-field illumination and a multi-pixel detector (a CCD or CMOS camera) to obtain en-face
images at a given depth without scanning across the sample. FF-OCT was applied to in vivo
human corneal [8] and retinal imaging [9] for ophthalmic diagnosis. FF-OCT was also used
for histological imaging of different types of tissues, such as human skin tissue [10], breast
tissue [11], and brain tissue [12], for cancer diagnosis. However, those conventional FF-OCT
modalities can only provide tomography images without any molecular information, which limits
their potential applications to samples that have different chemical compositions but similar
morphology.

Vibrational microscopy has been a widely used tool for label-free molecular imaging without
sample perturbation [13]. In these techniques, Raman scattering, or linear infrared absorption,
is measured to provide contrast. More recently, the relatively weak signal and low acquisition
speed of the spontaneous Raman scattering [14] have been boosted by coherence Raman
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scattering microscopy [15,16]. Compared to Raman scattering, which has an extremely small
cross-section (∼10−30 to10−28 cm2), linear infrared (IR) absorption has ten orders of magnitude
larger cross-section (∼10−18 cm2). Despite the large cross-section, conventional IR imaging
technique such as Fourier transform infrared (FTIR) [17,18] has poor spatial resolution due to
the long illumination wavelength. To break this limitation, mid-infrared photothermal (MIP)
microscopy, which indirectly measures IR absorption by using the photothermal effect, was
developed recently [19,20]. Since then, MIP microscopy has evolved from point-scan [19–26]
to wide-field configurations [27–38]. As reviewed recently [39,40], MIP microscopy offers a
few advantages. First, sub-micron spatial resolution is achieved through the visible probe beam.
Second, wide-field MIP microscopy enables high-throughput chemical imaging by exploiting the
advantage that linear IR absorption doesn’t require a tight focus. By using wide-field illumination
and detection configuration, the imaging speed could reach half of the camera frame rate. Third,
volumetric chemical imaging is possible through mid-infrared photothermal phase tomography
[32,33,37]. Despite these advances, phase tomography, including optical diffraction tomography
[32] and intensity diffraction tomography [37], is limited to weakly scattering samples and can’t
be applied to highly scattering specimens such as tissues.

Functional OCT modalities have been developed to add additional contrast to conventional OCT.
For example, polarization OCT [41] can detect specific tissue types that can induce polarization
change, spectroscopic OCT [42] measures the spectral features within the wavelength range of
the OCT light source, and thermo-elastic OCT [43,44] and photothermal OCT [45–56] can obtain
the absorption spectrum by measuring the photothermal effect. Photothermal OCT has been
a powerful functional extension of conventional OCT since it was first demonstrated by Adler,
D.C. et al. in 2008 [45]. Photothermal OCT is realized by adding another modulated heating
beam to the conventional OCT, and it measures the modulation of the conventional OCT signal
induced by the heating beam. Firstly, it solves the inherent difficulty of OCT, or any other direct
scattering-based measurement methods, distinguishing scattering and absorption. Secondly, it
provides molecular specificity to OCT by only detecting signals from specific absorbers at the
heating wavelength, which can be endogenous pigments [46–48] originally existing in the sample,
exogenous contrast agents [45,49–54] that are imported into the sample, or overtone absorption
of non-pigment endogenous chemical components [56]. Yet, these current photothermal OCT
configurations are mainly using a heating wavelength in the visible and near-infrared range, where
the intrinsic absorption of biological samples is rare, which limits its wider applications. The
absorption in the mid-infrared (MIR) range is more common and can provide more molecular
information, which hasn’t been adopted in photothermal OCT. Although there are conventional
OCT modalities using MIR light sources to improve penetration depth [57], or a time-gated
method to detect the reflection of MIR light from different depths [58], compared to the potential
of MIR photothermal OCT, these techniques have the intrinsic MIR resolution limitation and no
specificity to the absorbing molecules.

In this work, we report bond-selective full-field optical coherence tomography (BS-FF-OCT),
in which a pulsed MIR laser modulates the full-field OCT signal through the photothermal effect.
Our technique enables label-free bond-selective 3D sectioning imaging of highly scattering
thick samples. To achieve this, we integrate a modulated MIR heating beam into a time-domain
FF-OCT. We use a broadband light-emitting-diode (LED) as the probe light source and a
virtual lock-in camera as the detector [27]. Our system can measure the change in the OCT
signal as a result of thermal expansion and refractive index change induced by MIR heating.
First, we demonstrate 3D bond-selective imaging of 1 µm PMMA beads embedded in agarose
gel, which confirms the isotropic 1-micron resolution of BS-FF-OCT. Second, we show 3D
hyperspectral imaging of a polypropylene fiber mattress from a standard surgical mask and
the comparison between BS-FF-OCT and FTIR to confirm the spectrum fidelity. Then, we
demonstrate bond-selective volumetric imaging on biological samples, including cancer cell
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Fig. 1. BS-FF-OCT setup, synchronization, and image processing. (a) BS-FF-OCT setup
configuration. BS: Beam-splitter. L1-2: Lens. LED: Light-emitting-diode. OPM: Off-axis
parabolic mirror (90 degrees). (b) Synchronization and image acquisition at a single depth.
RM: reference mirror. Camera captures “hot” and “cold” frames, where the MIR beam is
respectively on and off in a sequence. MIR and probe pulses are synchronized, and the time
delay (td) between them is optimized to detect the maximum photothermal signal. Reference
mirror is shifted a certain distance (δ) 4 times to create 4 pairs (hot and cold) interference
raw images, and then a pair of FF-OCT images at a specific depth is obtained by image
processing. (c) Workflow of 3D image reconstruction. By combining FF-OCT images at
multiple depths, 3D reconstruction images can be obtained. Finally, 3D bond-selective image
can be obtained by subtracting the hot and cold 3D images. The sample in the demonstration
figures is a polypropylene fiber mattress, which will be shown in more detail in Fig. 3.

