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ARTICLE INFO ABSTRACT
Keywords: Live-cell monitoring involves long-term observation and analysis of living cells in tissue cultures, which develop
Live-cell monitoring cells or tissues in an artificial environment and are essential for tissue engineering. Fluorescence microscopy
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Extracellular matrix

Tumor spheroid

Vascular organoid

(FM) is widely used as a monitoring tool owing to its powerful ability to visualize protein distribution within cells
and tissues, thereby providing information on their functions in biological processes. To reduce the photo-
bleaching effect, which is a major limiting factor in FM, FM is generally combined with other imaging modalities,
such as phase contrast and differential interference contrast microscopy, which are nondestructive to fluoro-
chromes, to selectively use fluorescence signals only in specific areas of interest within a sample. However, these
methods are restricted to thin samples and cannot produce depth-resolved images. Here, we propose a method to
determine three-dimensional (3D) positions in volumetric samples for application in high-resolution 3D fluo-
rescence imaging using a multimode and multiscale imaging system that combines optical coherence microscopy
(OCM) and line confocal FM (LC-FM). We also demonstrate the benefits of multimodal imaging in 3D cell culture
monitoring. To evaluate the performance of the proposed system and method, we rapidly and accurately located
the regions of interest in 3D tissue culture models, such as tumor spheroids and microvascular bed, and
instantaneously acquired volumetric high-resolution fluorescence images. We also used an integrated system to
monitor tumor spheroids mixed with extracellular matrix (ECM) over five days of the culture process, and the
FM-OCM integrated technique successfully imaged the overall 3D structures, such as the distribution and
boundaries of the spheroids and ECM as well as stained tumor cells. This complementary information is useful for
understanding the relationship between cellular behaviors, such as the proliferation and migration of tumor cells,
and microenvironments, such as the ECM.

1. Introduction primarily use fluorescence microscopy (FM) because it allows real-time
visualization of specific cellular processes [1,3]. Fluorescent labeling

Live-cell monitoring, the process of observing and recording the can be used to stain specific proteins or organelles within cells, allowing
behavior of living cells over time, is used to examine cellular behavior the visualization of their behavior and interactions over time, such as
and interactions in real time and can provide valuable insights into the cellular migration and interactions [4,5], vascular growth [6], and
mechanisms underlying the cellular processes [1-3]. Cell biologists neuronal activity [7]. However, FM has several limitations in live-cell

Abbreviations: FM, fluorescence microscopy; OCM, optical coherence microscopy; ECM, extracellular matrix; ROI, region of interest); FOV, field-of-view; SNR,
signal-to-noise ratio.
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monitoring. One of the main limitations of this method is its phototox-
icity, which can lead to cell damage and death over time [8]. Another
limitation is photobleaching, which can cause the fluorescent signal to
fade over time when fluorescent dyes are subjected to prolonged or
repeated imaging [9]. Finally, FM is limited by the number of fluores-
cent probes that can be used simultaneously, limiting the amount of
information that can be obtained from a single experiment [10,11]. To
reduce the effects of phototoxicity and photobleaching in FM, fluores-
cence signals are selectively used in a specific region of interest (ROI)
within a sample, typically in combination with other imaging modalities
that are nondestructive to fluorochromes, such as phase-contrast and
differential interference contrast microscopy [12,13]. In addition,
combining these two imaging techniques can provide more complete
information about cells and their behavior [12,13]. For example,
incorporating a reliable structural confirmation method, such as phase-
contrast imaging, prevents misrecognition of cell shapes and boundaries
owing to photobleaching, which can occur when only fluorescence-
imaging-assisted monitoring is performed [14]. Such methods are
necessary for deriving more informed interpretations and draw more
accurate conclusions.

Three-dimensional (3D) cell culture involves the growth of cells and
tissues in a 3D artificial environment. This allows the study of cell
behavior and interactions in a more complex environment that better
mimics the in vivo environment than traditional 2D cell cultures
[15-17]. It also provides a more accurate representation of the extra-
cellular matrix (ECM) and cell-cell interactions [15,17]. Organoids and
spheroids are typical products of 3D structures. Organoids are derived
from stem cells and can be used to model the organ structure and
function in vitro [18], whereas spheroids are formed by the aggregation
of cells in a suspension [19]. Numerous studies have been conducted
using organoids and spheroids to develop new treatments for diseases
and test the safety and efficacy of new drugs before testing them in
humans [18]. Owing to the variable and dynamic nature of organoid
growth, continuous monitoring of the changes that occur within a
sample is necessary [20]. Different types of FM techniques with optical
sectioning abilities have been developed for volumetric imaging of 3D
tissue models; these techniques include confocal FM [21], line-confocal
FM [22], spinning-disk confocal FM [23], two-photon FM [24], optical
sectioning wide-field FM [25], and light-sheet FM [26], which have been
widely used in live-cell imaging and other monitoring experiments [27].
However, the adverse effects of the aforementioned limitations of FM
amplify with the use of 3D FM. Phototoxicity and photobleaching effects
may occur more easily owing to long light exposure times during depth
scanning for volumetric imaging, and the light emission efficiency de-
creases when a pinhole aperture is used for optical sectioning. In addi-
tion, 2D optical imaging techniques such as phase-contrast microscopy,
which are limited to thin samples, cannot grasp the complex structure of
a 3D sample tissue.

