
1

Vol.:(0123456789)

Scientific Reports |         (2024) 14:3366  | https://doi.org/10.1038/s41598-024-53171-4

www.nature.com/scientificreports

Label‑free visualization 
and quantification 
of the drug‑type‑dependent 
response of tumor spheroids 
by dynamic optical coherence 
tomography
Ibrahim Abd El‑Sadek 1,2, Rion Morishita 1, Tomoko Mori 3, Shuichi Makita 1, 
Pradipta Mukherjee 1, Satoshi Matsusaka 3 & Yoshiaki Yasuno 1*

We demonstrate label-free dynamic optical coherence tomography (D-OCT)-based visualization 
and quantitative assessment of patterns of tumor spheroid response to three anti-cancer drugs. 
The study involved treating human breast adenocarcinoma (MCF-7 cell-line) with paclitaxel (PTX), 
tamoxifen citrate (TAM), and doxorubicin (DOX) at concentrations of 0 (control), 0.1, 1, and 10 µM 
for 1, 3, and 6 days. In addition, fluorescence microscopy imaging was performed for reference. The 
D-OCT imaging was performed using a custom-built OCT device. Two algorithms, namely logarithmic 
intensity variance (LIV) and late OCT correlation decay speed (OCDS

l
 ) were used to visualize the tissue 

dynamics. The spheroids treated with 0.1 and 1 µM TAM appeared similar to the control spheroid, 
whereas those treated with 10 µM TAM had significant structural corruption and decreasing LIV and 
OCDS

l
 over treatment time. The spheroids treated with PTX had decreasing volumes and decrease 

of LIV and OCDS
l
 signals over time at most PTX concentrations. The spheroids treated with DOX had 

decreasing and increasing volumes over time at DOX concentrations of 1 and 10 µM, respectively. 
Meanwhile, the LIV and OCDS

l
 signals decreased over treatment time at all DOX concentrations. The 

D-OCT, particularly OCDS
l
 , patterns were consistent with the fluorescence microscopic patterns. The 

diversity in the structural and D-OCT results among the drug types and among the concentrations 
are explained by the mechanisms of the drugs. The presented results suggest that D-OCT is useful for 
evaluating the difference in the tumor spheroid response to different drugs and it can be a useful tool 
for anti-cancer drug testing.

Cancer is one of the most fatal diseases worldwide1,2, accounted for 10 million deaths in 20203. The cancer 
mortality rate can be reduced through early diagnosis and the proper selection of anti-cancer drugs. There are 
several drug types that can be used for the treatment of a single type of cancer. As an example, approximately 80 
drugs, including abemaciclib, paclitaxel (PTX), tamoxifen citrate (TAM), doxorubicin hydrochloride (DOX), 
and anastrozole, are approved for breast cancer treatment in the United States.

Each type of anti-cancer drug has a different mechanism of interaction with cancer cells. Abemaciclib, for 
example, is a cyclin-dependent kinase (CDK) inhibitor that reduces the proliferation of estrogen-receptor-posi-
tive breast cancers4,5. PTX corrupts the cell structure and halts cell mitosis by stabilizing microtubules (MTs)6,7. 
TAM is an estrogen receptor transcription inhibitor that up-regulates the production of transforming growth 
factor β (TGF-β ) and down-regulates insulin-like growth factor 1 (IGF-1) and protein kinase C (PKC), result-
ing in cell apoptosis8,9. DOX inhibits the growth of breast cancer cells by blocking topoisomerase II and induces 
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apoptosis10,11. Anastrozole, is an estrogen blocker12. Understanding the mechanisms of interaction between drugs 
and cancer cells is important for proper anti-cancer drug selection.

The tumor spheroid, which is a three-dimensional (3D) culture of cancer cells, can be used to clarify a drug-
cell interaction13,14. A tumor spheroid closely emulates the heterogeneous structure, growth kinetics, and cell 
interactions of in vivo solid tumors15. The efficacy of an anti-cancer drug can be evaluated via the effect of the 
drug on the spheroid’s morphology and cell viability. The spheroid’s morphology and cell viability are assessed 
using several gold-standard modalities, such as histology16,17, fluorescence microscopy18–20, and bright-field 
microscopy21,22. However, these methods have several limitations. Staining histology is invasive and provides 
only two-dimensional slice imaging. Bright-field microscopy lacks molecular specificity and is a two-dimensional 
imaging method. Fluorescence microscopy is invasive and its deep imaging ability is limited to a few hundred 
microns. Multi-photon microscopy has been used for the quantification of the collagen fiber alignments of tumor 
spheroids embedded in collagen gel23. Recently, two-photon microscopy has been also used for the structural 
organization analysis of gastric cancer spheroids co-cultured with cancer associated fibroblast24. However, these 
methods are invasive, since they use external contrast agents. In addition, they require a long acquisition time 
for volumetric imaging. Fluorescence lifetime imaging has been used to assess the spatial metabolic profile dur-
ing migration of breast cancer spheroids embedded in 3D extracellular matrix25. This method is label-free, but 
it is cross-sectional. Meanwhile, the requirements for spheroid imaging are label-free, volumetric, deep, and 
longitudinal imaging capabilities.

In contrast with standard microscopy, optical coherence tomography (OCT) is a label-free and volumetric 
imaging modality having a long penetration depth, such as a depth of a few millimeters26. OCT is thus a use-
ful microscopic imaging modality for tumor spheroid imaging. The necrotic regions of tumor spheroids were 
recently highlighted through OCT-based attenuation coefficient imaging27,28. In addition, the quantification of 
the volume and growth of a tumor spheroid was recently demonstrated using standard OCT imaging29. Further-
more, OCT-based tissue density quantification was used for evaluating regional differences in the drug response 
of tumor spheroids30. However, these methods quantify only the static properties of the tissue. To access the 
intracellular activity, which may reflect the cell viability, further extension of OCT is required.