spheroids and C. elegans. Finally, we demonstrate the capability of the BS-FF-OCT setup on
imaging a highly scattering biological sample, i.e., myelinated axons in a mouse brain tissue
slice, using an alternative pulse timing configuration.

2. Methods

2.1. BS-FF-OCT setup

A schematic of the BS-FF-OCT setup is shown in Fig. 1(a). The full-field optical coherence
tomography (FF-OCT) is based on a Michelson interferometer. A broadband light-emitting
diode (LED, UHP-T-545-SR, Prizmatix) provides Köhler illumination in both the sample and
reference arms. Air objectives (SLMPLN50X, Olympus) are used in both arms. A CMOS
camera (BFS-U3-17S7, FLIR) captures the wide-field interferometric image. The MIR beam
comes from a mid-infrared optical parametric oscillator (Firefly-LW, M Squared Lasers), tunable
from 1320 cm−1 to 1775cm−1. The laser outputs a 20 kHz MIR pulse train. Then, the 20 kHz
MIR pulse train is modulated at 50 Hz by an optical chopper system (MC2000B, Thorlabs). The
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modulated MIR beam is focused by an off-axis parabolic mirror (MPD019-M03, Thorlabs) at
the same side of the sample as the LED illuminates. The MIR pulse, LED probe pulse, optical
chopper, and camera are synchronized by a pulse generator (9254-TZ50-US, Quantum composers)
similar to the wide-field MIP microscopy [27]. The synchronized camera can capture exactly
the corresponding images when the MIR beam is modulated on and off (corresponding “hot”
and “cold” states of the sample). The details of the MIR and probe beam parameter, including
the pulse widths, delays, powers, and illumination area are included in the support information
Fig. S8 and Table. S1. The reference mirror is installed on a piezo stage (MIPOS 100 SG
RMS, Piezosystem Jena) to shift the phase difference between the two arms. Both reference
mirror (with the piezo stage) and sample are installed on motorized stages (Z825B, Thorlabs) to
achieve automated and synchronized coherence and focal plane matching for volumetric image
acquisition.

2.2. Automatic multi-depth scanning

The coherence plane shifting in FF-OCT is critical to match objective focal and coherence planes
[7,59]. The coherence plane shift and its correction are shown in Fig. S6. When the system is
imaging a specific depth of a sample, the coherence plane has to overlay with the focal plane
(Fig. S6a). Then motor 1 scans the sample to the next depth. The coherence plane shifts and
doesn’t overlay with the new focal plane (Fig. S6b). Then, motor 2 has to scan a certain distance
of the reference mirror to make the coherence plane overlay with the new focal plane (Fig. S6c).
Software is developed to achieve automatic volumetric data acquisition in BS-FF-OCT. The
software can automatically correct the coherence plane position by linearly shifting the reference
mirror position at each depth during the multi-depth scanning, i.e., shifting ∆z/n at each depth
in an (n+ 1)-depths multi-depth acquisition, where ∆z is the reference mirror shifting distance
between the initial depth and the final depth. Manual correction is needed only at the initial
depth and the final depth. The coherence plane can be corrected by linearly shifting the reference
mirror position because the correction distance of the coherence plane has a linear relation with
the sample shifting distance, as shown in the following equation [7],

∆zcoherence plane = ∆zsample ·
n2

sample − n2
immersion

nsample · nimmersion
(1)

where the nsample is the refractive index of the sample, and nimmersion is the refractive index of
the immersion medium. nimmersion is a constant and nsample can be treated approximately as a
constant for a common sample that usually does not contain large refractive index changes within
the data acquisition depth range.

2.3. Theory and image reconstruction

The theory of the image reconstruction process at a specific depth of the sample is summarized
below. At a specific depth (i.g., depth i) of the sample, 4 “cold” and 4 “hot” images are captured
by the camera with 4 different phase shift values between the sample arm and the reference arm.
The detected photothermal FF-OCT image from the sample’s depth i, Ii

photothermal, is reconstructed
using the equation below (detailed derivation is shown in the support information)

Ii
photothermal =

√︂
(Icold

1 − Icold
3 )

2
+ (Icold

2 − Icold
4 )

2
−

√︂
(Ihot

1 − Ihot
3 )

2
+ (Ihot

2 − Ihot
4 )

2 (2)

The photothermal image at the sample’s depth i reconstructed by Eqs. (2) can be further
expressed as follows,

Ii
photothermal = ∆Esample + Ecold

sample · [1 − Γ(∆OPLsample)] (3)
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where Ecold
sample, is the reflection field from the sample’s depth i in the “cold” state of the sample.

The ∆Esample and Γ(∆OPLsample) represent the photothermal-induced reflection field change and
coherence change, respectively. The detailed definitions are shown in the support information.