Optical coherence microscopy (OCM) is a low-coherence interfer-
ometry-based imaging technique used to extract volumetric information
of biological samples [20,28,29]. Notably, OCM provides intricate high-
resolution depth-resolved insights into tissue morphology and micro-
structure without requiring fluorescence labeling [28,29]. OCM facili-
tates 3D visualization of tissue architectures, cellular organization, and
the spatial relationships between different tissue components [29].
Conversely, FM can effectively reveal the distribution and localization
of different types of molecules within tissues. Furthermore, FM is highly
sensitive to fluorescent probes and can detect specific molecules within
tissue [30]. These features enable labeling of cells or structures of in-
terest using fluorescent markers and allow real-time tracking of their
distributions and localization, which are valuable for studying dynamic
processes, such as cellular migration and interactions [31] and vascular
growth [32]. The integration of OCM and FM enables the visualization
of both the structural and functional aspects of the specimen while also
facilitating the monitoring of cells labeled with fluorescent markers
within the tissue; that is, OCM and FM-integrated multimodal imaging
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systems leverage the detailed morphological characterization ability of
OCM and molecular specificity provided by FM [4,30-36]. However, to
date, multimodal imaging systems based on OCM, have been primarily
used to obtain complementary information. Here, we propose a multi-
mode and multiscale imaging system that combines OCM and line
confocal FM (LC-FM) as well as a method to locate 3D positions in
volumetric samples for high-resolution 3D fluorescence imaging. We
also demonstrate the benefits of multimodal imaging in 3D cell culture
monitoring.

2. Methods

2.1. Multimode and multiscale 3D imaging system combining confocal FM
and OCM

Fig. 1 (A) shows the schematic diagram, and Fig. 1 (B) and (C) show
the actual photographs of the overall layout of the built OCM-integrated
LC-FM multimodal imaging system, which is equipped with two distinct
light sources: one for OCM imaging and the other for LC-FM imaging.
The OCM uses a superluminescent broadband light source (SLD-37-HP3,
Superlum Diodes Ltd., Carrigtwohill, Ireland) with a central wavelength
of 840 nm and a bandwidth of 80 nm, which yields an axial resolution of
~ 5 pm. This is shown in the measured OCM graphs in Fig. 1 (H) and (I).
In Fig. 1 (H) shows the axial scan plot of a OCM cross-sectional image of
a high-reflective surface as a sample, and Fig. 1 (I) is the zoomed-in axial
plot of (H) showing the FWHM of intensity peak of ~ 5 pm. The output of
the light source was linked directly to the input port of a 50:50 optical
fiber coupler (850-H7-L-15-FA, OF-LINK Communications Co., Ltd.
Shenzhen, China), which splits the beams into reference and sample
arms. Both ends of the optical coupler output port are connected to a
doublet collimator (F240APC-850, Thorlabs, Inc., NJ, USA). In the
reference arm, the beam travels through a combination of optical
components including a continuous variable attenuator (NDC-50C-4 M,
Thorlabs, Inc., NJ, USA) and a highly reflective broadband mirror (PF10-
03-PO1P, Thorlabs, Inc., NJ, USA) mounted on a motorized micro-
positioning stage (M30x/M, Thorlabs, Inc., NJ, USA). A motorized
stage was employed to adjust the optical path length in the reference
arm of the OCM interferometer to match that of the sample arm when
using different objectives. The appropriate path lengths in the reference
arm were determined in advance and applied automatically when
switching between objectives. In the sample arm, a dual-axis galva-
nometer scanning mirror was used to raster-scan the collimated beam in
the XY plane (GVSMO002-JP, Thorlabs, Inc., NJ, USA). The scanning
beam was directed towards the scan and tube lenses with focal lengths of
54 mm (LSMO04-BB, Thorlabs, Inc., NJ, USA) and 200 mm (TTL200-B,
Thorlabs, Inc., NJ, USA), respectively. The scanning beam following the
tube lens was directed towards the back end of an Olympus IX83
inverted microscope body, where a rotational selection slider was
mounted with a dichroic mirror (Di03-R488-t1-25 x 36, Semrock OP-
TICAL FILTERS, IDEX Health & Science, LLC, NY, USA) for FM imaging
and a highly reflective mirror for OCM imaging.

The back-reflected beams from the sample were collected via the
objective lens and redirected back to the optical coupler, where the
back-reflected light from the sample and reference arms were combined.
The combined light was directed to a spectrometer using a 4096-pixel
line-scan camera (Sprint spl4096-140 k, Basler AG, Ahrensburg, Ger-
many). The spectrum in the range of 800-880 nm was registered to 2048
pixels of the CMOS line camera employed in the spectrometer and then
digitized on a frame grabber. The total maximum imaging depth range
attainable with the said camera configuration is 3.27 mm. Real-time
visualization of cross-sectional and en face OCM images was achieved
through signal processing of the acquired signals, such as numerical
dispersion compensation, domain conversion, and fast Fourier trans-
form, using a GPU (NVIDIA Tesla K20, NVIDIA Corporation, Santa Clara,
CA, USA). The material and number of lenses used differed for each type
of objective lens, which induced different dispersions in the sample arm.
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Fig. 1. Overall schematic and key performances measured for the integrated multimodal OCM-LC-FM imaging system. (A) is the overall schematic depiction
illustrating the multimodal OCM-LC-FM imaging system. (B) and (C) are the actual photographs of the optical setup, and CO, and temperature controlled chamber for
sample, respectively. (D) is the 10 x LC-FM image of fluorescent microspheres of diameter 4 pm with inset graph showing the profile plotted along the yellow line in
(D). (E) is the 60 x LC-FM image of fluorescent microspheres of diameter 1 um with inset graph showing the profile plotted along the yellow line in (E). (F) and (G)
are the en face OCM images of USAF 1951 obtained with 10x and 60x, respectively. (H) is the axial plot of an OCM cross-sectional image of a high-reflective surface.
() is the zoomed-in axial plot of (H) showing the FWHM of ~ 5 pm. The red lines represent the OCM laser beam; the solid blue represents the LC-FM illumination
beam; and the solid green represents the LC-FM detection beam. 1D GVS: one-dimensional galvanometer scanning mirror, 1D MTS: one-directional motorized
translational stage, 2D GVS: two-dimensional galvanometer scanning mirrors, 3D MTS: three-axes motorized sample translational stage, A: attenuator, BPF: bandpass
filter, C: area camera used for LC-FM imaging, C1 to C3: Collimator, DC: dispersion compensator, DM1 and DM2: dichroic mirror, L1 to L3 lenses, M1 and M2: high-
reflective silver mirrors, Ob: objective lens, OC: optical coupler, PL: Powell lens, SL1, and SL2: scan lens, TL: infinity-corrected tube lens. Components are not drawn
Eo scale. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