Dynamic OCT (D-OCT) is an emerging functional extension of OCT that combines high-speed OCT systems 
and the signal processing of the rapidly captured OCT frames. D-OCT measures multiple OCT frames at the 
same location and analyzes the temporal signal property at each pixel. This process provides cellular and sub-
cellular activity contrasts without using external contrast agents. D-OCT has been implemented with both full-
field31–34 and scanning type35–38 OCT devices. The signal processing algorithms of D-OCT can be classified into 
two categories: magnitude analysis and speed analysis of the OCT signal fluctuations. The magnitude analyses 
include the cumulative summation (cumsum) method39, motility amplitude analysis40, and our developed loga-
rithmic intensity variance (LIV)37,38. These algorithms aim at quantifying the magnitude of the intracellular motil-
ity. On the other hand, the speed analyses include auto-correlation37,38,41,42 and time spectrum analyses33,35,36,40. 
Both the correlation and spectral analysis methods may quantify the speed of the intracellular dynamics, directly 
or indirectly. Although D-OCT application to in vivo imaging is still challenging, D-OCT has been used for 
in vitro and ex vivo tissue activity evaluations. Several studies have demonstrated the ability of D-OCT to visu-
alize the intracellular activities of fresh ex vivo and in vitro samples including tumor spheroids31,33,35–37,43. Most 
of these methods are two-dimensional, i.e., they provide only en face31 or cross-sectional35–37 images. Although 
volumetric D-OCT has been demonstrated, it requires long acquisition time or expensive very-high-speed OCT 
systems33,43. We recently proposed a 3D D-OCT method for imaging the intracellular dynamics of tumor sphe-
roids by combining a standard-speed swept-source OCT device and a custom-designed 3D scanning protocol38. 
This method captured a 3D D-OCT volume in 52.4 s38. In our previous work, the viable and necrotic regions of 
tumor spheroids and their longitudinal alteration over 20 hours were successfully visualized by the 3D D-OCT 
method38. In addition, the 3D D-OCT was shown to be useful for visualizing and qualitatively analyzing specific 
drug-response patterns of human breast cancer (MCF-7 cell-line) and colon cancer (HT-29 cell-line) spheroids 
treated with PTX and the active metabolite of irinotecan (SN-38), respectively44.

In general, selecting the proper anti-cancer drug may require pre-clinical trials of multiple drugs for a patient-
derived tumor spheroid. As different drugs have different mechanisms of interaction with tumor cells, the appli-
cation of different drugs leads to different morphological and cell-activity-response patterns of the spheroids. 
To establish 3D D-OCT as a standard technique for drug effect evaluation, it is necessary to demonstrate the 
ability of 3D D-OCT to visualize and quantify the different responses of a tumor spheroid to various drug types.

In this paper, we demonstrate label-free assessment of tumor spheroid response to three types of anti-cancer 
drugs by 3D D-OCT. The study involves MCF-7 spheroids treated with TAM, PTX, and DOX. The drugs were 
applied at three concentrations for three administration times. We also measured non-treated spheroids as a 
control group. The D-OCT successfully showed that the response patterns were highly divergent for the three 
types of drugs. In addition, the morphological features and viability of the spheroids were quantified using the 
OCT images and D-OCT signals, and the time-course trends of these quantified metrics are shown. The time-
course trends were also found to be drug/time specific. In the “Discussion” section, we show that these drug/time 
specific findings of OCT and D-OCT can be explained by the interaction mechanisms of the drugs.

Results
OCT imaging was performed using a custom-made swept-source OCT microscope45. For the tumor spheroid 
dynamics imaging, we repeatedly captured 32 OCT frames at each location in the spheroid over a period of 6.348 
s with an inter-frame interval of 204.8 ms. For the intracellular dynamics visualization, the temporal fluctua-
tions of the sequentially captured dB-scaled OCT signal were analyzed using two D-OCT algorithms, namely 
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logarithmic intensity variance (LIV) and OCT correlation decay speed (OCDS l )37,38. Further details of the OCT 
microscope and D-OCT algorithms are described in the “Methods” section.

D‑OCT imaging of control MCF‑7 spheroids
The first row of images in Fig. 1 are pseudo time-course OCT intensity, LIV, OCDS l  , and fluorescence images of 
the MCF-7 spheroids without drug administration (i.e., the controls). The OCT intensity images show a slight 
increase in the spheroid size over treatment time.

The D-OCT (i.e., LIV and OCDS l  ) images showed low LIV (red) and low OCDS l  (red) at the spheroid 
center. The low-signal region enlarged with increasing cultivation time. This D-OCT pattern is consistent with 
our previous studies38,44.

The low LIV and OCDS l  at the spheroid center may correspond to dead cells at the spheroid center observed 
in the corresponding fluorescence images. MCF-7 spheroid is known to form a necrotic core at the spheroid 
center owing to a lack of oxygen and nutrients, whereas the spheroid periphery comprises viable tumor cells46–48. 
The low D-OCT at the spheroid center might indicate the necrotic core, whereas the high D-OCT at the spheroid 
periphery may indicate the viable tumor cells37,38.

D‑OCT imaging of TAM‑treated MCF‑7 spheroids
The second and later rows of Fig. 1 are the pseudo time-course images of the TAM-treated MCF-7 spheroids. At 
TAM concentrations of 0.1 and 1 µM, the OCT intensity images show a slight increase in the spheroid size over 
the treatment time (Fig. 1, second and third rows). At a TAM concentration of 10 µM (fourth row), structural 
corruptions are evident after long treatment times [treatment day (TD)-3 and -6].