Then a 1-D model of the sample is analyzed to further explain the origin of the detected
photothermal signal by calculating ∆Esample, Ecold

sample and ∆OPLsample in Eq. (3). Assume there is
a target layer at the depth i (the depth is zi) of the sample, and the refractive index (for the probe
wavelength) of the target layer is ntarget. And assume the part above this target layer is a uniform
medium with a refractive index (for the probe wavelength) of nmedium (assuming ntarget> nmedium).
And assume that the MIR absorption coefficient of the target layer is much larger than the medium
(which is true since the medium is usually carefully chosen to avoid MIR absorption), thus the
temperature change of the target layer,∆Ttarget, is much larger than the medium,∆Tmedium. Assume
the medium attenuation coefficients of the MIR beam and the probe beam are µMIR att medium
and µprobe att medium, then the MIR intensity and the probe intensity at depth i can be written as,
IMIR(zi) = IMIR(0) · e−µMIR att medium ·zi , Iprobe(zi) = Iprobe(0) · e−µprobe att medium ·zi , respectively. Then
the probe field at depth i can be written as Eprobe(zi) = Eprobe(0) · e− 1

2 µprobe att medium ·zi . Then the
reflection field at depth i, Ecold

sample can be written as, (considering the attenuation of the returning
trip, the 1

2 factor disappears)

Ecold
sample = Eprobe(0) · e− µprobe att medium ·zi ·

ntarget − nmedium

ntarget + nmedium
(4)

The optical path length can be written as,

OPLcold
sample = 2 · zi · nmedium (5)

Differentiate Eq. (4) and (5) with temperature T, and considering∆Ttarget ∝ IMIR(zi),∆Tmedium ∝
zi
∫
0

IMIR(z)dz/zi (average MIR intensity over the depth range of the medium), ∆Esample and

∆OPLsample can be approximated as,

∆Esample ≈ Eprobe (0) · e−
1
2 µprobe att medium ·zi ·

1(︁
ntarget + nmedium

)︁2 ·
∂ntarget

∂T
· ∆Ttarget

∝ e−
1
2 µprobe att medium ·zi · e−µMIR att medium ·zi

(6)

∆OPLsample ≈

(︃
∂nmedium

∂T
+
∂lmedium

l · ∂T
· nmedium

)︃
· 2 · zi · ∆Tmedium

∝ (1 − e−µMIR att medium ·zi )

(7)

In which the ∂ntarget
∂T , ∂nmedium

∂T , and ∂lmedium
l·∂T are the thermo-optic and thermal-expansion coefficients

of the target or the medium, respectively.
Equation (3) shows that the detected photothermal FF-OCT signal includes both the signal

from ∆Esample (change of the reflection of one specific target layer) and ∆OPLsample (change
of the optical path length of all the layers above the target layer). The interferograms of the
coherence functions of the hot and cold states in Fig. S11 can also intuitively show that
the measured photothermal signal is from both parts. Although the photothermal-induced
change from the ∆Esample is usually small (compared with Ecold

sample) due to the small thermo-optic
coefficient (∼10−4), the signal from the Ecold

sample · [1 − Γ(∆OPLsample)] can be much larger due to
the ∆OPLsample increasing with depth and can be comparable to Ecold

sample (when ∆OPLsample is
comparable to the coherence length). From Eqs. (6) and (7), we can see that ∆Esample decreases
when the detection depth increases due to the attenuation of both the MIR and the probe beam,
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which usually induces a “shadow effect” for the deeper layers. ∆OPLsample increases when the
detection depth increases due to the accumulated depth range being heated by the MIR beam
increase, which can decrease the “shadow effect”.

2.4. FF-OCT sensitivity characterization

Accordingly to the equation in [60], the sensitivity of the FF-OCT setup is defined by the
minimum detectable (when SNR= 1) coherent reflection of the sample (Rmin),

Rmin = 0.4 ·
(Rref + 2 Rinc)

2

N ξsatRref
(8)

in which, the Rref is the reflection of the reference mirror (4% in our case), Rinc is the incoherent
reflection from the sample, which is about 10% in our case, N is the number of total images
acquired (average 100 images in our case), ξsat is the full well capacity of the camera (100 k in
our case).

Substituting all of those values, Rmin for our setup is about 5.8 × 10−8. The actually measured
coherent reflection of the samples, cell spheroids: 0.06%, C. elegans: 0.1%, and brain tissue:
0.4%, are all far beyond the theoretical sensitivity limit of our FF-OCT system.

2.5. Sample preparation

Polymethyl methacrylate (PMMA) beads embedded in agar gel sample preparation process is as
follows. 1 mg agarose powder (Ultrapure Agarose, 16500-500) is measured and blended with
800 µL DI water and 200 µL 1 µm PMMA bead suspension (Phosphorex, MMA1000). Then the
suspension is heated on a 95 °C hot plate until the agarose powder is melted. One 50 µm thick
spacer is put on top of a CaF2 substrate. Then the CaF2 substrate with the space and a CaF2
coverslip are preheated to 95 °C to avoid instant solidification when the hot agar gel suspension
contacts with the cold CaF2 substrate or coverslip. The temperature of the sample suspension
and the CaF2 substrate has to be below 100 °C to avoid water boiling during sample preparation.
50 µL hot sample suspension is dropped on the CaF2 substrate, and then the CaF2 coverslip is
put on top of the CaF2 substrate to sandwich the sample suspension. Finally, the sample cools
down at room temperature and solidifies.

