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Biochip-based research is currently evolving into a three-dimensional and large-scale basis similar to
the in vivo microenvironment. For the long-term live and high-resolution imaging in these specimens,
nonlinear microscopy capable of label-free and multiscale imaging is becoming increasingly
important. Combination with non-destructive contrast imaging will be useful for effectively locating
regions of interest (ROI) in large specimens and consequently minimizing photodamage. In this study,
a label-free photothermal optical coherence microscopy (OCM) serves as a new approach to locate
the desired ROI within biological samples which are under investigation by multiphoton microscopy
(MPM). The weak photothermal perturbation in sample by the MPM laser with reduced power was
detected at the endogenous photothermal particles within the ROI using the highly sensitive phase-
differentiated photothermal (PD-PT) OCM. By monitoring the temporal change of the photothermal
response signal of the PD-PT OCM, the hotspot generated within the sample focused by the MPM
laser was located on the ROI. Combined with automated sample movement in the x-y axis, the focal
plane of MPM could be effectively navigated to the desired portion of a volumetric sample for high-
resolution targeted MPM imaging. We demonstrated the feasibility of the proposed method in second
harmonic generation microscopy using two phantom samples and a biological sample, a fixed insect
on microscope slide, with dimensions of 4 mm wide, 4 mm long, and 1 mm thick.

Multiphoton microscopy (MPM) allows for high-resolution analyses in various biological research fields. In
recent years, the use of MPM has continued to gain attraction in biomedical imaging, especially in areas of in vivo
and live deep neuron imaging in small animals'~>, early detection of tumors and its characterization®, vascular
network and organoid imaging in its microenvironment in bio-chips'®-'%. There have been many approaches to
increase the imaging depth, larger field of view (FOV), and shorten the volumetric scanning time by adopting
appropriate fluorophores'?, adaptive optics'*, multi-beam and multi-focal mechanisms!>'¢, in addition to other
similar modifications in the optical setup which has given variations of MPM imaging systems adoptable as per
imaging needs and application scenarios >!6-21.

Photodamage and photobleaching are critical factors to consider in multiphoton imaging. Prolonged illumi-
nation accompanied with high laser power necessary for label-free multiphoton imaging, there is photomecha-
nism of tissue damage that results in enhanced fluorescence causing cell death, which is widely referred to as
photodamage ?*-%*. To avoid photodamage occurrence in living cells, care must be taken to ensure the imaging
parameters are well below the photodamage threshold like peak intensity, repetition rate, and prolonged exposure
(dwell) times®*. Most of these parameters can be controlled by the source and detection systems. Multiple research
groups studied and proposed various approaches to suppress the effects of photobleaching and photodamage.
The simplest and most widely adopted method is to reduce the total illumination power of a light source®*>2.
However, this, in turn, reduces the overall sensitivity of the system due to the reduced signal-to-noise ratio.
Alternative approaches reported to mitigate this effect involve a controlled light-exposure method that spatially
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controls the light exposed onto the sample, the use of a passive pulse splitter that redistributes the illumination
laser pulse into sub-pulses with equal energies, and a fast optical scanning mechanism that reduces photodamage
by controlling the illumination and collection of emission from specimens®’-*. In addition, using the light-sheet
illumination method, only the focal plane of the detection objective is effectively illuminated®'. Although these
methods are useful for reducing photodamage and photobleaching effects, long-term high-power illumination
is required when searching for region of interest (ROI) in large samples with small FOVs and long volumetric
scanning times, thus resulting in photodamage and photobleaching.

In recent decades, multiple research groups reported the advantages of incorporating both MPM and optical
coherence tomography (OCT) as a single multimodal imaging platform, where their advantages compensate for
each other modalities limitations®>~*. In particular, MPM and OCT imaging techniques have different charac-
teristics in terms of resolution, FOV, imaging depth, and imaging speed. For example, MPM uses a nonlinear
mechanism that requires a tightly focused volume of the laser beam in the sample with a high numerical aperture
(NA) objective that produces high lateral and axial resolutions but a small FOV. Moreover, OCT is a linear imag-
ing system that provides increased flexibility in choosing the resolution and FOV that suits your application. In
terms of imaging depth, MPM typically provides imaging depths of several hundred micrometers in biological
samples where high scattering and aberrations exist, whereas OCT utilizes the higher penetrating power of
near-infrared light sources to achieve imaging depths of 1-2 mm in biological samples. Generating volumetric
images of samples using an MPM system requires the use of a z-axis stage with two-dimensional scanning in
the transverse direction to move the sample axially. In contrast, OCT can acquire volumetric images using only
raster x—y scanning without moving the sample axially. The combined MPM-OCT system can serve as an effec-
tive multiscale-imaging platform for biological investigations by the complementary use of the superiority of
each system in imaging.

Since the introduction of OCT, various research groups investigated and utilized the different functional
properties of the laser source and detection mechanism to establish new methods with respect to imaging require-
ments. Several examples include Doppler OCT for flow measurements in samples®, polarization-sensitive OCT
to study birefringence properties in the sample®”*, optical coherence elastography to measure the stress and
tensile strength of structures within samples®”*, spectroscopic OCT to investigate the wavelength-dependent
absorption and scattering of light of structures in samples®”*, and photothermal OCT (PT-OCT) to analyze
thermal fluctuations within samples*~*!. Among these technologies, PT-OCT has attracted significant research
attention for the evaluation of the thermal fluctuations of samples and the resulting changes in their physical
and optical properties. In PT-OCT systems, nanoparticles, photothermal responsive exogenous contrast agents,
and absorbers have been utilized to generate and measure the photothermal effects within the sample****. To
date, studies using endogenous contrast agents instead of external contrast agents have been limited due to the
lack of usefulness and the difficulty in measuring weak photothermal response signals. Milner et al. proposed
a differential phase measurement for the depth-resolved detection of photothermal response in tissue, without
the use of external contrast or absorber material*®*’. Although the proposed photothermal response detection
technique can be applied to samples without the need for contrast or absorbers, it requires multiple dedicated
detection channels and a rapid scanning optical delay to match the two different interferometric paths in the
sample scanning introduced by the birefringent material. Furthermore, the required illumination laser power is
typically 80-100 mW for biological samples, to measure the photothermal response with reasonable signal-to-
noise ratio?’. Recent advances in PT-OCT techniques have enabled effective photothermal response measure-
ments using endogenous contrast using a single detection channel and with reduced laser illumination power
of 4-10 mW348-30,

This study serves as a precursor to the direction of a new ROI location mechanism along three axes within
the sample volume to reduce the overall photodamage and photobleaching effects and improve user convenience
in multiphoton imaging of volumetric samples. The desired ROIs were selected within the complete observable
depth and lateral range of Optical coherence Microscopy (OCM). The changes in the optical properties of the
sample due to the photothermal effects illuminated by the MPM laser source were measured at the endogenous
photothermal particles within the ROI using the highly sensitive phase-differentiated photothermal (PD-PT)
OCM. By monitoring the temporal change of the photothermal response signal of the PD-PT OCM, the focus
position of the excitation laser (hotspot) was placed on the ROI. Combined with automated sample movement in
the x-y axis, the focal plane of MPM could be effectively navigated to the desired portion of a volumetric sample
for high-resolution targeted MPM imaging. The ROI navigation was attained using a low-powered (lower than
conventional power by a factor of less than 10) MPM laser source. The PD-PT OCM guiding method can be
implemented for any nonlinear imaging technique that requires high-power laser illumination, which leads to
photobleaching and photodamage in samples, e.g., two-photon excited fluorescence and coherent anti-Stokes
Raman scattering microscopy.