<

To implement multiscale OCM imaging, it is necessary to preconfigure,
select, and apply an appropriate numerical dispersion compensation for
each objective lens, such as the optical path length matching mentioned
above. The lateral resolution for the built OCM system was calibrated
using a USAF 1951 high-resolution target (3" x 3" Positive, USAF 1951
Hi-Resolution Target, Edmund optics, Inc., NJ, USA), as shown in Fig. 1
(F) and (G). When used with a 10 x objective (UPlanFL N 10x, nu-
merical aperture (NA) 0.3, Olympus Inc., USA) for low magnification,
the maximum element of the resolution target that could be clearly
identified in group 7 was element 5 (Fig. 1 (F)), which has 203 line pairs
per millimeter which can be translated to a lateral resolution is ~ 5 pm
and a maximum field-of-view (FOV) of 1.5 x 1 mm (vertical x hori-
zontal) could be attained. When used with higher magnification of 60 x
configuration (UPlanFL N 60x, NA 0.9, Olympus Inc., USA), the
maximum element of the target that could be clearly identified in group
9 was element 3 (Fig. 1 (G)), which has 645 line pairs per millimeter
which can be translated to a lateral resolution of ~ 1.6 um with a
maximum attainable FOV of 185 x 115 um (vertical x horizontal). The
maximum imaging depth, which is the depth of focus, was calibrated by
using a highly reflective surface as a sample, which was translated along
the depth axis in both forward and reverse directions from the point of
maximum achievable focus using a z-axis nano-positioning stage
(ZL500, Mad City Labs Inc.) until the image became defocused. The
measured total travel distance when used with 10 x and 60 x were ~
100 ym and ~ 16 pm, respectively. To obtain a cross-sectional image, a
series of 500 lateral locations (A-line) were consecutively scanned to
produce one 2D cross-sectional OCM image at a speed of 100 frames per
second, and 500 images were acquired consecutively scanned horizon-
tally to generate a volumetric image in 5 s.

We built a custom line-scanning confocal FM system using a CMOS
rolling shutter for high-speed 3D FM imaging. The FM imaging system
used a laser source (S4FC488; Thorlabs, Inc., NJ, USA) with a central
wavelength of 488 nm. The laser beam was collimated using a F220APC-
532 collimator (Thorlabs, Inc., NJ, USA) and directed onto a Powell lens
(43-473, Edmund optics, Inc., NJ, USA) at a fan angle of 30°, resulting in
a uniform laser line by fanning the collimated beam out in one dimen-
sion. The fanning-out laser line was then directed toward a combination
of two achromatic lenses (TRH127-020-A-ML and TRH254-040-A-ML,
Thorlabs, Inc., NJ, USA) to relay on the surface of a 1D galvanometer
scanning mirror (GVS001, Thorlabs, Inc., NJ, USA), which was used to
scan the line-focused beam generated after passing through a scan lens
(LSMO03-VIS, Thorlabs, Inc., NJ, USA). A line-focused beam was coupled
into the OCM optical path with a dichroic mirror and then formed at the
sample plane with the same tube and objective lenses, which were also
used for OCM imaging. The fluorescence signal emitted from the sample,
which was collected by the objective lens, was guided into the detection
path with another dichroic mirror mounted on a rotational selection
slider, passed through a bandpass filter (FF03-525/50-25, Semrock LLC,
NY, USA), and focused onto the image plane of an sCMOS camera (Zyla
4.2 sCMOS, Andor Technology) using a focusing lens (AC254-300-A,
Thorlabs, Inc., NJ, USA). Confocal images were obtained by synchro-
nizing the line field scanning over the sample and the rolling shutter
action of the sSCMOS camera to remove out-of-focus light. To construct a
3D volumetric image of FM, a z-axis nano-positioning stage (ZL500, Mad

City Labs Inc.) with a total travel range of 500 pm was utilized to move
the sample along the depth axis. Translational movements along the X-Y
axes were achieved using a micropositioning stage (MCL-MOTNZ, Mad
City Labs Inc.). The lateral resolution of the LC-FM system was cali-
brated using a commercially available fluorescence microscope test slide
containing variable-size fluorescent microsphere targets (F36909,
FocalCheck™ Fluorescence Microscope Test Slide #1, ThermoFishers
Scientific, USA). The obtained LC-FM images of the fluorescent micro-
spheres in row A, columns 3 and 4 of the test slide are shown in Fig. 1 (D)
and (E), respectively. The LC-FM images shown in Fig. 1 (D) and (E) are
obtained using 10 x and 60 x objectives, which shows the fluorescent
microspheres of diameters 4 um and 1 um, respectively. The inset graphs
within Fig. 1 (D) and (E) are the profile plots obtained at the marked
yellow lines, which were measured across two adjacent microspheres. In
both the inset pots, two distinct peaks can be seen, which correspond to
the center of microspheres, which yields that the lateral resolution of LC-
FM when used with 10 x and 60 x are better than 4 um and 1 pm,
respectively. Our built LC-FM system offers a maximum of 500 um travel
distance using Z-stage, but when coupled with a 60 x objective lens, the
maximum imaging depth from the sample surface is limited to 200 pm,
which is the working distance of the objective lens. The maximum FOV
attained with current scanning setup were 1000 x 650 um and 185 x
115 pm for the 10 x and 60 x objective lenses, respectively. The laser
line’s scanning speed is 20 Hz, which corresponds the acquisition time of
0.05 s for a LC-FM image. To obtain a volumetric LC-FM image, the
sample was translated over 100 positions along the depth axis using the
z-axis nano-positioning stage. The total time taken to acquire one
volumetric LC-FM image was 5 s. For live-cell imaging, the samples were
mounted on a sample holder with temperature-controlled gas mixture
flow at 37 °C, a live-cell culture system on top of the stage (Incubator
System T, LCI, Inc.). The OCM system utilized a Superlum Diodes SLD-
37-HP3 as the light source, emitting wavelengths in the range of 800
to 880 nm, with a laser power output of 18 mW. Considering the fact that
only 50 % of this is directed towards the sample using the optical coupler
and the losses from alignment optics, the effective laser power reaching
the sample was approximately ~ 5 mW. For the LC-FM illumination, the
laser source S4FC488 was employed, emitting light at 488 nm, with a
typical laser power of 2.5 mW (unless mentioned otherwise) for line
illumination on the sample. For both OCM and LC-FM, the total time
required to obtain one volumetric image is around 5 s. These illumina-
tion levels were carefully controlled and maintained, which are well
within the established ANSI (American National Standards Institute)
safety limits for biomedical samples [37].