The polypropylene fiber mattress sample is made by peeling off the melt-blown fabric layer
from a regular surgical mask. Then the polypropylene fiber layer is fixed on a silicon substrate by
double-sided tape.

The mouse brain tissue, C. elegans, and T24 human bladder cancer cell spheroids sample are
prepared as follows. First, the fresh mouse brain (Charles River Labs Inc, BIOSPECIMEN -
BRAIN - MOUSE) is fixed in 10% formalin and sliced into 150-µm-thick slices. The wild type
C. elegans adults and T24 human bladder cancer cell spheroids are fixed in 10% formalin. Then
the samples are washed in D2O-based phosphate-buffered saline (PBS) buffer three times. Then,
the washed samples are sandwiched between the CaF2 substrate and the CaF2 coverslip. Finally,
the gap between the substrate and the coverslip is sealed with nail polish.

2.6. Images denoising

The BM4D denoising method is by an open-source demo software for BM4D volumetric data
denoising (release ver. 3.2, 30 March 2015) [61]. The parameter values used are as follows.
Noise standard deviation given as the percentage of the maximum intensity of the signal, 11%;
noise distribution is Gaussian; BM4D parameter profile, modified profile; enable Wiener filtering;
verbose mode; enable sigma estimation.
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2.7. FTIR measurement

The FTIR spectrum is measured by a commercial FTIR spectroscopy (Nicolet FT-IR with ATR),
which is a high-end optical benchtop system with 0.09 cm−1 resolution and continuous dynamic
alignment. This unit allows AutoTune and automated continuously variable aperture adjustment.
A horizontal attenuated total reflectance (HATR) accessory is also available.

2.8. Spectrum smoothing

The Gaussian-weighted moving average filter used in this work is realized by the “smoothdata”
function in MATLAB R2021b. “Gaussian” window is chosen.

3. Results

3.1. BS-FF-OCT principles, instrumentation, and image reconstruction

BS-FF-OCT relies on the modulation of the OCT signal by the photothermal effect induced
by the MIR beam. The setup shown in Fig. 1(a) is compartmentalized into two sub-systems:
(1) FF-OCT and (2) MIR modulation. For the FF-OCT part, the light source is a broadband
light-emitting-diode (LED, central wavelength: 545 nm, FWHM: 100 nm). The reference mirror
(reflectivity: 4%) is placed on a piezo scanner to create phase shifting between the reference
and sample arms. Both the sample and reference mirrors are installed on motorized stages to
scan different depths of the sample. For the MIR modulation part, a tunable MIR laser from
1320 cm−1 to 1775cm−1 (linewidth: 10 cm−1), covering the fingerprint region is used. The MIR
and probe beams illuminate the sample from the same side.

The setup captures the depth-resolved photothermal FF-OCT images at a specific depth of the
sample using a virtual lock-in technique [27], as shown in Fig. 1(b). The top panel of Fig. 1(b)
shows the timing configuration of the probe, MIR pulses, and camera exposure. The MIR pulse
has a 20 kHz repetition rate and is modulated to “on” and “off” duty cycles by an optical chopper
at 50 Hz. The probe pulse repetition rate is also set to 20 kHz which is synchronized with
the MIR pulse with a specific delay time to optimize the photothermal signal. The optimized
delay time usually equals zero when the photothermal signal is majorly from the absorber itself
rather than the surrounding medium. The camera frame rate is 100 Hz and is synchronized with
the modulated “on” and “off” duty cycles of the MIR pulse. The camera-captured frames that
correspond to the “on” and “off” duty cycles are called “hot” and “cold” frames, respectively.
The middle panel of Fig. 1(b) shows that at each phase position of the reference mirror, a set
of “hot” and “cold” raw frames are captured (to be averaged to 1 “hot” frame and 1 “cold”
frame), and there are in total 4 phase positions. The bottom panel of Fig. 1(b) shows that 1
“hot” or “cold” FF-OCT image is obtained from the 4 “hot” or “cold” averaged raw frames,
using the 4-frame phase-shifting algorithm [7] (as the detailed derivations shown in the support
information). Then, the depth-resolved photothermal FF-OCT image at this specific depth can
be obtained by subtracting the “hot” and “cold” FF-OCT images. (as shown in Eq. (13) in the
method section) Furthermore, to obtain 3D reconstructed images for both hot and cold states, as
shown in Fig. 1(c), the sample is scanned at different depths with automatic coherence plane
correction within the imaging volume (see details in the methods section). A 3D bond-selective
OCT map can be obtained by subtracting the hot and cold 3D reconstructed images.

