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Abstract
Cell/colony motion determined by non-invasive, quantitative measurements using the optical �ow (OF)
algorithm can indicate the oral keratinocyte proliferative capacity in early-phase primary cultures. This
study aimed to determine a threshold for the cell/colony motion index to detect substandard cell
populations in a subsequent subculture before manufacturing a tissue-engineered oral mucosa graft and
to investigate the correlation with the epithelial regenerative capacity. The distinctive proliferating pattern
of �rst-passage (passage 1 (p1)) cells reveals the motion of p1 cells/colonies, which can be measured in
a non-invasive, quantitative manner using OF with fewer full-screen imaging analyses and cell
segmentations. Our results demonstrate that the motion index lower than 40 μm/hour re�ects cellular
damages by experimental metabolic challenges and can be used as the threshold to determine the
quality of cultured cells. Because the p1 cell/colony motion index is correlated with epithelial regenerative
capacity, it is a reliable index for quality control of oral keratinocytes.

Introduction
The ability to generate functional equivalents as replacements for damaged or diseased human tissues is
rapidly advancing in the �elds of tissue engineering and regenerative medicine, which has harnessed the
unlimited potential of mono-potent and multi-potent stem cells. By using transplantable tissues/organs
manufactured from either autologous or allogeneic stem cells, regenerative technologies have
contributed to cure various illnesses and injuries.1,2 When culturing cells for relatively long periods, both
the measurement and the evaluation of cell growth and differentiation potential are crucial to
maintaining stable and reliable quality-assured cells for cell-based therapies. To meet the increased
demand, quality control (QC) of engineered tissues and organs for clinical applications has become
critical to con�rm safety and effectiveness for the outcomes of post-grafting.3 However, prior to grafting,
conventional cellular evaluation techniques based on molecular biology remain invasive, costly and time
consuming. Furthermore, these techniques are incompatible with clinical applications in regenerative
medicine because of the inevitable damage or loss of observed cells.4 More importantly, intact cells must
be used in clinical settings. Thus, a non-invasive, low-cost and rapid cell evaluation method is required to
expand the possibilities of regenerative cell-based therapy.5 To address such challenges, several types of
novel image-based analyses that integrate computational data processing can be applied to a variety of
imaging systems and evaluated for e�cacy.6 These procedures allow investigators to monitor and
quantitate speci�c states of cells during culturing in a non-invasive and high-throughput manner.7–9

Autologous oral mucosa keratinocytes have been employed in clinical arenas, not only in regenerative
dentistry but also in extra-oral regenerative medicine.10–15 Thus, manufacturing protocols for tissue-
engineered constructs using oral keratinocytes are required to confront regulatory challenges pertaining
to safety, e�cacy, quality etc. The manufacturing protocol comprises two major steps. The initial step
establishes a two-dimensional (2D) monolayer cell culture by isolating and culturing cells from living
tissue. Next, using a three-dimensional (3D) framework, biomimicking multi-cellular engineered grafts are
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manufactured as �nal products for human use. Given that the criteria for the release of �nal products
should be determined immediately before transplantation, real-time and non-invasive examinations of the
3D constructs are crucial. Recently, an advanced imaging system was introduced to evaluate complex 3D
cell-based constructs.16,17 Chen et al. previously reported a non-invasive optical assessment for oral
mucosa tissue-engineered constructs using optical molecular microscopy by which metabolic activities
were characterised.18,19 However, because QC needs to be implemented throughout the entire period of
cell culture, the state of oral keratinocytes, including proliferation and colony formation before seeding
cells onto the scaffold, is critical for manufacturing the quality of cellular-based products. Hence, optimal
non-invasive cell measurements are essential for oral keratinocyte regenerative medicine.