2.2. Algorithm to select an ROI in a 3D biochip sample and aim light
directly at that ROI using OCM for high-resolution confocal fluorescence

imaging

The steps for high-resolution 3D fluorescence imaging at the desired
location are shown in Fig. 2. The FOV used to search for ROI was
determined by the maximum attainable FOV of the OCM system using
the selected objective lens. In this study, a 10 x objective lens was used
for the low-magnification OCM imaging, which yielded an FOV of 1.5 x
1.0 x 0.1 mm (X-Y-Z), to search for the ROI within the volumetric
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Fig. 2. Steps for high-resolution 3D fluorescence imaging directly at the desired location in a 3D biochip sample. This figure shows the complete method for
utilizing OCM to screen biochip samples with complex microenvironments for selecting an ROI, focus light on the ROI, and perform depth boundary calculations for
volumetric LC-FM imaging of the selected ROL. (A) is the OCM screening window used for ROI selection. (B)-(D) Focus position visualization onto the ROI and depth
limit estimation of ROI for LC-FM volume imaging. (E) is the volumetric LC-FM image of ROL

sample. The depth of focus was approximately 100 uym when the 10 x
objective was used. The acquired 3D OCM image data were saved and
visualized in orthogonal views of XY, XZ, and YZ to carefully search for
and determine the ROI for high-resolution FM imaging, as shown in
Fig. 2(A). The search can be repeated for the entire volume of the sample
by moving the X- and Y-positions of the sample and the height of the
objective lens. In the second step, when an ROI was selected, the actual
distance required to move the sample translation stage along the X- and
Y-axes was calculated, and the stage moved the sample such that the
target ROI reached the center of the FOV where the objective was
located. After obtaining an X-Z cross-sectional image with a 10 x
objective lens, it was changed to a 60 x objective lens for high magni-
fication. In the X-Z view of the OCM captured with a 60 x objective lens,
an image that resembles a sharp line is formed owing to the narrow
depth of focus, as shown in Fig. 2(B). Specifically, the peak position of
the line image in the X-Z view corresponded to the depth position of the
focal line in the sample, as shown in Fig. 2(C). The peak position was
marked on the pre-stored X-Z image captured by the 10 x objective and
placed at the desired depth in real time, as shown in Fig. 2(D). If an
extended depth of focus over the entire depth of the sample is required
for pre-stored X-Z images, multiple X-Z images can be acquired at
different focus positions along the depth and then merged. Additionally,
the first and last depths of the ROI area can be easily determined by
moving the objective lens along the Z-axis because the focus position
marked in the pre-stored X-Z image is updated in real time. The
measured value was used to set the movement range of the sample stage
in the z-axis direction to capture a 3D volumetric image of the ROL In
the final step, after focusing the light at the desired depth, high-
resolution FM imaging was performed directly, as shown in Fig. 2(E).
The process could be repeated rapidly at any given position within the
sample volume in the three axes.

2.3. Sample preparation

The overall architecture of the bio-chip and the environment
controlled multimodal imaging system employed for experimental

purposes is shown in Fig. 3(A). A brief representation of vascular
network formation and the formation of tumor spheroid in bio-chip used
for long-term live-cell monitoring experiments is given in Fig. 3(B) and
(C), respectively. The microfluidic device vascular-on-chip (VoC) con-
taining a vascular network was constructed using soft lithography, as
previously described[38]. Briefly, the microfluidic device was designed
to contain three different channels: one gel channel containing the ECM,
human umbilical vein endothelial cells (HUVECs) transduced with green
fluorescent protein (GFP-HUVECs, Angio-Proteomie), and normal
human lung fibroblasts (nHLFs, Lonza), and two media channels with
endothelial cell monolayers. The channels were formed by bonding
plasma-treated PDMS and glass coverslips (No. 1, Marienfeld), followed
by polydopamine coating (5 mg/mL in pH 8.5 Tris HCL) for 45 min
under UV light. The channels were then washed twice with distilled
water and plasma-treated to increase hydrophilicity during seeding
(100 W, 3 min). A thrombin solution (4 unit/ mL in EBM) containing
GFP-HUVECs (19.6 x 10° cells/mL) and nHLFs (14 x 10° cells/mL) was
mixed with a fibrinogen solution (6 mg/ mL in PBS) and immediately
pipetted inside the gel channel. After the gelation, media channel was
incubated with matrigel solution (300 ug/ mL in EBM) for 45 min and
endothelial cells solution (4 x 10° cells/mL in EGM2-MV) were intro-
duced in the media channel. Residual cells were removed after the
attachment and the microfluidic device were daily refreshed with
vascular endothelial growth factor supplemented EGM2-MV (20 ng/mL,
Peprotech) inside the humidified incubator (5 % CO, at 37 °C). After
vascularization for five days, patent lumens inside the VoC were
perfused with EGM2-MV for an additional two days using a peristaltic
pump (Takasago Fluidic Systems), the microfluidic device was fixed,
permeabilized, and mounted with Vectashield (Vector Laboratories)
before imaging. Over a period of five days, a continuous vessel network
was formed within the ECM through vasculogenesis, which is the self-
assembly of endothelial cells. This process was monitored by
observing endothelial cell proliferation, elongation, and branching,
which confirmed successful vascularization of the sample (supplemen-
tary figure S1).