3.2. BS-FF-OCT system characterization

To characterize the BS-FF-OCT setup, we first demonstrate 3D bond-selective imaging of
1 µm Poly(methyl methacrylate) (PMMA) beads embedded in agarose gel. Figure 2 shows
that BS-FF-OCT achieves label-free volumetric vibrational spectroscopic imaging at isotropic
1-micron resolution. Specifically, Fig. 2(a-c) shows the cold FF-OCT, on-resonance, and off-
resonance BS-FF-OCT images captured at three different depths with 0.5 µm step size. First,
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the cold FF-OCT images in Fig. 2(a) distinguish beads suspended at different depths (i.e., 1 µm
apart), showing the depth-resolving capability of BS-FF-OCT setup. Second, to demonstrate the
bond-selective capability, the MIR beam is set to an on-resonance absorption peak of PMMA
at 1730cm−1. The BS-FF-OCT images show consistent features as in cold FF-OCT images
(see Fig. 2(a-b)). Yet, the off-resonance BS-FF-OCT images at 1770cm−1 show weak contrast
of beads, as shown in Fig. 2(c). Figure 2(d-e) are the zoom-in views of a selected imaging
3D volume from three different directions. Figures 2(d)1 and ;2(e)1 are the corresponding
areas indicated by the dashed squares in Figs. 2(a)2 and 2(b)2, respectively. It can be seen
from Fig. 2(d-e) that the beads have a slightly longer dimension along the optical axis. To
characterize the axial and lateral resolution quantitatively, the 1D line profiles across the selected
bead are plotted in Fig. 2(f). The full-width half maximum (FWHM) of these line profiles are
as follows, 942.5 nm (green in (f1)), 824.4 nm (black in (f1)), 787.3 nm (blue in (f2)), 772.7 nm
(black in (f2)), 870.3 nm (purple in (f3)) and 1156.7 nm (black in (f3)). This result demonstrates
the isotropic 1-µm resolution of the BS-FF-OCT setup. As a pump-probe technique, the
resolution of the BS-FF-OCT setup is determined by the wavelength and optics of the probe beam

[19]. For FF-OCT, the axial resolution (∆z) [7] can be calculated as ∆z =
(︂

1
∆zs2 +

1
∆zNA2

)︂− 1
2 ,

where ∆zs =
2 ln(2)
n·π ·

λ2
0
∆λ , which corresponding the coherence length, and ∆zNA =

n·λ0
NA2 , which

corresponding to the focal depth. The lateral resolution (∆r) can be calculated as ∆r = λ0
2·NA .

Substituting λ0 = 545 nm, ∆λ = 100 nm, n = 1.33, NA = 0.35, the theoretical axial resolution
∆z can be calculated to be 972.1 nm, ∆zs = 985.5 nm, ∆zNA = 5917 nm, and the theoretical lateral
resolution ∆r can be calculated to be 778.6 nm. Since ∆zNA ≫ ∆zs ≈ ∆z, we can see that the
coherence length is the limiting factor of the axial resolution. The theoretical axial and lateral
resolution values are roughly consistent with the experimental FWHM values shown in Fig. 2(f).

It is noteworthy that there are also some PMMA particles within the MIR illumination area
that don’t show contrast in the photothermal image, which is due to the maximum contrast of the
cold image and the photothermal image may not be at the same depth (as shown in Fig. S12).
We can see that, the PMMA bead only showing contrast in the cold frame (indicated by the red
arrow in Fig. S12) shows the maximum cold and photothermal contrast at different depths. And
all the PMMA particles within the MIR illumination area show photothermal contrast in the sum
image of different depths (Fig. S12d).

3.3. BS-FF-OCT imaging of polypropylene fiber mattress

To demonstrate the 3D spectroscopic imaging capability of BS-FF-OCT, we use polypropylene
fiber mattress from a standard surgical mask in air as a testbed (Fig. 3). To emphasize the depth-
resolving capability of BS-FF-OCT, which is the primary novelty compared to the conventional
wide-field MIP [27], the wide-field cold, on-resonance, and off-resonance MIP images at different
depths are captured as shown in Fig. 3(a-c). Those wide-field images are captured at different
focus positions, and they are obtained under the same experimental condition and acquisition
parameters, except that the reference arm is blocked, which makes a fair comparison to those of
BS-FF-OCT. As shown in Fig. 3(a-c), the depth-resolving capability of conventional wide-field
MIP [27] imaging is very limited, where the fiber features are indistinguishable. In contrast,
BS-FF-OCT images in Fig. 3(d-f) clearly resolve features at different depths. Both wide-field
MIP images and BS-FF-OCT images demonstrate bond-selective capability, i.e., at the C-H
asymmetric deformation vibration bond at around 1450 cm−1. While Figs. 3(b) and 3(e) both show
bright contrast, no contrast was found at the 1600 cm−1 off-resonance wavenumber images (see
Figs. 3(c) and 3(f)). To further show the 3D imaging capability of BS-FF-OCT, we perform 3D
reconstruction of the polypropylene fiber mattress for a total depth range of 75 µm (see Fig. 3(g)).
We notice that each fiber strip in Fig. 3(g) shows “double strips” which can be seen more clearly
in the Visualization 1, Visualization 2, Visualization 3. Since FF-OCT measures back reflections

https://doi.org/10.6084/m9.figshare.24047148
https://doi.org/10.6084/m9.figshare.24047151
https://doi.org/10.6084/m9.figshare.24047157
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Fig. 2. BS-FF-OCT imaging of 1 µm PMMA beads embedded in agarose gel. (a)
cold FF-OCT images at different depths. (b-c) BS-FF-OCT images at 1730cm−1 and
1770cm−1. 1730cm−1 is the C=O band in PMMA, and 1770cm−1 is at off-resonance. (d1)
zoom-in view of the white dashed square area in (a2). (d2−3) cross-sectional images
along the dashed lines in (d1). (e1−3) corresponding BS-FF-OCT images at 1730cm−1

of (d1−3). (f1−3) 1D cross-line profiles corresponding to the colored dashed lines in
(e1−2). The black profiles correspond to the cold FF-OCT images. FWHM of line profiles:
942.5 nm (green in (f1)), 824.4 nm (black in (f1)), 787.3 nm (blue in (f2)), 772.7 nm (black
in (f2)), 870.3 nm (purple in (f3)) and 1156.7 nm (black in (f3)). BS-FF-OCT images are
normalized by MIR powers. All intensity values are in linear scales. Image sizes: (a-c)
50 µm (280 pixels) × 50 µm (280 pixels), (d1, e1) 10 µm (56 pixels) × 10 µm (56 pixels),
(d2−3, e2−3) 10 µm (56 pixels) × 10 µm (20 depths).