Optical �ow (OF) is a popular image-based analysis that demonstrates the distribution of the apparent
motion of brightness patterns between two consecutive frames, which is caused by the movement of
objects.20 Since the OF algorithm is associated with the motility of objects, previous studies have been
conducted to assess the ‘motility’ related to speci�c cell functions, including research on cellular
biology21–24 and cardiology.25,26 Regarding cardiologic regenerative medicine, OF-based analyses have
served as a non-invasive evaluation tool for the QC of cardiomyocytes to monitor contractile function
without compromising the condition of the cells.27 OF was also introduced to measure the collective
motion speed of keratinocytes to identify skin stem cell colonies that were grown in the culture system
with feeder layer cells.28 Similar to that study, we reported that both the OF and normalised cross-
correlation (NCC) can be leveraged to evaluate the proliferative capacity of primary oral keratinocytes
within a relatively small-sized colony base during an early phase of cell culture.29

To obtain a su�cient number of healthy cells to manufacture 3D cell-based constructs, serial cell
cultivation (subculture) from the primary culture, referred to as p0 cells, is indispensable because p0 cells
subcultured to the �rst (p1), second (passage 2) and third (passage 3) passage cultures yield a large
number of cells with exponential cell growth.10,11 It is well-known that the p1 cell/colonies are likely to
grow discretely and localise in small, loosely connected colonies, mainly because of a higher plating rate
when seeded as p1 cells,30,31 which results in the rapid proliferation of p1 cells, whereas p0 cells in the
feeder layer and serum-free culture take a longer time to reach a higher con�uency.32–36 Although our
previous study demonstrated the applicability and feasibility of the OF algorithm to non-invasively
measure p0 oral keratinocyte cell/colony motion, the spatio-temporal growth kinetics of p1 oral
keratinocyte cells/colonies in a 2D monolayer culture is much different from that of p0 cells. Such an
expansive analysis requires an entire microscopic image to target and observe a larger number of
cells/colonies, instead of a single-colony base. Since our previous image analyses were not e�cient to
measure the full extent of the cell area, an improved protocol was needed to implement the time-lapse
phase-contrast microphotography to p1 cells.29

This study aimed to improve and enhance our previous protocol for the OF algorithm and to add the
capability of determining the threshold of the cell/colony motion speed to differentiate substandard p1
oral keratinocyte populations before manufacturing a tissue-engineered oral mucosa tissue construct. By
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determining the speci�c spatio-temporal proliferating pattern of p1 cells, such as rapid growth and
narrow space between neighbouring colonies, we could set correlative estimates that reduced the time of
microphotography from 24 to 4 h, thereby resulting in fewer image analyses (31 frames compared to 96).
Next, the image segmentation under full-screen analysis was used to identify the areas of cells/colonies
under the microscopic images before applying the OF algorithm. Hence, 50% con�uency was set to start
the time-lapse microphotography and assess the overall colony growth and motion speed (MS) of each
frame by applying the OF algorithm. We then examined the applicability of the mean motion speed
(MMS) to monitor the proliferative capacity of p1 oral keratinocytes by calculating the population
doubling times (PDTs) and determining the threshold of MMS that is suitable for transfer to a 3D culture
condition non-invasively and quantitatively as a QC tool. Finally, we tested whether the MMS of p1 cells
can be used as an index to predict the epithelial regenerative capacity and evaluate histologic features of
the tissue-engineered constructs after the p1 oral keratinocytes had received experimental metabolic
challenges during a 2D culture condition, thereby demonstrating the threshold of the motion index of the
p1 cells to determine whether their proliferation was adequate for manufacturing constructs.

Results
Validation of the time-lapse microphotography protocol for p1 cell/colony using the OF algorithm with
image segmentation

Since the spatio-temporal growth (proliferating) kinetics of p1 oral keratinocyte cells/colonies differs
from that of p0 cells, mainly due to the plating e�ciency, a different protocol of non-invasive
measurements was applied in this study. The protocol included time-setting (4 h at an interval of 8 min
[31 frames]) for time-lapse microphotography and full-screen analysis before applying the OF algorithm.