D-OCT images (LIV and OCDS l  ) for TAM concentrations of 0.1 and 1 µM (second and third rows) have 
patterns similar to those of the control (i.e., untreated) spheroids. In addition, the fluorescence images have 
patterns similar to those of the control spheroids. This suggests that TAM is not effectual at concentrations of 
0.1 and 1 µM. In contrast, spheroids treated with 10 µM (fourth row) of TAM have high occupancy of low-LIV 
and low-OCDS l  regions, which become larger for the longer treatment time. Magnified images of representative 
cases of severe structural corruption, size reduction, and reduction of LIV and OCDSl  signals are shown at the 
bottom of the figure. The low LIV and low OCDS l  signals are found to coincide with the appearance of dead 
cells (red) in the fluorescence images. This coincidence and the structural corruption indicate the high efficacy 
of TAM at a concentration of 10 µM. The diverse response of the spheroid among the concentrations of TAM can 
be explained by the drug-cell interaction mechanism of TAM as discussed in detail in the “Discussion” section.
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Figure 1.   OCT intensity, LIV, OCDSl  , and fluorescence images of the MCF-7 control and TAM-treated 
spheroids. The images are en face slices at approximately the center of the spheroids. The control spheroids (first 
row) show widening of the low LIV (red) and low OCDSl  (red) area at the center over time. The low LIV and 
OCDSl  are consistent with the dead cells concentrated at the spheroid center found in fluorescence images. The 
spheroids treated with 0.1 µM and 1 µM TAM appear similar to the control spheroids over time. In contrast, 
the spheroids treated with 10 µM show significant shape corruption, volume reduction, and decrease of D-OCT 
signals over treatment time. The scale bars represent 200 µm. The cross-sectional images of the same spheroids 
are available in the supplementary material (Fig. S1).
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The cross-sectional OCT intensity and D-OCT images extracted at the locations indicated by white arrow-
heads in Fig. 1 have tendencies similar to those of the en face images in Fig. 1 for both control and TAM cases. 
(See supplementary Fig. S1). In addition, the results of two additional spheroids measured at each treatment con-
dition of TAM and the control show similar findings to those presented in Fig. 1 (supplementary Figs. S2 and S3).

The spheroid volume, mean LIV, mean OCDS l  , and LIV- and OCDS l -based necrotic cell ratios (see the 
“Methods” section) of the control and TAM-treated spheroids at each time point are shown in Fig. 2. The volumes 
of the spheroids treated with 0.1 and 1 µM TAM increase monotonically with time. These increase was significant 
from TD-1 to TD-3, from TD-3 to TD-6, and from TD-1 to TD-6 (P = 0.0005, 0.0245, and 0.0075; for 0.1 µM 
TAM) and (P = 0.0263, 0.0079, and 0.006; for 1 µM TAM), where the P-values were obtained by Welch’s t-test. 
On the other hand, the volume of the spheroid treated with 10 µM TAM significantly decreases from TD-3 to 
TD-6 (P = 0.008) (Fig. 2a). The mean LIV and mean OCDS l  (Fig. 2b and c, respectively) have decreasing trends 
at all concentrations including the control. In the control case, the reduction of mean LIV and mean OCDSl  was 
only significant from TD-1 to TD-6 (P = 0.0153 and 0.0202, respectively). On the other hand, at 1 µM TAM, the 
decrease of mean LIV was significant at all the time point pairs (P = 0.0253 and 0.0250, and 0.0005), while the 
reduction of mean OCDS l  was significant from TD-3 to TD-6 and from TD-1 to TD-6 (P = 0.0189 and 0.0045, 
respectively). Among all the concentrations, 10 µM of TAM shows the most pronounced and significant reduc-
tion in mean LIV from TD-1 to TD-3, from TD-3 to TD-6, and from TD-1 to TD-6 (P = 0.0004, 0.0345, and 
0.0037, respectively) and in mean OCDS l  from TD-1 to TD-3 and from TD-1 to TD-6 (P = 0.0001 and 0.0170, 
respectively). The reduction of mean OCDS l  with 10 µM was insignificant from TD-3 to TD-6 (P = 0.3930). 
It could be attributed to the fact that, at TD-3, the majority of the spheroid region displayed low OCDS l  , and 
hence no additional decrease of the mean OCDS l  was observed at TD-6 as shown by the images (Fig. 1) and 
the mean OCDS l  plot (Fig. 2c). At TAM concentrations of 0.1 and 1 µM, the LIV- and OCDSl -based dead cell 
ratios (Fig. 2d and e, respectively) increase slightly over time. In contrast, more rapid and larger increases in the 
dead cell ratios are observed at 10 µM of TAM. It is noted that all plots for TAM concentrations of 0.1 µM and 
1 µM are remarkably similar to those of the control, whereas the plots of 10 µM exhibit more pronounced and 
distinctive trends.

D‑OCT imaging of PTX‑treated MCF‑7 spheroids
Figure 3 presents the OCT, D-OCT, and fluorescence images of MCF-7 spheroids treated with PTX. The OCT 
images of 1 and 10 µM PTX show a slight reduction in the spheroid size over time, whereas the spheroid size 
increases slightly for treatment with 0.1 µM PTX. Besides the central low-LIV (red) core, low-LIV (red) spots are 
observed for all concentrations, and the size and number of the low-LIV spots increase over time (first to third 
rows). Meanwhile, there are several low-OCDS l  domains rather than spots (indicated by arrow heads), which 
are not observed in the LIV. Magnified images (bottom row) show that these low-OCDS l  domains are more 
continuous and larger at a higher concentration of PTX. In addition, for treatment with 1 and 10 µM PTX, the 
necrotic cores, the red central regions in the LIV and OCDSl  , found on TD-1 and -3 disappear on TD-6. The 
fluorescence images show an increase in the dead cell area (red) over treatment time at all PTX concentrations, 
which appears consistent with the increase of low LIV and low OCDS l  regions.