from the sample, the air-polypropylene top and polypropylene-air bottom interfaces of each fiber
strip create two distinguishable strips. Also, the diameter of each fiber strip is larger than the
axial resolution of the setup thus we can see the two reflection interfaces. Fig. 3(h) shows the
BS-FF-OCT spectrum extracted from the position indicated by the green arrow in Fig. 3(e)2
and comparison with the FTIR spectrum. Both BS-FF-OCT and FTIR spectra show peaks for
the C-H symmetric deformation vibration bond at around 1370 cm−1 and the C-H asymmetric
deformation vibration bond at around 1450 cm−1. These results further verify the bond-selective
capability and demonstrate good spectral fidelity.

3.4. BS-FF-OCT imaging of human bladder cancer cell spheroids and C. elegans

It has been demonstrated that mid-infrared photothermal microscopes are useful tools for
biomedical study and disease diagnosis, e.g., imaging the lipid distribution in living cells for
cancer diagnosis and imaging the protein secondary structure for Alzheimer’s disease diagnosis
[40]. As a new technique in the mid-infrared photothermal microscope family, the proposed
BS-FF-OCT also has great potential in biomedical imaging applications. Furthermore, compared
to other mid-infrared photothermal microscope modalities, BS-FF-OCT has a unique advantage
in imaging highly scattering 3D biological samples, benefiting from the implementation of
FF-OCT.

To demonstrate the broad application potential of BS-FF-OCT on biological samples, we
first use human bladder cancer cell spheroids and C. elegans as testbeds. Figure 4 shows the
BS-FF-OCT images of human bladder cell spheroids. The high-density areas (cytoplasm) and
low-density areas (nucleus, two examples are indicated by the red dashed line areas in Fig. 4(b)2)
inside the cell spheroids volume can be seen clearly (see Fig. 4(b)). Features from different
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Fig. 3. BS-FF-OCT imaging of polypropylene fiber mattress. (a) cold wide-field
images at different depths. (b-c) wide-field MIP images at 1450 cm−1 and 1600 cm−1.
1450 cm−1 is the C-H asymmetric deformation vibration bond in polypropylene, and
1600 cm−1 is at off-resonance. (d) cold FF-OCT images at different depths. (e-f) BS-FF-
OCT images at 1450 cm−1 and 1600 cm−1. (g) 3D reconstruction of cold FF-OCT and
BS-FF-OCT images. (from a view direction that slightly offsets the direction facing the XY
plane) (h) comparison of BS-FF-OCT and FTIR spectrum. The BS-FF-OCT spectrum is
extracted from the position in (e2) indicated by the green arrow. FTIR spectrum is acquired
by a commercial FTIR spectroscopy from a bulky measurement of the polypropylene
fiber sample. BS-FF-OCT images and spectrum are normalized by MIR powers. All
images are denoised by BM4D algorithm. BS-FF-OCT and FTIR spectrum is smoothed by
Gaussian-weighted moving average filter. All intensity values are in linear scales. Image
sizes: (a-f) 144 µm (800 pixels) × 144 µm (800 pixels), (g) 144 µm (800 pixels) × 144 µm
(800 pixels) × 75 µm (75 depths).

depths can be distinguished compared to the cold wide-field images in Fig. 4(a). Figures 4(c),
and 4(d) confirm the bond-selective capability, i.e., at 1650 cm−1 (see Fig. 4(c)) in resonance
with the amide I band of proteins where there is a stronger photothermal contrast than that of at
off-resonance 1775cm−1(see Fig. 4(d)). Moreover, the cutting-through sectioning images along
the axial direction of the dashed lines in Fig. 4(c)2 show the cytoplasm and nucleus areas from
the side views (see Fig. 4(e)).

Figure 5 shows the BS-FF-OCT images of C. elegans. The cold FF-OCT images in Fig. 5(b)
show features inside the C. elegans worm at various depths. In contrast, scatterers from different
planes hinder these futures in the cold wide-field images due to the lack of optical-sectioning
capability (see Fig. 5(a)). The BS-FF-OCT images in Fig. 5(c) show strong photothermal contrast
at 1650 cm−1, amide I band whereas the photothermal contrast at the 1770cm−1 off-resonance
wavenumber in Fig. 5(d) is weak. This confirms the chemical selective capability since the C.
elegans is rich in protein. To further demonstrate the 3D sectioning capability of the BS-FF-OCT
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Fig. 4. BS-FF-OCT imaging of cancer cell spheroids. (a) Cold wide-field images
at different depths. (b) cold FF-OCT images at different depths. (c-d) BS-FF-OCT
images at 1650 cm−1, and 1775cm−1. 1650 cm−1 is the amide I band in protein, and
1775cm−1 is at off-resonance. (e) Cross-sectional images along the dashed lines in (c2).
BS-FF-OCT images are normalized by MIR powers. All intensity values are in linear scales.
Image sizes: (a-d) 72 µm (400 pixels) × 72 µm (400 pixels), (e) 72 µm (400 pixels) × 20 µm
(40 depths).

setup, the cutting-through sectioning images along the axial direction and dashed lines shown in
Fig. 5(b)1-(d)1 are plotted in Fig. 5(e-g). In these side views, the different structures inside the
worm are shown more clearly.