To determine what starting condition was appropriate to implement non-invasive measurement for the p1
cells in this protocol, the overall cell/colony growth was investigated. It increased very slowly during 4 h in
a similar fashion when time-lapse microphotography started at 30%, 50%, 70% and 90% con�uency under
manual observation, which indicated that the time-setting of 4 h is appropriate (Fig. 1A). On the other
hand, the MMS continued to decline over the period of 4 h when started at 70% and 90% con�uency, while
it remained unchanged at 50% con�uency and showed a slight increase at 30% con�uency during the
time-lapse imaging (Fig. 1B). Since the MMS is a parameter of the mean of the total frames (31), the
increase and decrease of the MMS during microphotography is not appropriate as the representative data
of the sample. Thus, as a new protocol, the starting conditions for time-lapse microphotography when the
cells reached approximately 50% con�uency was set and applied to further measurements used in this
study.

Using the same OF algorithm as our previous report and different image segmentation, the motion
behaviour of the individual p1 cells/colonies was successfully quanti�ed, which indicated that MS can be
applicable and feasible for non-invasive and quantitative measurements of the cell/colony motion (SFig.
1). The sum of the MS of the total 31 frames was divided by the 31 results in MMS (μm/hour), which



Page 5/26

produced a representative MS for the p1 cells. Validation of the OF algorithm used in this study was
completed in the previous study by showing manual tracking of individual cells.29

Correlation of the proliferative capacity of p1 oral keratinocytes with MMS using a standard protocol

When the MMSs of all 32 samples were analysed and their PDTs were plotted on a scatterplot, the
diagram showed a negative linear correlation with PDT, which was statistically signi�cant (Fig. 2)
(Spearman’s r = –0.6669, 95% con�dence interval = −0.8274 to −0.4057, p < 0.0001). Thus, oral
keratinocyte p1 cells/colonies possessing a higher proliferative capacity were likely to have higher MMS
values, thus indicating a higher locomotive ability, which is more robust correlation than the p0
cell/colony shown in our previous study.

Distinctive distribution of the MMS of p1 oral keratinocytes with their proliferative capacity under
metabolic challenge protocols compared with that under the standard protocol

All of the MMS of p1 cells that received two types of metabolic challenges were plotted below the lowest
MMS cultured under the standard protocol, which was 40 μm/h, thus demonstrating a distinctive pattern
of samples between cells cultured under standard and metabolic challenge protocols (Fig. 3). This
differential difference was con�rmed by the representative images and movies having vectors (Fig. 4A–D
and Supplemental movie 1A–D, compared with Fig. 5D and Supplemental movie 2B) Because the p1
cells cultured under metabolic challenges were damaged during the 2D monolayer culture, the MS of 40
μm/hour is highly likely to be the speci�c level of MMS and to be used for differentiating the substandard
p1 oral keratinocyte populations.

Under the low nutrition challenge, their MMS decreased in the order of 5xPBS and 20xPBS; however, the
proliferative capacity of 5xPBS and 20xPBS, which were mostly lower than that of standard protocol,
varied and overlapped (Fig. 3; Fig. 4A, B; Supplemental movie 1A, B). Under the no-feeding challenges, the
majority of samples showed a similar MMS, which is much lower than the standard protocol (Fig. 3; Figs.
4C, D; Supplemental movie 1C, D). By contrast, although the proliferative capacity of 4dNoF was similar
to that of the standard protocol, it was higher than that of 7dNoF.

Histologic examination of the EVPOME received metabolic challenges compared with the standard
protocol