For long-term live-cell monitoring experiments of tumor spheroid,
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Fig. 3. Details of biochip sample architecture, vascular formation in VoC, and tumor spheroid sample preparation for long-term live-cell monitoring. (A)
Overall architecture of the biochip and the environment controlled multimodal imaging system used for experiments. (B) Vascular network formation used for VoC
samples. (C) Tumor spheroid formation in biochip used in long-term live-cell monitoring experiments.

the biochip containing the tumor spheroid was fabricated by injecting
mixture of tumor spheroids, collagen type-I (Gibco, final 0.1 mg/ mL),
fibrinogen (Sigma, final 2.5 mg/ mL), and thrombin (final 2 unit/ mL)
into gel channel. The tumor spheroids were formed by co-culture of
human breast cancer cells (MDA-MB-231, Korea Cell Line Bank) and
human mammary fibroblasts (HPMF, Cell Biologics) for three days in
PrimeSurface® 3D culture plate (S-bio). Both the cell types were stained
with CellTracker Green (Invitrogen) before performing the co-culture
for FM imaging. To supply the nutrients needed for cell growth, a
warm (37 °C) media (RPMI1640, Gibco) was continuously injected into
the biochip samples through the media channels using a syringe pump
(Harvard Apparatus) and an inline heater (Fluidic Inline Heater, LCI,
Inc.) for the entire experimental period (five days).

3. Results and discussion
3.1. High-resolution FM imaging at desired locations within a 3D sample

To reduce photobleaching and phototoxicity, which occur during
fluorescence imaging of 3D samples, the fluorescence excitation time
must be limited. With our proposed method, the three steps mentioned
in Section 2.2, namely, determining an ROI, aiming to illuminate that
ROI, and immediately performing high-resolution confocal FM imaging,
were validated using 3D samples of tumor spheroids and vascular net-
works. Vascular networks and tumor spheroid formation on biochips are
widely recognized as physiologically relevant in vitro models that well
describe key aspects of the tissue microenvironment and disease path-
ophysiology. Moreover, evaluating 3D tissue models has emerged as a
major challenge as the Food and Drug Administration (FDA) has recently
permitted alternative approaches to in vivo models for regulatory pur-
poses. Vascular network analysis is related to angiogenesis, an important
process associated with tumor growth and metastasis. Tumor spheroid
models are useful tools for studying tumor biology and drug discovery.
High-resolution FM imaging was effectively performed on protrusions of
a tumor spheroid and vascular branches using the proposed method.

3.1.1. Tumor-associated protrusion

Protrusions are known to correlate with the invasion potential of
tumor spheroids. Increased protrusion fluctuations and long protrusions
facilitate tumor invasion by breaching the basement-membrane barrier
[39]. The LC-FM assisted by OCM successfully imaged these tumor-
associated protrusions, highlighted within the ROI using red dashed
circles in Fig. 4. Fig. 4 illustrates how OCM can be used to effectively
locate a ROI in a 3D sample, which in this study is a protrusion of a
tumor spheroid, and perform high-resolution fluorescence imaging
directly on that ROI. As shown in the first step of Fig. 4, the sample was
explored, and the ROI was determined. Fig. 4(A) displays a three-axes
cross-sectional OCM image extracted from volumetric data acquired
with 10 x objective. The intersection of the yellow dotted crosshairs in
the three-axes cross-sectional OCM image indicates the location from
which the image is extracted. The crosshairs can be moved as desired,
and the corresponding cross-sectional images in all three-axes are
updated in real time. This is useful for determining the ROIL. Corre-
sponding 10 x FM images and OCM volume-rendered images of the
tumor spheroids are shown in Fig. 4(B) and (C). While the dotted
pentagon highlighted in the OCM volumetric image in Fig. 4(C) shows a
clear distribution of cells along the depth, this was difficult to observe in
the 10 x FM image shown in Fig. 4(B). The ROI for the 60 x FM volume
imaging was selected as the bottom structure, which appeared to be a
round cellular structure with fiber-like protrusions. This is indicated by
red dotted circles. In the second step, the goal was to focus the light on
the 60 x FM imaging at the desired location within the ROL First, the
center of the ROI was positioned along the optical axis of the objective
lens using a sample-movement stage. The conversion to 60 x OCM also
involved the mechanical movement of the reference mirror and a change
to the 60 x objective lens. The YZ image from the 60 x OCM appears
line-like owing to the narrow depth-of-focus produced by the 60 x
objective. Fig. 4(D1)-(D3) show the representative images when the
objective is moved along the depth axis. Fig. 4(E1)-(E3) show the depth
scan plots of the positions indicated by the solid yellow lines in (D1)—
(D3). The inset in Fig. 4(E3) shows a histogram of 150 peak positions
(objective depth position maintained) with a bin spacing of one image
pixel and an X-axis interval at the middle depth of the channel. The
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Fig. 4. 3D guidance employed by OCM for high-magnification LC-FM imaging in live-cell tumor spheroid monitoring. (A) shows the three-axes cross-
sectional visualization extracted from the pre-stored 10 x OCM 3D image. (B) and (C) are the 10 x LC-FM and OCM volume rendered image. D1-D3 are real-time
OCM 60 x cross-sectional images. The depth scan plots along the solid yellow line in (D1)—(D3) are (E1)—(E3). Inset in (E3) is the histogram plot of 150 peak positions
of the depth scan plots. (F1)-(F3) are 10 x OCM cross-sectional images marked with auto-traced current 60 x focal position. (G) and (H) are the 60 x LC-FM image
of targeted ROI on days 1 and 5 respectively. The red dotted circles and ellipse indicate the targeted ROI for LC-FM. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