3.5. BS-FF-OCT imaging of myelinated axons in mouse brain tissue

We choose a region containing myelinated axons in a mouse brain tissue slice (Fig. 6) as the
testbed to demonstrate the application potential of our setup for imaging highly scattering
biological samples. Martin Schnell et al. previously demonstrated infrared spectroscopic imaging
of biological tissues through a Mirau interference objective, where the tissue sample is only
5 µm thick. [31] In this work, we demonstrate BS-FF-OCT imaging up to 20 µm depth of the
myelinated axons region in a mouse brain tissue. The BS-FF-OCT setup can image thicker
tissues owing to its particular design. The reference arm is fixed in the study by Martin Schnell
et al. [31], since a Mirau objective is adopted to generate the interference signal. In contrast,
BS-FF-OCT is based on a time-domain FF-OCT with a separated and tunable reference arm.
Thus, in our BS-FF-OCT setup, the coherence plane can be tuned to the deeper layers of the
samples, as long as there are enough backscattering photons. Fig. 6(a) shows the cold wide-field
reflection images focused at different depths. Due to limited depth-resolving capability, Fig. 6(a)
looks similar at all depths. The photothermal wide-field reflection images focused at different
depths shown in Fig. S1 also look similar. In comparison, the cold FF-OCT brain tissue images
can distinguish myelinated axon structures from different depths (see Fig. 6(b)).

Second, an alternative MIR and probe pulse timing configuration is adopted to maximize the
detected photothermal signal. Simulations by Zong et al. demonstrate that photothermal cooling
time increases with the sample size [36] (a similar simulation result is also shown in the support
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Fig. 5. BS-FF-OCT imaging of C. elegans. (a) cold wide-field images at different depths.
(b) cold FF-OCT images at different depths. (c-d) BS-FF-OCT images at 1650 cm−1,
and 1770cm−1. 1650 cm−1 is the amide I band in protein, and 1770cm−1 is at off-resonance.
(e-g) cross-sectional images along the dashed lines in (b1), (c1), and (d1). BS-FF-OCT
images are normalized by MIR powers. All intensity values are in linear scales. Image sizes:
(a-d) 108 µm (600 pixels) × 108 µm (600 pixels), (e-g) 108 µm (600 pixels) × 28 µm (28
depths). The unit of all the color calibration bars is the arbitrary unit (a.u.).

information Fig. S9). A suitable heating and probe pulse width and timing configuration is
important in photothermal measurement to achieve either thermal confinement [44] or improve
the photothermal signal [55]. Because this study covers the samples with very different sizes
(the smallest, 1 µm PMMA beads, and the very bulky sample, brain tissue with a total thickness
of 150 µm), different pulse widths and timing configurations are needed for different samples.
(details are shown in the support information Table. S1) The maximum photothermal signal
can be obtained when the temperature difference between the “hot” and “cold” states is largest.
Therefore, there should be enough time between the probe pulses to differentiate the “hot” and
“cold” states. In the pulse timing configuration shown in Fig. 1(b), the time window between
the first probe pulse for the “cold” state and the last probe pulse for the “hot” state is only 50
µs, which is not enough for the cooling of the 150-µm-thick brain tissue. Thus, a new timing
configuration is added to the setup, as shown in Fig. S3. The maximum cooling time in this
alternative timing configuration is limited to 9 ms by the camera period time (10 ms) and the
MIR pulse train width (1 ms). MIR-probe delay scan is also performed, as shown in Fig. S4 and
Fig. S5. The cooling time constant of the 150-µm-thick brain tissue is found to be about 1.21 ms,
showing that this thick tissue sample indeed requires an alternative timing configuration. Using
the optimized MIR-probe delay value (0 ms) shown in Fig. S5a, BS-FF-OCT imaging results of
myelinated axons of different depths are shown in Fig. 6(c-e). At the 1650 cm−1 Amide I and
1740cm−1 C=O bands, the BS-FF-OCT contrast is strong whereas the images at the 1775cm−1

off-resonance wavenumber have very weak contrast. This result reflects the major chemical
content of myelinated axons, i.e., protein and lipids. The 3D reconstruction results of the cold
FF-OCT and BS-FF-OCT images at 1650 cm−1 and 1775cm−1 are shown in Fig. 6(f).