The cross-sectional OCT and D-OCT images extracted at the location of the white arrow heads in Fig. 3 are 
summarized in the supplementary material (Fig. S4) and have similar appearances. In addition, the results for two 
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Figure 2.   Morphological and D-OCT signal quantification of the control and TAM-treated MCF-7 spheroids. 
The plotted values are averages for three spheroids measured under each condition, whereas the error bars 
represent the ± standard-deviation range. The 0.1 and 1 µM cases show similar results to those in the control 
case, whereas the 10 µM case shows significant departure.
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additional MCF-7 spheroids measured under each PTX treatment condition are summarized in supplementary 
material (Figs. S5 and S6). The spheroids appear similar to those presented in Fig. 3.

Figure 4 shows the quantitative analysis of PTX-treated spheroids similar to Fig. 2. The plots of the control 
spheroids are reprinted in the figure. At all concentrations, the spheroid volume becomes markedly smaller than 
the control (Fig. 4a). In particular, the spheroids treated with 1 and 10 µM PTX have moderate volume reductions, 
whereas the spheroid treated with 0.1 µM PTX has a slight increase. In the case of 1 µM, the volume reduction 
was significant from TD-3 to TD-6 and from TD-1 to TD-6 (P = 0.0061, 0.0003, respectively). The mean LIV 
and mean OCDS l  (Fig. 4b and c, respectively) monotonically decrease over time at all PTX concentrations. In 
the case of 1 and 10 µM PTX, the mean LIVs were significantly decreased from TD-1 to TD-3, from TD-3 to 
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Figure 3.   The en face OCT intensity, LIV, OCDSl  , and fluorescence images of the MCF-7 spheroids 
treated with PTX. OCT intensity images show moderate reduction of the spheroid size over time at all PTX 
concentrations. The low-LIV and low-OCDSl  regions (red regions) increase over treatment time at all PTX 
concentrations. Fluorescence images show an increase in the number of dead cells (red, stained by PI) over time 
at all PTX concentrations. The scale bars represent 200 µm. The cross-sectional images of the same spheroids are 
available in the supplementary material (Fig. S4).
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Figure 4.   Quantification of the OCT and D-OCT of MCF-7 spheroids treated with PTX. The figures are 
displayed in the same order with Fig. 2.
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TD-6, and from TD-1 to TD-6 (P = 0.0130, 0.0322, and 0.0001, respectively for 1 µM) and (P = 0.0024, 0.0192, 
and 0.0005, respectively for 10 µM). On the other hand, in the case of 0.1 µM PTX, the mean LIV reduction was 
significant only from TD-3 to TD-6 and from TD-1 to TD-6 (P = 0.0469 and 0.0156, respectively). The mean 
OCDS l  reduction was significant for 0.1, 1, and 10 µM PTX from TD-3 to TD-6 (P = 0.0089, 0.0059, 0.0211, 
respectively) and from TD-1 to TD-6 (P = 0.0014, 0.0085, and 0.0019, respectively). The decreasing tendency of 
the mean LIV and mean OCDSl  at all the PTX concentrations was similar to that of control, but relatively more 
pronounced than the control. The LIV- and OCDS l -based dead cell ratios (Fig. 4d and e) increase monotoni-
cally over time at all PTX concentrations, which is similar to that of control but relatively more pronounced.

The reduction in the spheroid volume found in the images (Fig. 3) and plot (Fig. 4a) may suggest the corrup-
tion of the cells’ structure and shape under the PTX application. Meanwhile, the decreases in the mean LIV and 
mean OCDS l  (Fig. 4b and c) and the increase in the number of low-LIV spots and low-OCDSl  domains may 
suggest the PTX-induced reduction of intracellular transport through MTs. These points are discussed in more 
detail in the “Discussion” section.

D‑OCT imaging of the DOX‑treated MCF‑7 spheroids
Figure 5 presents the results for the MCF-7 spheroids treated with DOX. For 0.1 µM [Fig. 5(first row)], following 
features were found. Namely, the OCT images show that the spheroid surface becomes hazy after a long treatment 
time. The LIV images show that the number of low-LIV spots increases over time and the necrotic core, which 
is the centermost red region, disappears on TD-6. The OCDS l  images have similar patterns on TD-1 and TD-3, 
whereas there are several low-OCDS l  domains on TD-6, which are not clear in the corresponding LIV images. 
The fluorescence images in the 0.1-µM case show an increase in the number of dead cells over treatment time, 
which appear consistent with the increase in the number of low-LIV spots and low-OCDSl  domains over time.

In the case of 1 µM DOX [Fig. 5(second row)], the spheroid markedly shrinks over time. The low-LIV spots 
increase over time and become dominant on TD-6. In contrast, the OCDSl  images show thin low-OCDSl  regions 
at the spheroid periphery (yellow arrowheads) and a circular low-OCDSl  core at the center on TD-3, which are 
not observed in LIV as shown in the magnified images (first row of the magnified images). The low OCDSl  at 
the spheroid periphery may indicate the interaction of DOX with the most outer layer of the spheroid, whereas 
the circular low OCDS l  at the center may indicate the necrotic core. The low-OCDS l  core disappears on TD-6. 
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Figure 5.   The en face OCT intensity, LIV, OCDSl  , and fluorescence images of the MCF-7 spheroids treated 
with DOX. Shrinkage at a treatment concentration of 1 µM and swelling at 10 µM are observed in OCT. At 0.1 
µM, the number of low-LIV (red) spots increases over time, whereas OCDSl  shows domains of low OCDSl  
(red) on TD-6. The spheroid treated with 1 µM DOX shrinks over time and has thin low-OCDSl  regions near 
the outer surface, which are consistent with dead cells in fluorescence images. In the 10-µM case, the spheroids 
swell over time. The OCDSl  patterns are consistent with the fluorescence images. The scale bars represent 200 
µm. Cross-sectional images of the same spheroids are presented in Fig. S7 in the supplementary material.