signal-to-noise ratio (SNR) of the peak signal, measured at this depth
with a 60 x objective lens, was 1.5. The measured full width half
maximum (FWHM) of the histogram was 9.6 um, which corresponded to
the accuracy of determining the depth of the focal position, and this
accuracy is strongly correlated to the SNR. For SNR higher than 2,
corresponding to Fig. 4(E1)-(E2), the accuracy is better than 3.2 pm,
which corresponds to the pixel resolution of the OCM system. (F1)—(F3)
are the auto-tracked current 60 x focal plane positions superimposed on
the pre-saved 10 x OCM YZ cross-sectional image, with the current focal
plane indicated by the red dotted horizontal line at the intersection.
Additionally, at this stage, the depth boundaries of the ROI were
recorded, and these values were used as the start and end points when
scanning the z-axis for volumetric 60 x FM imaging. In the final step, the
target ROI was directly imaged with 60 x FM. The z-axis sample stage is
moved along the depth direction to obtain high-magnification FM
volumetric images (G). The exact location of the ROI was 758 pm away

from the surface of the biochip. The first and last focal plane boundaries
of the ROI were at 703 and 799 pm from the biochip sample surface, and
the overall thickness of the ROI was 96 pm. In Fig. 4, image (H) is a 60 x
LC-FM volumetric image of the same target ROI taken on day 5 of the
live-cell monitoring experiment. Overall structural changes that
occurred during the monitoring experiment are shown in Fig. 4(G) and
(H), with changes within the ROI highlighted by dashed elliptical circles.

In the observed OCM images and graphs presented in Fig. 4(D1-D3)
and (E1-E3), a noticeable decrease in both SNR and FWHM is evident as
the imaging depth increases. This phenomenon can be attributed to the
inherent limitations associated with deep tissue imaging, particularly
when using high NA objectives with a very narrow focus depth. High NA
objectives are essential for achieving high-resolution imaging, as they
enable the collection of a large portion of scattered light from the
sample. However, when imaging deep into the tissue, high NA objectives
face challenges related to optical scattering, aberrations, and dispersion.
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Optical scattering occurs when light interacts with tissue structures,
causing deviation and diffusion of light rays. As a result, the signal in-
tensity decreases as imaging deep into the tissue, thus reducing SNR.
Aberrations are caused by changes in refractive indices within tissue
components such as cell membranes, organelles, and extracellular ma-
trix. These varying refractive indices by complex microstructures lead to
aberration effects that distort the wavefront and thus degrade lateral
resolutions as light travels deeper into the tissue. Additionally, disper-
sion in tissue leads to axial PSF broadening in OCM, reducing axial
resolvability. This dispersion phenomenon becomes more profound as
light propagates through deeper tissue layers, resulting in decreased
depth resolution. Consequently, the imaging depth achievable with high
NA objectives is constrained, and the quality of images acquired from
deeper tissue regions is compromised. To address these limitations,
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various strategies can be employed to improve deep tissue imaging
performance in future studies. These may include software-controlled
increasing laser power of OCM as imaging deeper into tissues to
compensate the signal attenuation, adaptive optics to correct aberra-
tions, and signal processing algorithms to reduce dispersion.

3.1.2. Narrow tubular branches in the 3D vascular network

During angiogenesis, blood vessel branching is an important
morphogenetic process to grow complex vascular networks and related
to angiogenic sprouting and tumor growth [40]. OCM imaging allows
visualization of the complex vascular structures in 3D tissue models, as
shown in Fig. 5. This feature enables a comprehensive study of the lo-
cations of small blood vessel branches and angiogenic sprouts within a
sample, minimizing the labor-intensive process in implementing 3D

Fig. 5. Visualization of vascular branching along depth in VoC using OCM guided ROI selection for 60 x LC-FM imaging. (A) 10 x LC-FM vascular network
image selected via OCM three-axes cross-sectional guidance. Images (B)-(F) are successive OCM en face images along the depth axis. (G) and (H) are the cross-
sectional OCM images captured at the positions marked with the blue dotted and orange dotted cross-hairs in (A) and (B). The red solid box in (A)-(F) is the tar-
geted ROL (D—(K) ROI of 60 x LC-FM images. (I) and (J) are the top and bottom planes of the ROI. Projection image (K) is obtained from (I) and (J). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



N.K. Ravichandran et al.