To demonstrate the chemical selectivity, hyperspectral BS-FF-OCT imaging was performed.
Fig. 6(g) shows the BS-FF-OCT spectrum extracted from another dataset shown in support
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Fig. 6. BS-FF-OCT imaging of myelinated axons in mouse brain tissue. (a) cold wide-
field images at different depths. (b) cold FF-OCT images at different depths. (c-e)
BS-FF-OCT images at 1650 cm−1, 1740cm−1, and 1775cm−1. 1650 cm−1 is the amide I
band in protein, 1740cm−1 is the C=O band in lipids, and 1775cm−1 is at off-resonance.
(f) 3D reconstruction of cold FF-OCT and BS-FF-OCT images. (from a view direction
that slightly offsets the direction facing the XY plane) (g) BS-FF-OCT spectrum. The
BS-FF-OCT spectrum is extracted from another dataset shown in the support information
Fig. S10. BS-FF-OCT Images and spectrum are normalized by MIR powers. All images are
denoised by BM4D algorithm. BS-FF-OCT spectrum is smoothed by Gaussian-weighted
moving average filter. All intensity values are in linear scales. Image sizes: (a-e) 144 µm
(800 pixels) × 144 µm (800 pixels), (f) 144 µm (800 pixels) × 144 µm (800 pixels) × 20 µm
(40 depths).

information Fig. S10. The spectrum shown in Fig. 6(g) is smoothed to reduce the noise level. The
raw spectrum is shown in the supporting information Fig. S2. The peak positions (1550 cm−1,
1640 cm−1, 1730cm−1) shown in the spectrum are consistent with the peak positions for amide
II (1550 cm−1), amide I (1650 cm−1), and the C=O band (1740cm−1) in protein and lipids,
respectively. The other peak shown at 1460 cm−1 is altered from the amide II band with the
deuterium-oxide-based environment [62] (i.e., the water-based environment is not used due to
the MIR absorption of water). The spectrum is consistent with the result in the literature [63]
except for the peak at 1460 cm−1.

4. Discussion and limitations

We present a 3D chemical imaging technology termed bond-selective full-field optical coherence
tomography (BS-FF-OCT). The capability of BS-FF-OCT is demonstrated on polymer samples,
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including 1-micron PMMA beads and polypropylene fibers, and biological samples, including
mouse brain tissue, C. elegans, and human bladder cancer cell spheroids. Our BS-FF-OCT setup
has demonstrated the ability to image up to 20 µm depth of highly scattering biological tissue. It
is noteworthy that the main factor that limits the imaging depth is the strong tissue scattering of
the visible probe beam, rather than the absorption of the mid-infrared beam. The absorption
length of the mid-infrared beam depends on the wavenumber and the sample. For example, the
mid-infrared penetration depth on skin tissue can reach 50 ∼ 100 µm [64], depending on the
water content. Since we are using deuterium oxide as the medium to avoid the absorption of the
water at 1500 cm−1 ∼ 1750cm−1, the mid-infrared penetration depth could reach at least 100 µm.

Furthermore, our setup is capable of imaging highly scattering samples, which is beyond
the reach of phase tomography. With BS-FF-OCT, the high-density areas (cytoplasm) and the
low-density areas (nucleus) inside a cell spheroid can be resolved. Compared to other imaging
methods, such as MUSE [65] and SRS [15], the demonstrated BS-FF-OCT has clear advantages.
BS-FF-OCT is a label-free method, while the MUSE requires fluorescent dye labeling, and
it only detects the surface by UV excited fluorescence. Compared to SRS, our mid-infrared
photothermal approach benefits from a much larger mid-infrared absorption cross-section of
vibrational bonds compared to that of Raman scattering, as reviewed in [39]. Also, IR absorption
is especially sensitive to fingerprint vibrations, such as the amide I band as a signature of protein
secondary structure, while SRS is highly sensitive to high-wavenumber CH vibration. As a
result, for myelin sheath, the SRS or CARS signal would predominantly arise from the lipid
membrane that is rich in CH bonds. Instead, the photothermal OCT contrast arises from the
proteins inside the myelin membrane. This complimentary relationship between Raman and IR
opens a lot of opportunities for the reported BS-FF-OCT work. For example, we can potentially
use this method to detect the protein secondary structure in brain slices, in which beta-sheet
protein aggregate is a signature of neurodegenerative diseases.

Additionally, the full-field mode, which is key to high throughput analysis, is not possible with
SRS microscopy or the scanning scheme of MIP. Compared to the previous scanning MIP [19],
the imaging depth on biology samples of this work is similar. The advantage of this work is that it
is not only a 3D IR imaging method but also a wide-field IR imaging method. And the wide-field
(full-field) mode is the key to high throughput analysis. The 29 µm depth of view imaging of the
cell (only one single cell) in [19] contains only 80*120*29 ≈ 0.28 mega voxels, and considering
the 1 ms dwell time at each voxel, the acquisition costs about 5 min. While in this work, for
example, the result of the brain tissue contains 800*800*40 ≈ 26 mega voxels, and considering
the 8 s acquisition time at each depth, the total acquisition time is also about 5 min. The imaging
speed (voxel number/time) is improved by 90 times due to the use of wide-field configuration.

Because this is the first concept demonstration study, there are still some limitations of the
proposed method. First, all the tested biological samples are fixed. Living biological sample
imaging has not been demonstrated yet. Second, the image reconstruction is performed after
the raw image acquisition. Real-time BS-FF-OCT image reconstruction has not been achieved.
Those limitations could be improved in future developments.

5. Conclusion

In summary, we demonstrate a bond-selective full-field OCT technique that enables label-free
high throughput volumetric spectroscopic imaging at isotropic 1.0-micron resolution, with broad
potential applications in biological imaging.
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