7

Vol.:(0123456789)

Scientific Reports |         (2024) 14:3366  | https://doi.org/10.1038/s41598-024-53171-4

www.nature.com/scientificreports/

The peripheral low-OCDS l  regions observed on TD-3 and TD-6 (yellow arrowheads) are consistent with the 
dead cells, concentrated around the spheroid periphery in the fluorescence images (yellow arrowheads). It may 
indicate the tumor cell death at the spheroid periphery induced by DOX.

In contrast with the 1 µM case, the spheroids treated with 10 µM DOX (Fig. 5, third row) swell over time. 
The spheroid shrinkage and swelling at 1 and 10 µM DOX, respectively may indicate different mechanisms of 
DOX as discussed in the “Discussion” section. The LIV images for 10 µM DOX show granular patterns of low 
and high LIV, and the low-LIV spots become ubiquitous on TD-6. Meanwhile, the OCDS l  shows concentric 
appearances, where a low-OCDS l  region is surrounded by high-OCDS l  as shown in the second row of magni-
fied images (Fig. 5, fourth and fifth rows). The low and high OCDS l  layers are consistent with dead and living 
cell patterns in the fluorescence images more than LIV.

The cross-sectional OCT and D-OCT images of the MCF-7 spheroids treated with DOX are summarized in 
the supplementary material (Fig. S7). In addition, two additional spheroids measured under each treatment con-
dition with DOX have response patterns similar to those presented in Fig. 5. (See supplementary Figs. S8 and S9).

Figure 6 presents the quantitative analysis of the DOX-treated spheroids similar to Fig. 2. In comparison 
with the control, all spheroids treated with DOX show a markedly smaller volume (Fig. 6a). In the treatment 
with 0.1 µM DOX, the spheroid volume slightly decreases over time. However, this decrease was insignificant 
from TD-1 to TD-3, from TD-3 to TD-6, and from TD-1 to TD-6 (P = 0.45469, 0.0759, and 0.102, respectively). 
On the other hand, in the treatment with 1 µM DOX, the spheroid volume has a marked decreasing trend that 
corresponds to the shrinkage observed in Fig. 5. This volume reduction was significant from TD-1 to TD-3 and 
from TD-1 to TD-6 (P = 0.0126 and 0.0184, respectively). In contrast, the volume of the spheroid treated with 
10 µM DOX increases slightly over time, which may correspond to the spheroid swelling observed in Fig. 5. This 
volume increase was significant from TD-1 to TD-3 and from TD-1 to TD-6 (P = 0.0469, 0.0100, respectively). 
The mean LIV (Fig. 6b) and mean OCDS l  (Fig. 6c) decrease over time at all DOX concentrations. The mean 
LIV decrease was significant at all the time point pairs in the case of 0.1 µM (P= 0.0003, 0.012, and 0.0010; from 
TD-1 to TD-3, TD-3 to TD-6, and TD-1 to TD-6, respectively), whereas in the case of 1 µM, significant decrease 
in mean LIV was observed from TD-3 to TD-6 and from TD-1 to TD-6 (P = 0.0280 and 0.0114, respectively). 
On the other hand, the mean OCDS l  decreases significantly at all the time point pairs (from TD-1 to TD-3, 
from TD-3 to TD-6, and from TD-1 to TD-6) for 0.1 µM DOX (P = 0.0497, 0.0022, and 0.0002, respectively), 
for 1 µM DOX (P = 0.0036, 0.0388, and 0.0017, respectively), and for 10 µM DOX (P = 0.0061, 0.03, and 0.0002, 
respectively). Meanwhile, the LIV- and OCDS l -based dead cell ratios (Fig. 6d and e, respectively) increase over 
time at all DOX concentrations. We suspect that the reduction of mean D-OCT signals and increase of dead cell 
ratios indicate cell apoptosis induced by DOX as discussed in detail in the “Discussion” section.

Discussion
For the 0.1 and 1 µM TAM cases, the D-OCT images showed similar image patterns to those in the control cases 
(Fig. 1). In addition, these cases showed similar increasing trends of the spheroid volume to those in the control 
cases (Fig. 2a); i.e., TAM is ineffectual at these concentrations. In contrast, for the 10-µM case, significant shape 
corruption, volume reduction, and reduction of the D-OCT signals were observed. The difference in the MCF-7 
spheroid responses to the low (0.1 and 1 µM) and high (10 µM) concentrations of TAM can be explained by the 
mechanism of action of TAM as follows.
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Figure 6.   Quantification of the MCF-7 spheroids treated with DOX. The figures are displayed in the same 
order with Figs. 2 and 4. For the 1 µM case, the spheroid volume significantly decreases over time, whereas it 
increases over time for the 10 µM case. This drug-concentration dependency can be attributed to the interaction 
mechanisms of DOX. (See the “Discussion” for details).
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TAM is known to have two mechanisms of drug-cell interactions8. In the first mechanism, the TAM behaves as 
an estrogen-receptor (ER) antagonist; i.e., TAM inhibits ER transcription8,49. The ER is a female hormone located 
in the cell and is activated by estrogen. Following activation, ERs are translocated within the cell’s nucleus and 
work as a DNA-binding transcription factor50. The inhibition of ER thus inhibits the proliferation of ER-positive 
breast cancer cells. In the second mechanism, TAM directly or indirectly inhibits PKC. The inhibition is direct 
for a high concentration of TAM and indirect for a low concentration. The PKC inhibition causes apoptosis and 
finally inhibits cellular proliferation8,9. This mechanism can be effectual for ER-negative breast cancer.