Theory

When a high-energy laser beam irradiates a sample, the internal temperature and optical properties of the inter-
nal sample structure changes®. In the OCT imaging technique, the detected interference signal in the Fourier
domain OCT can be expressed as Eq. (1) in complex form:

I(z,t) o 24/IpIsexp(iP(z, 1)) (1)

where z is the path length difference between the reference mirror and interface within the sample. The Ir and

I are the backreflected light intensities from the reference mirror and the sample interface, respectively. The
d(z, t) is the phase term of the interference signal, which can be represented as an integral function of the depth-
dependent refractive index in space at a certain point in time, as expressed by Eq. (2):
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O(z,t) = 2Tw/zn(z, t)dz (2)
0

where w is the central angular frequency of the light source, and c is the speed of light in vacuum. The sample
is assumed to be located on the positive side in the space domain, and n(z, t) represents the depth and time-
dependent refractive index within the sample. When a temperature change occurs within the sample, the thermal
response optically observed in the sample is a phase change due to the thermoelastic and thermorefractive effects.
Thus, Eq. (2) can be extended considering the thermal responses, as expressed by Eq. (3) (Ref.?’).

®(z,1) = 27‘”/0 [n(z) + <%>AT(2, t)} 1+ B(& T)AT(z,1)]dz 3)

where dn/dT represents the change in the refractive index with temperature, AT (z, t) represents the temperature
change in the sample tissues, and S is the thermal expansion coefficient*”. To measure the phase changes in the
sample due to the thermal response when illuminated by the MPM laser source, complex interference signals
were obtained as digitized values with PD-PT OCM. The obtained phase term is the accumulated phase along the
depth. Therefore, it first requires differentiation to resolve the accumulated phase*”*, as expressed by Eq. (4).

A, ®(m,n) = [F(m + 1,n) — F(m, n)] (4)

where m is the depth index of A-scans, and n denotes the designated sequential incremental indexes from the
first to the last A-scan signal with time interval At. The total number N of A-scans was obtained for the same
lateral position on the sample to increase the thermal response sensitivity. It takes a time period of T which equals
(N — 1) times the interval At. The N of A-scans is referred to as a frame. Successive A-scans are subtracted to
measure the phase change over time, as expressed by Eq. (5).

At A, P(m,n) = [A, P(m,n+ 1) — A, D(m,n)] + ¢(m, n) (5)

where ¢(m, n) is the random phase noise generated in the system within the time interval At for the spatial index
m and temporal index 7. In this study, 801 A-scans were obtained for the time period to achieve 800 differentiated
A-scans. The differentiated phases beyond the range of —m and n were wrapped with —2m to avoid possible errors
near the bounds -1 and . A specific depth d of interest was selected among the depths of the A-scans, and 800
differential phase values at the depth were achieved. d corresponds to the product of m;and Az, where m; is the
selected depth index and Az is the depth interval. We averaged those differential phase values into an effective
phase difference that occurred within the time period to suppress random phase errors, thus improving the ther-
mal response detection sensitivity of the system. Phase noise mainly results from ambient thermal changes and
mechanical vibrations in the system. The averaged differential phase A ® 4 (d) was then calculated using Eq. (6).

SN AD(mg, n)
N

where A = A;A, and A @ (m;, n) denote the differential phase values at a specific depth d in the nth differentiated
A-scan signal, respectively. This process was sequentially repeated for the desired number of times Fn (frame
number). In here, the term frame is not to be confused with the conventional denotation for B-scan, which is
usually used in OCT imaging. The Fn is the accumulated 801 A-scans from a single point. The term "frame" is
used here to have the readers contemplate and correlate the sense of time it takes to have a PD-PT-OCM signal
when being able to relate to a B-scan to understand the high-speed measurement capability of the proposed
method. To perturb the photothermal response in the sample and generate the resultant phase change with the
MPM laser source, a mechanical shutter was incorporated in the MPM illumination beam path, and was then
controlled remotely to open and close at specified times within the duration of Fn, as per-requisite. Throughout
this study, the maximum value used for Fr was 50 unless mentioned otherwise. The measurement of 50 frames is
referred to as the reading of the photothermal response to the perturbation and corresponds to an illumination
cycle. The shutter was set to open and close near the center of each illumination cycle. This was to ensure that
there was sufficient time for the sample to cool down to its natural temperature. The implementation of the shutter
action for a single reading of the photothermal response and typical phase change over time isshown in Fig. 1.

Optical endogenous absorption agents such as lipids, water, melanin, and hemoglobin etc. are widely present
in biological tissues™. After selecting an ROI within the volumetric OCM image, an absorption agent within
the ROI that exhibited an appropriate photothermal response were selected as an observation point for the pho-
tothermal response. The closer the focal position of the excitation light of the MPM to the observation point,
the greater photothermal response. We measured multiple photothermal responses while varying the distance
between the observation point and focal position of the illumination beam, to determine the point at which
cthe photothermal response was maximized. It should be noted that the focal plane of the MPM excitation light
was placed on the RO, and the MPM image could be obtained immediately without wandering around to find
the ROI. A schematic representation of the aforementioned overall workflow is shown in Fig. 2. Combined with
automated sample movement in the x-y axis, the depth localization search of the ROI has been extended to be
explored in three dimensions.

ADgye(d) = (6)
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Figure 1. Relationship between frame number, shutter action, and photothermal response during an
illumination cycle.
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Figure 2. Workflow for photothermal response detection with the label-free PD-PT OCM. Step-by-step
figurative description of the process involved in calculating the photothermal signal using the PD-PT OCM.