tissue models. Fig. 5 (A) shows the vascular network image obtained
with 10 x LC-FM of the VoC sample, which was selected using OCM’s
three-axes cross-sectional guidance. Images in Fig. 5(B)—(F) show suc-
cessive OCM en face images to visualize the changes occurring in the
vascular structures along the depth. The small vascular branching ROI
selected for LC-FM 60 x imaging is highlighted within the red-box re-
gion in Fig. 5(A)—(F). The selected ROI shows clear branching of the
vascular network, which is well-defined as shown in cross-sectional
OCM images in Fig. 5(G), (H) and successive en face OCM along the
depth. Image (G) is the OCM cross-sectional image (X-Z) corresponding
to the position of the blue dashed line, and image (H) is the OCM cross-
sectional image (Y-Z) corresponding to the position of the orange dashed
line of the cross-hair in Fig. 5(A) and (B). In Fig. 5, images (I)-(K) are 60
x LC-FM images of the target ROI, and Fig. 5(I) and (J) are topmost and
bottommost boundary sections of the vascular network branch, respec-
tively. The two boundary depths were aimed directly using the proposed
method. In Fig. 5, image (K) was obtained by summing images in Fig. 5
(I) and (J) in post-image processing. The vascular branch is 23 pm thick
and 30 ym wide. The width of the vascular branch was measured using
the LC-FM 60 x image indicated by the yellow dashed inward-pointed
arrows in Fig. 5(K), while its thickness was measured using the OCM
cross-sectional XZ image indicated by the yellow dashed inward-pointed
arrows in Fig. 5(G). The vascular branching section of the ROI is indi-
cated by solid blue arrows in the OCM —XZ and YZ cross-sectional in
Fig. 5(G) and (H), and in the LC-FM projection image Fig. 5(K).
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3.2. Observation of cell behaviors in long-term 3D cultures using
FM-OCM complementary imaging

The 3D culture format of organoids and spheroids utilizes the ECM
that better represents in vivo physiology and genetic diversity than
traditional two-dimensional cell lines because the ECM constitutes the
primary acellular microenvironment of cells in nearly all tissues and
organs. The ECM not only provides mechanical support but also medi-
ates numerous biochemical interactions to guide cell survival, prolifer-
ation, differentiation, and migration. Therefore, much research is being
conducted on the effects of ECM-based biomaterials on cellular
behavior. To evaluate the advantages of the FM-~OCM complementary
imaging technique, we applied the proposed method to real cases of cell
proliferation and migration of tumor spheroids mixed with ECM in long-
term 3D culture. Reliably imaging the shape and changes in the 3D
structure of the ECM using OCM is helpful for observing cell behavior
within microenvironments such as the ECM.

3.2.1. Proliferation and migration of tumor cells in the ECM

All the images shown in Fig. 6 were captured using a 10 x objective
lens. Fig. 6(A) and (B) show the reconstructed volumetric images of a
tumor spheroid taken on days-1 and 5, and the corresponding FM images
of the same position are shown in Fig. 6(E) and (F). Fig. 6(C) shows an
overlay of Fig. 6(A) and (B). Similarly, Fig. 6(G) shows an overlay of
Fig. 6(E) and (F). In the overlay image of Fig. 6(C), the day-1 OCM
volume of the spheroids is shown in grayscale, while day-5 is colored

OCM: D5

OCM Overlaid: D1 & D5

FM Overlaid: D1 & D5

OCM-FM Overlaid: D1

100 \,\ﬂ\l
OCM-FM Overlaid: D5

3D Guidance &
Navigation
Offered using OCM

2D Guidance & Navigation
Available in Conventional &
Commercial Systems

Fig. 6. Complementary utilization of OCM and LC-FM imaging in tumor spheroid live-cell monitoring and advantages of 3D ROI selection and navigation
using OCM over conventional phase microscopy for navigation and guidance for FM imaging. (A)-(B) and (E)-(F) are reconstructed 10 x OCM volumetric
images, and 10 x LC-FM images of tumor spheroids on days 1 and 5, respectively. (C) is the overlay of (A) and (B). (G) is the overlay of (E) and (F). (D) and (H) are
overlays of (A) and (E), and (B) and (F) respectively. (I)-(L) are the en face, vertical cross-sectional, horizontal cross-sectional, and 3D reconstructed OCM volumetric
images with orthogonally sliced intersection of (A). (M) is the conventional guidance for FM imaging using phase contrast microscopy topological image of tumor
spheroid on day-5. The white arrows in (A)-(D) and (I)-(K) are the hollow voids surrounding and in-between two spheroids, which are not visible in the LC-FM or in-

phase contrast microscopy images.
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orange to blue, with orange representing the highest intensity. Similarly,
in Fig. 6(G), the day-1 FM image is in orange and day-5 is blue. In
addition, Fig. 6(D) and (H) show the overlays of the OCM and LC-FM
images captured on days-1 and 5, respectively. As shown in Fig. 6(C) and
(G), the two spheroids grew and clumped into one large spheroid over
time. A time-lapse of this is shown as a video in Supplementary video file
S2. However, in the OCM volumetric image shown in Fig. 6(C), it is clear
that the border cells of the spheroid move outward rather than simply
remaining stationary and proliferating. This was not noticeable when
using the FM, as shown in Fig. 6(G). This may be because the fluores-
cence signal weakens over time and the sensitivity of OCM is higher than
that of FM. Additionally, areas devoid of the ECM gel (indicated by
white arrows in Fig. 6(A)-(D) and (I)-(K)) were visible around and be-
tween the spheroids in the OCM images. However, this is not visible in
FM or is difficult to distinguish even in phase-contrast microscopy, as
shown in Fig. 6(M). This is a tumor invasion in which tumor cells appear
to migrate outward after ECM degradation, demonstrating the potential
of using OCM imaging to understand the tumor cell migration
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mechanisms associated with the ECM. Commonly used and widely
adopted phase-contrast microscopy images provide only a two-
dimensional (2D) topological view of the spheroid, as shown in Fig. 6
(M), and cannot fully realize the complex volumetric structure forma-
tion of the spheroid. On the other hand, OCM offers a real-time en face
image of Fig. 6(I) and cross-sectional images of Fig. 6(J) and (K), which
are useful for better understanding spheroid and ECM structures.
Additionally, the 3D volumetric image of Fig. 6(L) of the sample can be
visualized for intuitive understanding. Therefore, OCM volume imaging
enables the analysis of tumor cell invasion and ECM remodeling, which
includes ECM generation and degradation in the 3D volume.