As our MCF-7 spheroid is not co-cultured with estrogen-supporting cells, the first mechanism cannot be 
effectual. This can explain why the OCT and D-OCT findings of 0.1 and 1 µM TAM cases are nearly identical to 
those in the control case. In addition, we suspect that the indirect PKC inhibitions are not effectual in these cases 
because of the cells’ resistance to TAM51. In contrast, at a concentration of 10 µM, TAM may act as the direct 
inhibitor of PKC; i.e., the second mechanism of high concentration. The shape corruption and volume reduction 
observed by OCT may indicate the stopping of cell proliferation, whereas the low D-OCT signals observed at 10 
µM TAM may indicate the cell apoptosis induced by the second mechanism of TAM. Furthermore, it has been 
reported that 10 µM TAM completely killed tumor cells in MCF-7 spheroid in one week52, which is consistent 
with our findings.

The structural and dynamic OCT findings of the MCF-7 spheroids treated with PTX (Fig. 3) can be explained 
by the interaction mechanism of PTX. PTX is known as an MT stabilizing drug used for breast cancer treatment. 
An MT is a polymer of tubulin dimers and a main constituent of the cytoskeleton53. The MT plays three vital 
roles in the cellular processes. First, as one of the main constituents of the cytoskeleton, MTs maintain the cell 
structure and support the cell with mechanical resistance against deformation54. Second, MTs play an important 
role in mitosis cell division53,55. Third, MTs form a platform for intracellular vesicles and organelles transport53,56. 
To fulfill these functions, MTs are highly dynamic. Namely, they grow and shrink rapidly and stochastically54, 
which allows them to bound to intracellular components, e.g., capturing chromosomes during mitosis.

The application of PTX prevents MT depolymerization and stabilizes the MT dynamic behavior6,7, result-
ing in cell-cycle and mitosis arrest followed by cell death. The reduction of LIV over time observed at all PTX 
concentrations may indicate a decrease in the magnitude of intracellular transport through MTs. Meanwhile, the 
reduction of OCDS l  may indicate the reduction of the speed of intracellular transport through MTs. Moreover, 
the reduction of the MCF-7 spheroid volume over time at 1 and 10 µM (Fig. 4a) may indicate the inhibition of 
cell mitosis due to the stabilization of MTs induced by PTX.

The DOX-treated spheroids shrunk at a treatment concentration of 1 µM and swelled at a concentration 
of 10 µM (Figs. 5 and 6a), and D-OCT signals decreased over the treatment time at all concentrations (Fig. 6b 
and c). These findings can be explained by the mechanism of DOX as follows. DOX is known to inhibit the 
growth of cancer cells by blocking the enzyme topoisomerase II, which is responsible for DNA repair10,11. This 
inhibition results in cell apoptosis. In addition, DOX is responsible for releasing free radicals that damage cell 
membranes10. The shrinkage of the spheroid at 1 µM of DOX may indicate the growth inhibition of the tumor 
cells. Meanwhile, spheroid swelling at 10 µM may indicate the cell membrane damage and the loosening of the 
bonds between cells. Moreover, the reduction of the LIV and OCDSl  signals over time may indicate the apoptosis 
induced by DOX application.

In the present study, the LIV and OCDS l  images showed different patterns. For example, the OCDS l  images 
of the control, and 0.1 and 1 µM TAM spheroids showed clearer boundaries of the necrotic core than the LIV 
images [Fig. 1 (first to third rows)]. In addition, in the treatments of 10 µM TAM on TD-3 [Fig. 1 (fourth row)], 
all PTX concentrations on TD-6 (Fig. 3), and 10 µM DOX on TD-3 and TD-6 [Fig. 5 (4th row)], the LIV images 
show granular patterns of low and high signals, while the OCDS l  show domain structures. In principle, LIV is 
supposed to be a measure of the magnitude of intracellular motility, whereas OCDS l  is a measure of the speed 
of intracellular motility37,38. It is thus expected to obtain different image patterns for LIV and OCDS l  and we 
believe that the two methods complement each other. A variety of intracellular activities are known to occur on 
different time scales57. Hence, speed metrics of the intracellular motility, such as OCDS l  , can be a more specific 
marker to a particular intracellular activity than LIV. Meanwhile, LIV is a metric that can be used directly to 
visualize the magnitude of intracellular activity.

In the present study, we used fluorescence microscopy as a reference gold standard for cell viability imaging. 
In the fluorescence images, the living and dead cells were highlighted by green (originated from calcein AM) and 
red (from PI), respectively. In most of the spheroid cases, we observed a reasonable pattern correlation between 
D-OCT and fluorescence images, where living and dead cells areas in fluorescence images were consistent with 
high (green) and low (red) D-OCT regions, respectively (Figs. 1, 3, and 5). This pattern correlation verified the 
utility of our D-OCT method for visualizing viable and dead (necrotic or apoptotic) cells within the spheroid.

On the other hand, using staining histology might also give some insights about the drug-induced morpho-
logical and molecular alteration within the tumor spheroid. However, we did not perform histological analysis in 
our study. It is because, in our study design, we first performed fluorescence imaging with invasive fluorescence 
agents and then performed the OCT measurements. Staining the same sample twice (one for fluorescence and 
the other for histology) may interfere with the reasonable histological investigation. Due to these limitations, 
we only used fluorescence microscopy as a reference gold standard.

It should be noted that there are several other fluorescent dyes which can be specific to particular molecules 
of interest. Developing more D-OCT algorithms and secondary image processing to enhance the molecular, 
tissue, and cell specificity can be future research directions.