Results

Two different phantom samples were fabricated and used in this experimental study to demonstrate and char-
acterize the proposed PD-PT OCM-guided MPM. The first was a simple phantom sample used to evaluate
the concept and analyze the detected photothermal signal. An additional phantom sample with a multilayered
structure was used to validate the robustness of the proposed system applicability to a complex sample such as the
blood vessel network of tissue structures. Finally, we applied it to an insect (Ixodes dammini) sample with dimen-
sions of 4 x4 x 1 mm, embedded in a microscope slide, to evaluate the practical applicability of the system for
biological samples. Detailed information on the samples used is provided in the “Materials and methods” section.

Proof of concept using a simple phantom sample. A simple phantom sample (ultrasound gel) was
used to characterize and analyze the photothermal response using the proposed method. The experimental
protocol was similar for all experiments conducted in this study (refer to the “Materials and methods” section
for the Simple and complex network phantom sample fabrication and experimental protocol). The photothermal
response was measured as shown in Fig. 3. Backscattering particles, such as air bubbles or dust, located in the
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middle region of the gel medium were selected in the cross-sectional OCM image as an observation point for
the photothermal response. The focal position of the MPM objective was moved up along the optical axis of the
OCM, from under the coverslip and across the ultrasonic gel area of the phantom sample, as shown in Fig. 3a.
The photothermal response was measured for each 10 um movement of the MPM objective up to 500 pm of the
total travel distance corresponding to 50 readings. The total time required for 51 readings was~73 s. The time
spent moving manual translations was not included. As shown in Fig. 3b, the photothermal response signal at
intervals of 100 pm from the total readings is indicated by the dotted rectangular box area. It can be seen that
the maximum photothermal response detected at each reading exhibited a steady increase and decrease as the
MPM objective focus position approached and moved away from the mid-region of the sample, respectively. As
expected, the photothermal response was maximized when it passed through the middle region of the gel. Fig-
ure 3¢,d are the zoomed-in graphs shown in Fig. 3b, which indicates the photothermal response signals observed
when the focal point of the MPM objective was near the middle of the gel region and the detailed characteristics
of the photothermal response, respectively. As can be seen throughout Fig. 3b-d, the detected photothermal
response at all readings exhibited two peaks representing the phase difference change corresponding to the
maximum temperature perturbation. The temperature in the sample changed most rapidly right after when the
shutter was open and closed. When the shutter was open, the MPM laser beam was focused on the sample, thus
inducing photothermal effects due to changes in the internal temperature of the sample, which was considered as
the first temperature perturbation (temperature rise) region, as shown in Fig. 3c. When the temperature reached
its maximum and stabilized, the change in phase difference returned to a value close to that at the reference tem-
perature in the absence of illumination. When the shutter closed, the accumulated thermal energy in the sample
began to decrease. In other words, when the cause of the increase in temperature (MPM laser beam) is no longer
exposed to the sample the overall sample temperature to decrease and settles to its initial natural temperature.
This can be seen as the second temperature perturbation region (temperature decrease), as shown in Fig. 3d.

To further analyze the amount of the photothermal response according to the change of the focal position
of the objective lens, the maximum values in the photothermal signals are plotted with respect to different focal
positions of the MPM objective in depth as shown in Fig. 3e. This allows for the visualization of the overall ther-
mal response of the sample. The red dashed line in Fig. 3e indicates the selected observation point of the OCM
for the photothermal response, given that the MPM objective was translated throughout the sample depth. The
three intensity peaks (black) are the detected SHG signals corresponding to the first surface of the coverslip,
second surface of the coverslip, and first surface of the glass slide, respectively. The observation point for the
photothermal response coincides with the middle of the gel area between the two SHG signals representing the
second surface of the coverslip and the first surface of the glass slide. By applying fifth-order polynomial fitting
(to compensate for induced random phase noise) to the photothermal signal curve, a smooth transitional trend
of the curve was obtained. Additionally, a plot representing the absolute difference between successive values
after polynomial fitting is shown in Fig. 3f. This allows for the clear visualization of the instance at which the
focus of the MPM objective coincided with the fixed observation point.

Validation of robustness of ROl selection for nonlinear imaging using PD-PT OCM. To evalu-
ate the ROI selection for nonlinear imaging using PD-PT OCM, large-area multilayered composite phantom
samples that mimic the tissue structure of blood vessels or neuronal networks were used in the experiment.
The sample contained a multilayered lens cleaning tissue with a thickness of approximately ~300 um that was
immersed in distilled water (refer to “Materials and methods” section for further details). It is utilized to validate
the effectiveness of the ROI selection method using the real-time cross-sectional and en face imaging capabilities
of OCM, which has a wider FOV than the limited FOV of MPM. This is shown in Fig. 4a-c,e,f. Figure 4a presents
the volumetric three-dimensional (3D) OCM image of the sample with an FOV of 3.0 x3.5x 0.3 mm along the
horizontal, vertical, and depth axes. The 3D volume image is highlighted by two rectangular ROI regions: the
initial ROI (orange) and the moved ROI (blue) at a desired locations for MPM imaging. Figure 4b,e present the
en face OCM images with an FOV of 1.0x 1.5 mm obtained at the ROI regions. Figure 4c,f present enlarged
images of the ROIs shown within the rectangular blue and yellow box areas in Fig. 4b,e, respectively, which were
used for comparison with SHG images. The first observation point within the initial ROI was selected at a depth
of 100 pum, where it was close to the coverslip. The focal plane of the MPM objective was positioned using the
ROI selection mechanism. Figure 4e-g were obtained after moving the sample to 1000 pum in the lateral direc-
tions of X and Y, respectively, and 100 um in the depth direction towards the glass slide (Z-axis); to simulate the
navigation of different ROIs (refer to “Materials and methods” section for further details). Before sample move-
ment, the selected region of the tissue structure for MPM imaging was close to the coverslip; and after sample
movement, the region of tissue structures to be imaged was relocated closer to the first surface of the glass slide.
Figure 4d,g present the MPM SHG images obtained before and after the sample-stage movement. The SHG
images were stacked images with a depth range of 70 um within the represented orange and blue rectangular
boxes in the OCM volumetric image, and this is done to better match and correlate the MPM en face images with
the OCM en face images. The hollow crosses in the red, orange, and blue regions indicated correlates to matched
positions in the respective OCM and MPM en face images.