3.2.2. Migration of tumor cells along collagen fibers

Tumor spheroid samples were explored using 10 x OCM imaging,
and single tail-shaped protrusions emanating from the lower region of
the spheroid were designated as ROI and observed during five days of
culture, as shown in Fig. 7. Fig. 7 (A) and (B) show images in which a 60
x magnification FM image (green hue) of the ROI is superimposed on a

OCM overlaid with LC-

OCM overlaid with LC-

60X LC-FM Navigated using

FM Day 01 FM Day 05

OCM for Live-Cell Monitoring

Fig. 7. OCM-assisted FM in live-cell monitoring. (A), (B) cross-sectional images; (D), (E), (G), and (H) are 10 x OCM images overlaid with 60 x LC-FM image of a
tumor spheroid. (C), (F), and (I) are the 60 x LC-FM live-cell monitoring images obtained on days 1, 3, and 5 using the OCM-based 3D navigation method. The real-
time OCM cross-sectional images (D) and (E) are obtained at the position indicated with the yellow dashed line in the real-time en face images (A) and (B),
respectively. The structures indicated within red dotted ellipse and with white arrows in all the images highlight the changes that occurred during the monitoring
period. The LC-FM images are presented in the green hue, and the images in grayscale represent the cross-sectional and en face OCM images, while those in orange
hue are the 3D OCM images. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



N.K. Ravichandran et al.

10 x magnification OCM image (gray hue). Fig. 7(A) was acquired on
the first day, and Fig. 7(B) on the fifth day. Fig. 7(D) shows a cross-
sectional (x-z) image of the ROI at the location indicated by the yel-
low dotted line in Fig. 7(A), and Fig. 7(E) shows a cross-sectional (x-z)
image of Fig. 7(B). The 3D volume-rendered images are displayed in
orange to provide a comprehensive visualization of the tissue
morphology, as shown in Fig. 7(G) and (H), corresponding to days 1 and
5 of the culture, respectively. A 60 x FM image of the ROI was added to
the 3D volume-rendered image. And Fig. 7(C), (F), and (I) correspond to
the 60 x FM images of the ROI acquired on days 1, 3, and 5 of culture,
respectively. The tail-shaped protrusion within the ROI gradually shrank
over time, as indicated by the dashed red circles in Fig. 7. As can be seen
in the en face (x-y) image in Fig. 7(A-B) and the cross-sectional (x-z)
image in Fig. 7(D-E), OCM can observe protruding collagen fibers in
three-dimensions. Through the OCM-FM complementary imaging, it
was possible to confirm that the tumor cells migrated along the fiber
bundle. Because ECM fibers are continuously remodeled during tumor
growth and metastasis, a label-free imaging tool is necessary, and
combining OCM with LC-FM could be a solution. Additionally, the
tumor volume can be accurately measured using OCM volumetric im-
aging. The measured total volumes of the tumor spheroids were 3.45 x
108 pm® and 5.32 x 10° ym® on days 1 and 5, respectively, resulting in a
total increase of 1.87 x 10° uym® in the volume. On average, the
measured tumor volume using 3D volume imaging identified tumor
invasion by volume increased by 1.5 to 2 x 10° ym?. Exact measurement
of tumor volume in three-dimensions is crucial to sensitively determine
the effectiveness of anticancer drugs. Therefore, OCM combined with
LC-FM is a useful tool for comprehensive analysis of tumor growth and
metastasis correlated with ECM and drug testing.

4. Conclusions

We presented a multimode and multiscale FM—OCM amalgamated
imaging system for co-registration acquisition of LC-FM and OCM im-
ages; this system can be used with different objectives for low and high
imaging magnifications. Based on this imaging system, we proposed a
method for high-resolution 3D fluorescence imaging directly at the
desired location. This method helped to reduce the risk of phototoxicity
and photobleaching in thick samples by selectively using fluorescent
signals from specific areas of interest within a 3D sample. It also reduced
the time and effort required for ROI selection and navigation in high-
resolution LC-FM imaging. We demonstrated the use of complemen-
tary information obtained from OCM to identify morphologically
interesting regions of cells and tissues. This helps to continuously
observe morphological changes without consuming the fluorescent
signal resources for long-term FM analysis of living cells. To evaluate the
performance and test the applicability of the proposed system and
method, 3D live-cell models such as tumor spheroids and self-assembled
vascular network were cultured on a biochip for five days and imaged.
Specifically, we precisely searched for protrusions outside the tumor
spheroids and narrow tubular branches of the 3D vascular network and
instantaneously performed high-resolution FM imaging. We also
demonstrated the advantages of the OCM-FM complementary imaging
method by analyzing cell proliferation and migration of mixed tumor
spheroids in the ECM and microenvironment in long-term 3D cultures.
Nevertheless, there are the limitations of our proposed method
compared to alternative multimodal imaging techniques. For instance,
3D holography integrated fluorescence microscopy can enable rapid 3D
imaging of samples, calculate the refractive index changes within the
sample structures [41]. However, these applications are limited to
transparent or thin sample. Another multimodal imaging approach is the
use of fluorescence microscopy in combination with multiphoton mi-
croscopy [42]. The use of multiphoton imaging aids in imaging deep into
tissues, as long-wavelength excitation sources enable imaging at depths
beyond 1 mm [43]. However, the long exposure duration of high-
intensity multiphoton lasers can cause phototoxicity to the sample
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structures. Furthermore, our proposed method addresses the need for
depth-resolved fluorescence imaging in thick tissue samples, but it may
not be fully utilized due to limitations associated with optical scattering,
aberration and dispersion, particularly in deep-tissue imaging applica-
tions. This has been further discussed in detail in section 3.1.1. Future
studies will be focused on the addition of flow and photothermal
detection functions to the OCM and expansion of confocal FM into a
multicolor imaging system for investigation of the flow and photo-
thermal effects of nanoparticles in engineered microsystems.
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