The recent progress in personalized medicine and pharmaceutical research has enabled a wide range of models 
which can be employed in the development and discovery of anti-cancer drugs. They include in vitro models such 
as tumor spheroids15 and functional organoids58, along with in vivo mouse tumor models59. In this study, we have 
demonstrated the ability of our proposed D-OCT method for evaluating the drug-type-dependent responses of 
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tumor spheroids. In principle, our method can be also used to investigate the cell-drug interactions within the 
in vivo models. However, the in vivo animal may exert a bulk motion, which may corrupt the D-OCT contrast. 
This motion can be suppressed by one or a combination of several methods which include sample anesthesia, 
integrating a sample fixation probe to the D-OCT microscope, and computational motion correction60. Our 
preliminary study showed that the combination of sample fixation probe and computational motion correction 
significantly suppressed the bulk motion of humans and enabled in vivo D-OCT imaging61. Adapting this method 
to the in vivo animal tumor model imaging will be our future work.

In the present study, we demonstrated the D-OCT-based spheroid drug response evaluation. And it was 
found that D-OCT might be a useful tool to visualize and quantitatively assess the drug-type-dependent spheroid 
cell viability alteration. The spheroid evaluation can be also performed using other types of extensions of OCT. 
The tumor spheroid growth dynamics were quantified by standard OCT imaging62,63. OCT-based attenuation 
coefficient imaging was used to quantify the necrotic regions within tumor spheroids27,28, and a neural network 
based scatterer density estimation method was used to visualize the spheroid’s cellular density64. Apart from the 
spheroid investigation, the growth development29,65 and beating66 of human heart organoids were also assessed 
by standard OCT and dynamic contrast OCT, respectively.

The utilities of specific extensions of OCT are highly dependent on the study objectives and the type of the 
specimen under investigation. For example, polarization sensitive OCT (PS-OCT), which is specific for col-
lagen and melanin67–71, could be used for the investigation of hepatic fibrosis tumor spheroids72, in which the 
genes corresponding to extracellular matrix molecules are expressed. The tumor cells are known to have lower 
stiffness compared with normal cells. The mechanical properties of tumor spheroids were investigated using 
atomic force microscopy73 and Brillouin microscopy74. OCT elastography, also known as optical coherence 
elastography (OCE)75–78, noninvasively assesses the tissue mechanical property. And hence, it might suit the 
mechanical property assessment of spheroids. In addition, functional organoids, so called angiorganoids which 
have vasculatures79,80 were recently demonstrated. Further development of such organoids in conjunction with 
organ-on-a-chip and organoid technologies may enable flow in the in vitro vasculature. OCT angiography 
(OCTA)81–84 might be a suitable tool to assess such functional spheroids or organoids.

Conclusion
We demonstrated the ability of D-OCT to visualize and quantitatively assess different patterns of response of 
tumor spheroids to different anti-cancer drugs. Three anti-cancer drugs were applied to human breast adenocar-
cinoma (MCF-7 cell-line) spheroids, and D-OCT showed different morphological and tissue dynamics patterns. 
The drug-type-dependent alterations of the spheroid morphology and intracellular dynamics were successfully 
visualized and quantified by the 3D D-OCT method. The drug-type-dependent variations in the D-OCT patterns 
were suggested to indicate the different mechanisms of anti-cancer drugs. In conclusion, D-OCT can be used to 
visualize and quantify the different responses of tumor spheroids to different anti-cancer drugs and it can be a 
useful tool for the assessment of anti-cancer drugs.

Methods
Spheroid preparation and drug treatment protocols
Figure 7 is a time chart schematic of the tumor spheroid drug response study design. On day-1, 1000 cells 
derived from human breast cancer (MCF-7 cell-line) and purchased from the Japanese Collection of Research 
Bioresources cell bank were seeded in each well of an ultra-low-attachment 96-well-plate. We prepared 90 wells 
in total. The cells were kept in the cell culture environment at a temperature of 37 °C and with a 5% CO2 supply. 
The cell-culture medium contained a 1:1 mixture of Eagle’s minimal essential medium (EMEM; for MCF-7) and 
F12 (Invitrogen, Waltham, MA) with a 2% B-27 supplement (Invitrogen), 2 ng/mL of basic fibroblast growth 
factor (bFGF; Wako, Osaka, Japan), 2 ng/mL of epidermal growth factor (EGF; Sigma-Aldrich, St. Louis, MO), 
100 U/mL of penicillin G, and 0.1 mg/mL of streptomycin sulfate (Wako, Osaka, Japan). The cells aggregated 
with each other and formed an MCF-7 spheroid in each well on day-5.

1,000 MCF-7 tumor cells 
seeded in each well of

a 96-well plate.

Drugs (TAM, PTX, and DOX)
application with concentrations of

0, 0.1, 1, and 10 μM

Spheroid
formation

Day-1 Day-5 Day-6
(1-day treatment; TD-1)

Day-8
(3-day treatment; TD-3)

Day-11
(6-day treatment; TD-6)