Employing the three-axes positioning of MPM focus point in a biological large-volume sam-
ple with guidance of PD-PT OCM. To validate the usefulness of PD-PT OCM guidance to ROIs in a
biological large-volume sample for MPM imaging, a biological specimen (female Ixodes dammini) embedded
in a microscope slide was used. Prior to photothermal imaging, the specimen was imaged with the maximum
FOV of the OCM and post-processed using a volume-rendering software. A volume rendered OCM 3D image
is shown in Fig. 5a, and an en face image of the volume image at a depth of 65 pum is shown in Fig. 5b. Using
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Figure 3. PD-PT OCM signal analysis using a simple phantom sample. (a) is the figurative description of
MPM focus position movement over varied depth. (b) is the complete photothermal response observed in the
simple phantom sample within a depth range of 500 pum. (c) is the enlarged graph of the photothermal response
observed in the middle region of the sample. (d) is the peak photothermal response observable within the
sample. (e) is the maximum mean phase values plotted against the depth range of 500 um in the sample. (f) is
the graph plotted from the absolute difference between successive values in (b). Figure (a) is not drawn to scale.

the real-time cross-sectional and en face OCM images, multiple different sections of the biological specimen
were targeted using the ROI selection mechanism based on the photothermal response measurement with the
PD-PT OCM. A total area 4 x4 mm (Vertical x horizontal) is used for ROI selection. In particular, four regions
were selected and targeted, which were located at the uppermost surface of the Scutum/shield, top edge of the
left palp, tip of the hypostome, and top edge of the right palp. Among these parts, the hypostome, left and right
edge of palps were chosen as these parts of the ticks are more useful in studies of tick feeding habitats relating to
Lyme disease™, and scutum covers the superior portion of the dorsal surface. Almost all parts of the specimen’s
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Figure 4. Evaluating the robustness of the PD-PT OCM-guided MPM with complex network phantom
sample. (a) is the 3D volumetric OCM image of the sample. (b, ¢, e, f) are OCM en face images of the complex
network phantom sample. (c, f) are the enlarged regions indicated by dashed squares in (b) and (e), respectively.
(d, g) are the stacked SHG en face images of the same location scanned in (c) and (f). Additionally, in (a), the
rectangular boxes in orange and blue indicate the stacking depth range for SHG images at the initial and moved
ROIs at the desired locations, respectively.

body offered a good observable PD-PT-OCM signal, and it is noteworthy that the photothermal signal response
reduces with higher thickness. This may be due to the composition and optical and thermal properties of the
specimen. The SHG images of the targeted regions are shown in Fig. 5c-f, respectively. The total readings of the
observed photothermal responses in the hypostome region according to the depth-varying MPM objective focal
positions are shown in the graph plotted in Fig. 5g. The step interval between two depth positions used here is
20 um. A total of 11 readings were used for covering the entire hypostome region. As can be seen from the graph
of a representative photothermal response, as shown in Fig. 5h, the detected maximum phase-differentiated
peaks were not inversely proportional. This can be attributed to the thermoelastic expansion of the biological
structures of the specimen.

Discussion

The use of MPM has progressively gained in popularity in diverse biomedical imaging scenarios. One such trac-
tion where MPM has grown in applicability is biochip-based research investigations. Biochip-based research
is currently evolving from two-dimensional (2D) to 3D platforms, similar to the in vivo microenvironment. In
particular, it is necessary to establish large-scale biological complexity to create artificial organs for future drug
screening or eventual organ replacements. To achieve this, research is currently being conducted on 3D printing
and organoid-based self-organization methods®*>>. For the long-term live imaging and multiscale analysis of the
large-scale specimens, nonlinear microscopy capable of deep tissue imaging and label-free imaging is becoming
increasingly important®*”. When conducting nonlinear microscopy, care must be taken to avoid photodamage.
The proposed method uses endogenous particles within the sample for ROI location in 3D in label-free mul-
tiphoton imaging. The proposed method can minimize photodamage by accurately identifying an ROI, where
high-resolution 3D molecular imaging is required (supplementary information). This concept is similar to that of
phase-contrast microscopy, which is commonly used in fluorescence microscopes to minimize photobleaching,
but these conventional guiding mechanism offers only a 2D topological image of sample. OCT can be used as
a modality for guided imaging of large-scale, non-transparent, and thick biological tissues in 3D, just as phase-
contrast microscopy which is used as a guide imaging tool for transparent specimens.

In the current study, we obtained the photothermal response curve while manually changing the focal point of
the MPM objective which is moved towards the observation point (OCM objective). The photothermal response
curve has the form of a unimodal function with one maximum value in the measurement area. In future, by
incorporating a well-established efficient search method such as the golden-section search®®, Fibonacci search®,
or curve-fitting search® (with an automated axial focus motor incorporated with objective lens) instead of a linear
search of 50 attempts at intervals of 10 um; the desired point can be found with the same accuracy in less than
10 attempts. In addition, the search time can be significantly reduced when the high-speed search algorithm is
combined with a high-speed motorized device for axial scanning of the focal plane of the MPM objective. In this
study, ROI locating in a relatively large biological sample with dimensions of 4 x 4 mm (Vertical x horizontal),
a total of 11 readings with 20 um step interval in depth direction was used. The step interval and total readings
can be adaptively chosen depending on the sample composition and thickness.

The probability of error occurrence for ROI location (in depth) for the MPM objective guidance depends
on the axial resolution of the OCM system, and the phase sensitivity. The axial resolution of the used OCM
system is ~ 5 pm. Hence, the accuracy of MPM objective guidance is same with axial resolution of the OCM.
The proposed multimodal imaging system is configured in a way that the OCM and MPM is co-axially aligned
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Figure 5. Verification of applicability of the proposed PD-PT OCM-guided MPM for a biological sample. (a,
b) are the respective OCM volume-rendered image and en face image of the insect sample. Figures (c to f) are
the MPM en face images of different regions in the sample obtained using the PD-PT OCM guidance. (g) is the
representative photothermal response observed by varying depth position of MPM objective in the hypostome
region of the sample, and (h) is the representative graph of one PD-PT OCM photothermal response signal.

and in opposite sides of the sample. The demonstrated method measures the absolute position of the hotspot of
the MPM objective within the sample, hence even if a sample with complex structures and sample interfaces is
used the performance of the PD-PT-OCM detection is not subject to any erroneous measurements. The FOV
of the PD-PT-OCM system can be adaptively changed as per imaging requirements by changing the objective
lenses in the sample and reference arm setup. However, the FOV and the lateral resolution are inversely related.
In general, wider FOV objectives will have lower lateral resolution and vice versa. The depth-resolved imaging
capability of OCM reduces in thick samples. This is due to the limitations of light penetration in thick tissues.
Also, in thick samples with densely packed complex structures, the detectable multiphoton generated signals
reduce in deeper tissues. Thus the heat generated by the hotspot of MPM will also degrade in deeper tissues.
The usability of proposed methods for ROI selection using OCM is not just limited with the phantom sample
thickness reported here. The ROI selection within the sample is possible along the entire optical depth range of
OCM and is only dependent on sample composition and the optics used for the OCM system. The photothermal
signal generated within the sample can be effectively detected along the entire observable depth range of the
PD-PT-OCM. The photothermal signal dissipation and degradation of detection efficiency will depend on the
sample thickness, composition, and its optical and thermal properties®".
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Figure 6. Schematic of the multimodal imaging system. Optical design schematic with the optical components
used along with the MPM and OCM sources, detection components, and two-axes micrometer translational
sample stage. Figure not drawn to scale.

Conventionally, photothermal OCT imaging is used to image blood vessels using the photothermal effect of
blood cells, which are endogenous substances, or to measure the location and hot spots of exogenous photoreac-
tive particles such as polymers and gold nanorods in living tissues. The highly sensitive PD-PT OCM can also be
used if endogenous or exogenous factors are present within the observable range of the OCM image. Using the
proposed method, we can carefully target the excitation illumination for photothermal therapy with exogenous
substances and locally restrict it to the desired location, thus avoiding unnecessary heating of normal tissues.

In summary, this paper serves as a preliminary report to present the potential usability of employing PD-PT
OCM as a guiding tool for nonlinear microscopy to effectively and accurately navigate ROIs in a large-volume
samples. The ROIs were selected by utilizing the large FOV and observable depth range in en face and cross-
sectional OCM images. To achieve targeted MPM imaging within the ROIs in 3D, hotspots occurring within the
sample focused with the MPM laser at a weak power were detected using the highly sensitive PD-PT OCM. We
then focused the MPM laser on an observation point selected from the endogenous absorption agents in the ROL
The PD-PT OCM allows the focal position of the MPM objective to be placed on the ROI within the observable
depth range of the OCM cross-sectional image. Effectively finding and targeting ROIs requiring high-resolution
MPM imaging can reduce the overall exposure time of high-power lasers, especially for large samples, signifi-
cantly mitigating photobleaching, and photodamage. The high-sensitivity PD-PT OCM system has potential
applications for photothermal reaction analysis because it can detect in real-time even temperature changes due
to weak photothermal perturbation occurring within three-dimensional biological samples. Furthermore, it is
to be noted that the utility of the proposed PD-PT OCM-based guiding method can be implemented for any
nonlinear imaging technique that requires high-power laser illumination (which may lead to photobleaching and
photodamage in samples) such as two-photon excited fluorescence and coherent anti-Stokes Raman scattering
microscopy. This reduces the overall acquisition time required for the ROI location in nonlinear imaging systems.

Materials and methods

Multimodal imaging system design and specifications. The overall configuration of the multimodal
imaging system is illustrated in Fig. 6. The multimodal imaging platform had two independent light sources.
The OCM system was powered by a super-luminescent broadband light source (SLD-37-HP3, Superlum Diodes
Ltd., Carrigtwohill, Ireland) with a maximum power output of 18 mW centered at 840 nm. The output from the
source was directly connected to the entrance port of an optical circulator (850-H7-L-15-FA, OF-LINK Com-
munications Co., Ltd. Shenzhen China). The output port of the circulator was connected to a doublet collimator
(F240APC-850, Thorlabs, Inc., NJ, USA) with a beam size 2.4 mm. The collimated beam was raster-scanned
along the horizontal and vertical axes using a dual-axis galvanometer scanning mirror (GVSM002-JP, Thorlabs,
Inc., NJ, USA). Subsequently, the scanning beam was directed towards a combination of scan and tube lenses
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with focal lengths of 54 mm (LSM04-BB, Thorlabs, Inc., NJ, USA) and 200 mm (TTL200-B, Thorlabs, Inc., NJ,
USA), respectively. With this configuration, the optical beam size (from the collimator) was magnified by a fac-
tor of 3.7. The enlarged beam was then split by a rectangular beam splitter (BSW11, Thorlabs, Inc., NJ, USA) at
a 50:50 ratio. The split beams were directed to the reference arm and the sample arm setup. The beam towards
the reference path passed through a combination of optical systems such as a continuous variable attenuator
(NDC-50C-4 M, Thorlabs, Inc., NJ, USA) and a 4 x objective lens (UPlanFL N 4.0x, Olympus, Tokyo, Japan)
with a focal length of 45 mm, followed by a high-reflective broadband mirror (PF10-03-P01P, Thorlabs, Inc., NJ,
USA). Similarly, in the sample path, the incident split beam was directed to an objective lens that matched the
specifications of the objective lens used in the reference path. The back-reflected laser beam from the sample
surface interfered with the back-reflected reference beam in the beam splitter. The backscattered interference
signal was directed via a circulator to a spectrometer containing a line-scan camera (Sprint spl4096-140k, Basler
AG, Ahrensburg, Germany) with 4096 pixels. In the current configuration, the spectrum covered only the mid-
dle part of the camera sensor, and only 2048 pixels in the line scan camera were used. The detected signals were
processed on a computer to display the cross-sectional and en face OCM images in real-time. The built OCM
system had axial and lateral resolutions of ~5 um, and a maximum FOV of 4 x4 x 1 mm along the horizontal,
vertical, and depth axes, respectively. A set of 250 lateral positions (A-line) was scanned successively to construct
one 2D cross-sectional OCM image, and 250 horizontal positions were scanned (2D images) to obtain one vol-
ume image set. A specific depth was selected from the volume image set (as required) to obtain an en face image
in real-time. The OCM system had an average speed of 90 frames per second.

The MPM system had a high-power femtosecond fiber laser source (ELMO HP, Menlo Systems, Inc., NJ,
USA) with a maximum output power of 180 mW, and a pulse width of <70 fs (typically 45 fs), and a repetition
rate of 100 MHz. The laser source was centered at 1560 nm, with a spectral bandwidth of 30 nm. The laser beam
was collimated using an optical triplet collimator (TC18 APC-1550, Thorlabs, Inc., NJ, USA) with a beam size of
approximately ~ 3 mm. The laser power was controlled as required using a combination of optical attenuators. The
propagating beam then passed through an electronically controlled mechanical shutter (SHB025, Thorlabs, Inc.,
NJ, USA). The computer controlled the mechanical shutter to obtain optical illumination in the sample region
during a specific operation time, as required. The subsequent laser beam after the shutter was raster-scanned
along the horizontal and vertical axes using a dual-axis galvanometer scanning mirror (GVSM002-]P, Thorlabs,
Inc., NJ, USA). The laser beam was then passed through a combination of scan lens (SL50-2P2, Thorlabs, Inc.,
NJ, USA) and tube lenses (TTL200MP, Thorlabs, Inc., NJ, USA) with focal lengths of 50 mm and 200 mm,
respectively. This optical combination magnified the laser beam by a factor of 4. The collimated and magnified
laser beam propagated through a dichroic mirror (FF801-Di02-25 x 36, IDEX Health & Science, LLC, New York,
USA). The dichroic mirror was placed at an inclination angle of 45° with respect to the incident laser beam. The
redirected MPM laser beam was then focused on the sample using a 30 x aspheric objective lens (5723-C-H 30x,
Newport Corporation, CA, USA) with a focal length of 6.2 mm. The focused MPM laser beam on the sample
generated the SHG signals from molecules of samples, which were backscattered and collected by the objective
lens. The backscattered SHG signals were then transmitted through the dichroic mirror, which was directed to a
tube lens (TTL200MP, Thorlabs, Inc., NJ, USA) with a focal length of 200 mm, bandpass filter (FF01-794/32-25,
IDEX Health & Science, LLC, New York, USA), and achromatic doublet lens (AC254-050-B, Thorlabs, Inc., NJ,
USA) with a focal length of 50 mm. This beam was transmitted to a photomultiplier tube (H7422-50, Hamamatsu
Photonics, Shizuoka, Japan). The electrically converted signals were pre-amplified and then transmitted to a com-
puter for further processing, to obtain the sample’s en face MPM SHG images. The MPM system had a resolution
of approximately ~ 1 pm. With the stated optical configuration, a maximum FOV of 300 x 300 um was achieved.