Application of fluorescence contrast agent 
and FLM and OCT imaging

Figure 7.   Time chart of the MCF-7 spheroid cultivation and measurement. In total, 90 spheroids were cultured. 
Each spheroid was formed by seeding 1000 cells on day-1. The drugs, namely PTX, TAM, and DOX, were 
applied on day-5. On days- 6, 8, and 11, fluorescence and then OCT imaging were performed. The fluorescence 
contrast agents (i.e., calcein-AM and PI) were applied for 3 hours before the fluorescence imaging.
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Three anti-cancer drugs, namely TAM, PTX, and DOX, were applied on day-5 at concentrations of 0.1, 1, and 
10 µM for each drug. Each spheroid was treated with one drug type at one concentration. In addition, untreated 
spheroids, denoted by a concentration of 0 µM, were kept as a control group for comparison. After drug appli-
cation, the spheroids were kept in the same culture environment. The spheroids were then extracted from the 
cultivation and measured using the fluorescence and D-OCT microscopes at three treatment time points denoted 
as treatment days-1, -3 and -6 (TD-1, TD-3, and TD-6). At each time-point, three spheroids were measured for 
each of the three drug concentrations and each of the three drug types. In addition, three control spheroids were 
measured at each treatment time point. Hence, 30 spheroids were measured at each of the three treatment time 
points, giving a total of 90 spheroids. It should be noted that, even for the same drug type and concentration, 
the spheroids measured at each time point were different individuals, as indicated by different spheroid colors 
on the time chart (Fig. 7). Hence, this study was not actually longitudinal but rather cross-sectional. We selected 
the cross-sectional design, because the D-OCT imaging was performed at a room temperature of approximately 
25 °C without CO2 supply. The spheroids were thus no longer useful after the measurement owing to the lack of 
cultivation conditions. The integration of the D-OCT system with a cultivation environment may enable future 
longitudinal study.

Fluorescence microscopic imaging
Fluorescence microscopy imaging was performed as a reference gold-standard method for tissue viability visu-
alization. Two fluorescence agents were applied 3 hours before the fluorescence imaging. The first was calcein-
acetoxymethyl (calcein-AM; Dojindo, Kumamoto, Japan), which labels living and/or viable cells and emits 
green fluorescence. The second agent was propidium iodide (PI; Dojindo), which labels dead cells and emits red 
fluorescence. The fluorescence imaging was performed using a wide-field fluorescence microscope (THUNDER 
imager DMi8; Leica Microsystems, Wetzlar, Germany) featuring a microscopic objective lens with a numerical 
aperture of 0.12.

OCT device
A custom-built swept-source OCT device was used in this study. A microelectromechanical system (MEMS)-
based swept source light source (AXP50124-8, Axun Technologies, MA) with a central wavelength of 1.31 µm 
and a scanning speed of 50,000 A-lines/s was used. A scan lens (LSM03, Thorlabs Inc., NJ) with an effective focal 
length of 36 mm was used. The lateral and axial (in tissue) resolutions were 18.1 µm and 14 µm, respectively. The 
power incident on the sample was 17 mW. More details about the OCT device have been published elsewhere45.

Dynamic optical coherence tomography (D‑OCT) imaging
3D D‑OCT scanning protocol
For 3D D-OCT imaging, we used our previously designed 3D scanning protocol38. Using this protocol, the lateral 
field of view of 1 × 1 mm2 was divided into eight blocks with each block containing 16 B-scan locations. Each 
block was scanned using a rapid raster scanning pattern and the raster scan was repeated 32 times in 6.348 s; 
i.e., at each B-scan location, 32 cross-sectional frames were captured as a time sequence with a frame repeating 
time of 204.8 ms. The volumetric data comprising 4096 frames captured at 128 B-scan locations in the spheroid 
were acquired in 52.4 s.

Logarithmic intensity variance (LIV) algorithm
The LIV is the time variance of the dB-scaled OCT. LIV measures the magnitude of dB-scaled OCT intensity 
fluctuations and is supposed to be sensitive to the magnitude of the intracellular motility37,38. By applying the 
LIV computation algorithm to the OCT data acquired by the above-mentioned protocol, a raw LIV volume 
comprising 128 B-scan locations was obtained. The final pseudo-color LIV image was a composition of the 
raw LIV and OCT intensity. The hue and value (brightness) of the image were proportional to the LIV and the 
average OCT intensity, respectively, and a maximum saturation of 1 was set for all pixels. Further mathematical 
descriptions of LIV are given in Refs.37,38.

Late OCT correlation decay speed (OCDSl  ) algorithm
To compute the OCDSl  , we first computed the temporal auto-correlation of the OCT time sequence at each time 
delay point, so that we defined a decay curve of the auto-correlation as a function of the delay time. The OCDS l  
was then computed as the slope of the auto-correlation decay curve at a certain delay range of [204.8, 1228.8 
ms]. As OCDS l  quantifies the time characteristics of the sequentially captured OCT signal, it is supposed to 
be sensitive to the speed of the intracellular motility37,38. A pseudo color image of OCDS l  was generated in the 
similar manner to the LIV except for the hue channel, which was proportional to the OCDS l  value in this case. 
Refer to Refs.37,38 for detailed mathematical descriptions.

Volumetric quantification of morphological and D‑OCT signals
A two-step semi-automatic segmentation method was developed to quantify the morphological and dynamics 
signals of the tumor spheroids. In the first step, the spheroid segmentation was performed B-scan by B-scan using 
the find-connected-region plugin of Fiji ImageJ software with a manually defined OCT intensity threshold85. The 
segmentation mask generated in this first step contained the reflection from the bottom surface of the 96-well 
plate. In the second step, the well plate surface was manually removed B-scan by B-scan. Finally, the region 
containing only the spheroid tissue was segmented. Using this segmentation, the spheroid volume, and mean 
values of the LIV and OCDS l  of the entire spheroid volume were computed.
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Furthermore, by applying empirically defined cut-offs of 3 dB2 and 2 ×10
−4 ms−1 for the LIV and OCDS l  

respectively, the dead cell volume (i.e., the total volume of voxels with LIV or OCDS l  values lower than the 
cut-off) was computed. The dead cell ratio was then computed as the dead cells volume divided by the entire 
spheroid volume. The computed quantities were plotted as a function of the treatment time for each drug type 
and concentration, as shown in the Results section.
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