The ROI selection from the OCM image and MPM targeting on the ROl. The OCM and MPM
imaging systems were mounted onto a microscope (OLYMPUS-IX73, Olympus, Tokyo, Japan) from the top
and bottom directions, respectively, and the OCM and MPM laser beams were coaxially aligned. The x- and
y-coordinates of the ROI for the high-resolution MPM were selected from the real-time en face OCM image. We
selected the depth coordinate of the ROI from the correlated cross-sectional OCM image, which was the depth
position for observing the photothermal response. The lateral targeting of the selected ROI for the MPM was
implemented by the translational movement of a micro-positioning (X and Y) stage (MCL-MOTNZ, Mad City
Labs Inc., WI, USA). The MPM excitation light was then focused on the depth position of the ROI by observ-
ing the changes in the photothermal response while changing the focal position of the MPM with respect to
the in-built axial motion of the microscope body. The sample translational movement was automated using the
LabVIEW program, whereas the axial movement was controlled manually.

Simple and complex network phantom sample fabrication and experimental protocol. To
evaluate and analyze the methodology and robustness of the proposed multimodal PD-PT OCM-guided MPM
imaging system, two phantom samples were fabricated. One of the samples was prepared by placing a commer-
cially available ultrasonic gel on a 1 mm glass slide, and a 170+ 5 pm thick coverslip was stacked on the ultra-
sonic gel, as shown in Fig. 7a. Here ultrasonic gel is used as its thermal properties are more stable and it thermal
conductivity is close to biological tissues®’. The overall thickness of the fabricated sample was~ 1500 pm, and
the thickness of the introduced ultrasound gel was ~330 um. Similarly, we developed a multilayered complex
network phantom sample to mimic complex network structures in biological tissues, as shown in Fig. 7b. Multi-
layered lens tissues with an overall thickness of ~300 um and distilled water were used instead of the ultrasound
gel, and the total sample thickness was ~ 1470 um. A rapid set epoxy was used to seal the area surrounding the
coverslip in both samples to prevent the evaporation of water. The sample was mounted with a coverslip ori-
ented towards the MPM objective, while the glass slide was oriented towards the OCM, as shown in Fig. 7a,b.

Scientific Reports |

(2023) 13:3625 | https://doi.org/10.1038/s41598-023-30524-z nature portfolio



www.nature.com/scientificreports/

(a) (c)

OCM Beam

Total Distance Moved
500 pm

-€
Epoxy. Glass Slide (1 mm) [ ;.
=3
wn
-
-=-=-2
Coverslip
(*170 um)
Coverslip
(b)
OCM Beam
Moved every
10 um
Epoxy_ | Glass Slide (1 mm)
Multilayere
Lens tissue MPM
(v300um)  Coverslip Objective

(~ 170 pm))

Figure 7. Schematic of phantom samples and the PD-PT OCM experimental protocol. (a) is the schematic
cross-sectional representation of the simple phantom sample fabricated with ultrasound gel. (b) is a schematic
cross-sectional representation of the complex network phantom sample fabricated with multilayered lens tissue.
c is the figurative depiction of MPM objective positioning for the PD-PT OCM based methodology. Figures not
drawn to scale.

To demonstrate the usefulness of PD-PT OCM guidance to ROIs in a biological large-volume sample for MPM
imaging, a biological specimen (Ixodes dammini (Deer Tick) Female, w.m. Microscope Slide, Carolina Biological
Supply, NC, USA) embedded in a microscope slide was used which was 3 mm in length and width (excluding
some parts of legs). To obtain the PD-PT OCM photothermal responses of the phantom samples and the bio-
logical specimen, the initial MPM objective focus position was placed 30 um below the coverslip, and the MPM
objective lens was moved axially towards the sample in increments of 10 um step interval, as shown in Fig. 7c.
Upon each movement of the MPM objective, the mechanical shutter was set to open for the desired time period
(350 ms, unless mentioned otherwise) for each PD-PT OCM signal acquisition. The observation points of the
OCM, where the photothermal responses were measured, were selected from the points within the ROI that pro-
vided the appropriate photothermal signal. Principally, the step interval specified here is not an absolute value
that must be strictly adhered to. For instance, a 20 pm step interval was employed to generate the photothermal
response of the biological specimen (female Ixodes dammini) depicted in Fig. 5. The step interval and total read-
ings can be selected adaptively based on the composition and thickness of the sample.

Data availability

All the necessary data required to analyze and reproduce the results and conclusions presented in the manuscript
are provided in relevant sections in the manuscript. Additional details and data related to this study are available
from the corresponding author upon reasonable request.

Received: 27 October 2022; Accepted: 24 February 2023
Published online: 03 March 2023

References

1. Dombeck, D. A., Khabbaz, A. N., Collman, F,, Adelman, T. L. & Tank, D. W. Imaging large-scale neural activity with cellular
resolution in awake, mobile mice. Neuron 56, 43-57 (2007).

2. Zhang, H. et al. Large-depth three-photon fluorescence microscopy imaging of cortical microvasculature on nonhuman primates
with bright AIE probe In vivo. Biomaterials 289, 121809 (2022).

3. Sofroniew, N. J., Flickinger, D., King, J. & Svoboda, K. A large field of view two-photon mesoscope with subcellular resolution for
in vivo imaging. Elife 5, 1-20 (2016).

4. Sacconi, L., Dombeck, D. A. & Webb, W. W. Overcoming photodamage in second-harmonic generation microscopy: Real-time
optical recording of neuronal action potentials. Proc. Natl. Acad. Sci. U. S. A. 103, 3124-3129 (2006).

5. Lecoq, J., Orlova, N. & Grewe, B. E. Wide. Fast. Deep: Recent advances in multiphoton microscopy of in vivo neuronal activity. J.
Neurosci. 39, 9042-9052 (2019).

6. Lin, H. et al. Recent advances in multiphoton microscopy combined with nanomaterials in the field of disease evolution and clinical
applications to liver cancer. Nanoscale 11, 19619-19635 (2019).

7. Balu, M. et al. In vivo multiphoton microscopy of basal cell carcinoma. JAMA Dermatol. 151, 1068-1074 (2015).

8. Kirkpatrick, N. et al. Video-rate resonant scanning multiphoton microscopy: An emerging technique for intravital imaging of the
tumor microenvironment. IntraVital 1, 60-68 (2012).

9. Provenzano, P. P, Eliceiri, K. W. & Keely, P. ]. Multiphoton microscopy and fluorescence lifetime imaging microscopy (FLIM) to
monitor metastasis and the tumor microenvironment. Clin. Exp. Metastasis 26, 357-370 (2009).

10. Mazzarda, E et al. Organ-on-chip model shows that ATP release through connexin hemichannels drives spontaneous Ca2+signaling

in non-sensory cells of the greater epithelial ridge in the developing cochlea. Lab. Chip 20, 3011-3023 (2020).

Scientific Reports |

(2023) 13:3625 | https://doi.org/10.1038/s41598-023-30524-z nature portfolio



www.nature.com/scientificreports/

11.
12.

13.
14.
15.
16.

17.
18.

19.
20.

21.
22.

23.

24.

25.
26.

27.
28.

29.
. Liang, W. et al. Increased illumination uniformity and reduced photodamage offered by the Lissajous scanning in fiber-optic two-

31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.

46.
47.

48.
49.
50.

51.
52.

53.

54.

Peel, S. & Jackman, M. Imaging microphysiological systems: A review. Am. J. Physiol. Cell Physiol. 320, C669-C680 (2021).
Malak, M., Grantham, J. & Ericson, M. B. Monitoring calcium-induced epidermal differentiation in vitro using multiphoton
microscopy. J. Biomed. Opt. 25, 1 (2020).

Miller, D. R., Jarrett, J. W., Hassan, A. M. & Dunn, A. K. Deep tissue imaging with multiphoton fluorescence microscopy. Curr.
Opin. Biomed. Eng. 4, 32-39 (2017).

Leemans, S., Dvornikov, A., Gallagher, T. & Gratton, E. AO DIVER: Development of a three-dimensional adaptive optics system
to advance the depth limits of multiphoton imaging. APL Photon. 5, 120801 (2020).

Sheetz, K. E., Hoover, E. E,, Carriles, R., Kleinfeld, D. & Squier, J. A. Advancing multifocal nonlinear microscopy: Development
and application of a novel multibeam Yb:KGd(WO_4)_2 oscillator. Opt. Express 16, 17574 (2008).

Ota, K., Uwamori, H., Ode, T. & Murayama, M. Breaking trade-offs: Development of fast, high-resolution, wide-field two-photon
microscopes to reveal the computational principles of the brain. Neurosci. Res. 179, 3-14 (2022).

Field, J. J. et al. Differential multiphoton laser scanning microscopy. IEEE J. Sel. Top. Quantum Electron. 18, 14-28 (2012).
Cheng, L.-C. et al. Spatiotemporal focusing-based widefield multiphoton microscopy for fast optical sectioning. Opt. Express 20,
8939 (2012).

Hoover, E. E. & Squier, J. A. Advances in multiphoton microscopy technology. Nat. Photon. 7, 93-101 (2013).

Borah, B. J. et al. Nyquist-exceeding high voxel rate acquisition in mesoscopic multiphoton microscopy for full-field submicron
resolution resolvability. iScience 24, 103041 (2021).

Fast, A. et al. Fast, large area multiphoton exoscope (FLAME) for macroscopic imaging with microscopic resolution of human
skin. Sci. Rep. 10, 1-14 (2020).

Galli, R. et al. Intrinsic indicator of photodamage during label-free multiphoton microscopy of cells and tissues. PLoS ONE 9,
19-23 (2014).

Tauer, U. Dynamic Confocal Imaging of Living Brain Advantages and risks of multiphoton microscopy in physiology Experimen-
tal Physiology : Multiphoton microscopy is based on the simultaneous absorption of two photons emitted by a pulsed infrared
Experimental Physiol. Exp. Physiol. 87(6), 709-714 (2002).

Macias-Romero, C., Zubkovs, V., Wang, S. & Roke, S. Wide-field medium-repetition-rate multiphoton microscopy reduces pho-
todamage of living cells. Biomed. Opt. Express 7, 1458 (2016).

Stephens, D. J. & Allan, V.. Light microscopy techniques for live cell imaging. Science (80-. ) 300, 82-86 (2003).

Rieder, C. L. & Khodjakov, A. Mitosis through the microscope: Advances in seeing inside live dividing cells. Science (80-. ) 300,
91-96 (2003).

Hoebe, R. A. et al. Controlled light-exposure microscopy reduces photobleaching and phototoxicity in fluorescence live-cell imag-
ing. Nat. Biotechnol. 25, 249-253 (2007).

Ji, N., Magee, ]. C. & Betzig, E. High-speed, low-photodamage nonlinear imaging using passive pulse splitters. Nat. Methods 5,
197-202 (2008).

Saggau, P. New methods and uses for fast optical scanning. Curr. Opin. Neurobiol. 16, 543-550 (2006).

photon endomicroscopy. J. Biomed. Opt. 17, 021108 (2012).

Reynaud, E. G., Krzi¢, U., Greger, K. & Stelzer, E. H. K. Light sheet-based fluorescence microscopy: More dimensions, more pho-
tons, and less photodamage. HFSP J. 2, 266-275 (2008).

Tang, S., Krasieva, T. B., Chen, Z. & Tromberg, B. ]. Combined multiphoton microscopy and optical coherence tomography using
a 12-fs broadband source. J. Biomed. Opt. 11, 020502 (2006).

Tang, S., Zhou, Y. & Ju, M. J. Multimodal optical imaging with multiphoton microscopy and optical coherence tomography. J.
Biophotonics 5, 396-403 (2012).

Graf, B. W. & Boppart, S. A. Multimodal in vivo skin imaging with integrated optical coherence and multiphoton microscopy.
IEEE J. Sel. Top. Quantum Electron. 18, 1280-1286 (2012).

Lai, T., Chong, S. P,, Zhou, Y., Moloney, G. & Tang, S. Corneal imaging and refractive index measurement using a combined
multiphoton microscopy and optical coherence tomography system. Multiphot. Microsc. Biomed. Sci. XIII 8588, 85882S (2013).
Jeon, D., Ravichandran, N. K., Jung, U,, Jeon, M. & Kim, J. Handheld-probe-based optical Doppler tomography for blood flow
imaging. Infrared Phys. Technol. 95, 183-188 (2018).

Kim, J., Brown, W., Maher, J. R., Levinson, H. & Wax, A. Functional optical coherence tomography: Principles and progress. Phys.
Med. Biol. 60, R211-R237 (2015).

Stifter, D. Beyond biomedicine: A review of alternative applications and developments for optical coherence tomography. Appl.
Phys. B Lasers Opt. 88, 337-357 (2007).

Lapierre-Landry, M., Gordon, A. Y., Penn, J. S. & Skala, M. C. In vivo photothermal optical coherence tomography of endogenous
and exogenous contrast agents in the eye. Sci. Rep. 7, 1-9 (2017).

Tucker-Schwartz, J. M., Lapierre-Landry, M., Patil, C. A. & Skala, M. C. Photothermal optical lock-in optical coherence tomography
for in vivo imaging. Biomed. Opt. Express 6, 2268 (2015).

Tucker-Schwartz, J. M., Meyer, T. A, Patil, C. A., Duvall, C. L. & Skala, M. C. In vivo photothermal optical coherence tomography
of gold nanorod contrast agents. Biomed. Opt. Express 3, 2881 (2012).

Hu, Y., Podoleanu, A. & Dobre, G. Photothermal optical coherence tomography for investigation and imaging photothermal trap-
ping of gold nano-rods in clear media and biological tissue. J. Opt. (United Kingdom) 21, 095301 (2019).

Adler, D. C., Huang, S.-W., Huber, R. & Fujimoto, J. G. Photothermal detection of gold nanoparticles using phase-sensitive optical
coherence tomography. Opt. Express 16, 4376 (2008).

Lapierre-Landry, M., Connor, T. B., Carroll, J., Tao, Y. K. & Skala, M. C. Photothermal optical coherence tomography of indocyanine
green in ex vivo eyes. Opt. Lett. 43,2470 (2018).

Guan, G., Reif, R., Huang, Z. & Wang, R. K. Depth profiling of photothermal compound concentrations using phase sensitive
optical coherence tomography. J. Biomed. Opt. 16, 126003 (2011).

Davé, D. P. & Milner, T. E. Optical low-coherence reflectometer for differential phase measurement. Opt. Lett. 25, 227 (2000).
Telenkov, S. A., Dave, D. P, Sethuraman, S., Akkin, T. & Milner, T. E. Differential phase optical coherence probe for depth-resolved
detection of photothermal response in tissue. Phys. Med. Biol. 49, 111-119 (2004).

Tang, P. et al. Cross-correlation photothermal optical coherence tomography with high effective resolution. Opt. Lett. 42, 4974
(2017).

Makita, S. & Yasuno, Y. In vivo photothermal optical coherence tomography for non-invasive imaging of endogenous absorption
agents. Biomed. Opt. Express 6, 1707 (2015).

Lapierre-Landry, M. et al. Imaging melanin distribution in the zebrafish retina using photothermal optical coherence tomography.
Transl. Vis. Sci. Technol. 7, 4 (2018).

Welch, A. J. & van Gemert, M. J. C. Optical-Thermal Response of Laser-Irradiated Tissue Vol. 148 (Springer, Netherlands, 2011).
Tsang, V. T. C,, Li, X. & Wong, T. T. W. A review of endogenous and exogenous contrast agents used in photoacoustic tomography
with different sensing configurations. Sensors (Switzerland) 20, 1-20 (2020).

Bockenstedt, L. K. et al. What ticks do under your skin: Two-photon intravital imaging of Ixodes scapularis feeding in the presence
of the Lyme disease spirochete. Yale J. Biol. Med. 87, 3-13 (2014).

Brassard, J. A. & Lutolf, M. P. Engineering stem cell self-organization to build better organoids. Cell Stem Cell 24, 860-876 (2019).

Scientific Reports |

(2023) 13:3625 | https://doi.org/10.1038/s41598-023-30524-z nature portfolio



www.nature.com/scientificreports/

55. Brassard, ]. A., Nikolaev, M., Hiibscher, T., Hofer, M. & Lutolf, M. P. Recapitulating macro-scale tissue self-organization through
organoid bioprinting. Nat. Mater. 20, 22-29 (2021).

56. Hof, L. et al. Long-term live imaging and multiscale analysis identify heterogeneity and core principles of epithelial organoid
morphogenesis. BMC Biol. 19, 1-22 (2021).

57. Fei, K., Zhang, J., Yuan, J. & Xiao, P. Present application and perspectives of organoid imaging technology. Bioengineering 9, 121
(2022).

58. Marks, D. L., Oldenburg, A. L., Reynolds, J. J. & Boppart, S. A. Autofocus algorithm for dispersion correction in optical coherence
tomography. Appl. Opt. 42, 3038 (2003).

59. Yeo, T., Ong, S., Jayasooriah, & Sinniah, R. Autofocusing for tissue microscopy. Image Vis. Comput. 11, 629-639 (1993).

60. Subbarao, M., Tyan, J. & Brook, S. Selecting the optimal focus measure for autofocusing and depth-from-focus. N. Y. 20, 864-870
(1998).

61. Agafonkina, I. V. et al. Thermal properties of biological tissue gel-phantoms in a wide low-temperature range. J. Eng. Phys. Ther-
mophys. 94, 790-803 (2021).

Acknowledgements

This work was supported by the Korea Basic Science Institute [grant number D300300, and C330210], and the
Institute of Information & Communications Technology Planning & Evaluation (IITP) funded by the Korean
government (MSIT) [No. 1711152793].

Author contributions

K.S.L. developed the design concept and co-developed the imaging system. R.N.K. co-developed the system,
performed experiments, and processed data. RN.K. wrote the manuscript draft. K.S.L. and K.S.C critically
revised the manuscript. H. K. fabricated the biochip sample used in supplementary information. All authors
were involved in discussions and contributed to the manuscript drafting and revision.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-30524-z.

Correspondence and requests for materials should be addressed to K.S.C. or K.-S.L.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:3625 | https://doi.org/10.1038/s41598-023-30524-z nature portfolio


https://doi.org/10.1038/s41598-023-30524-z
https://doi.org/10.1038/s41598-023-30524-z
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Label-free photothermal optical coherence microscopy to locate desired regions of interest in multiphoton imaging of volumetric specimens
	Theory
	Results
	Proof of concept using a simple phantom sample. 
	Validation of robustness of ROI selection for nonlinear imaging using PD–PT OCM. 
	Employing the three-axes positioning of MPM focus point in a biological large-volume sample with guidance of PD–PT OCM. 

	Discussion
	Materials and methods
	Multimodal imaging system design and specifications. 
	The ROI selection from the OCM image and MPM targeting on the ROI. 
	Simple and complex network phantom sample fabrication and experimental protocol. 

	References
	Acknowledgements