We evaluated the histologic �ndings of EVPOMEs (n = 8) to further examine whether the MMS of the p1
cell/colony has the potential to predict an epithelial regenerative capacity and consequently to con�rm
whether the MMS of 40 μm/h is a detection threshold for monitoring the quality of the p1 cell before
manufacturing an oral mucosa tissue-engineered construct, EVPOME. A well-differentiated, continuous
strati�ed epithelial layer was developed when p1 cells cultured under the standard protocol (Fig. 6A, F)
and cells under the 5xPBS and 4dNoF challenge protocols were seeded on AlloDerm® (Fig. 6B, D, G, I).
However, the epithelial layer of cells that received a challenged protocol was thinner and showed less
distinct layers than that of the standard protocol, which suggests that their epithelial regenerative
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capacity was dampened (Fig. 6B, D, G, I). Moreover, although there was a continuous epithelial layer
present in some of the EVPOMEs composed of cells cultured under 20xPBS and 7dNoF challenge
protocols, some of the EVPOMEs showed more severe metabolic challenges, such as a discontinuous
epithelial layer and complete failure to form the epithelium. Such poorly formed epithelial layers were not
quali�ed for clinical use despite a continuous layer (Fig. 6C, E, H, J). The scatterplot of eight samples to
examine the epithelial regenerative capacity showed a similar distribution pattern between cells cultured
under standard and metabolic challenge protocols (Supplemental Fig. 2).

Proliferative activity of challenged oral keratinocytes in EVPOMEs

Furthermore, to quantify the proliferative activity of EVPOMEs that had received metabolic challenges
when cultured in a 2D monolayer, the PI was calculated and compared with that of the standard protocol
with Ki-67 immune-reaction (Fig. 7A–E). The result demonstrated that the PIs of EVPOMEs developed
under 5xPBS and 4dNoF challenge protocols were signi�cantly lower than that of the standard protocol
(Fig. 8 A, B). Additionally, the PIs of EVPOMEs developed under the 20xPBS and 7dNoF challenge
protocols were much lower than the 5xPBS and 4dNoF of challenge protocols.

Discussion
A tissue-engineered cell/product developed ex vivo for use in wound repair, such as EVPOME grafts and
various medical therapies, require testing, monitoring and inspection to evaluate its quality from start to
completion of the cell culture process, which �nally goes through a release testing prior to transplantation
into/onto the human body. Current popular technologies usually destroy part of the manufactured
cells/tissues for monitoring and testing, although the cells/tissues assessed should be put into the body
later on. Thus, non-invasive tools to assess the in vitro viability, metabolic activity and structures in real
time are necessary to develop in regenerative medicine. Recent advances in optics and imaging analysis,
such as time-lapse microscopic images combined with computational machine learning4,37,38 and the
use of a speci�c sensor,39 have provided many opportunities to address these issues for the QC of cells
to be engineered. Previously, we applied two image analysis algorithms of OF and NCC to primary oral
keratinocytes during the early stage of 2D cell culture and con�rmed that the two motion indices
calculated by both algorithms were applicable and feasible for non-invasive monitoring of cells and can
be used as an appropriate tool for QC.29 This study aimed to improve our previous methodology and to
expand its application for p1 cells and, hereafter, in a later stage culture as a non-invasive tool for QC. We
found that our technique enabled us to evaluate the quality of p1 and subsequent passaged cells non-
invasively in a total 2D cell culture period prior to manufacturing the 3D tissue-engineered construct,
which allows for thorough monitoring.

The present study applied only the OF algorithm with binary image segmentation to the cell area of p1
cells/colonies for the full-screen analysis as a non-invasive and quantitative measurement, instead of
using two different algorithms (OF and NCC). Due to the higher density and narrower spaces between the
neighbouring cells/colonies, which are characteristic of p1 cell spatio-temporal growth kinetics compared
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with p0 cells, we implemented different segmentation imaging techniques that do not require extractions
of the cell areas in which targeted colonies are present (conventional approach by using the threshold)
before applying the OF algorithm. This pre-processing results in an absolute and immense increase in the
background region. In contrast to the decrease in data accuracy of NCC when the microscopic image
contains a large background region, the accuracy of OF analysis was not affected in such cases, because
the OF algorithm is based on image brightness intensity tracking. Thus, the NCC algorithm was not used
in this study in terms of the accuracy of the image analysis. As shown in Fig. 5D and SFig. 1, because
displacement vectors to determine MS were successfully visualised and MS was satisfactorily calculated,
OF is tolerable and applicable for quantitative and non-invasive measurement of the p1 cell/colony
motion in this full-screen analysis.

Although the OF algorithm used in this study was the same as that used in the previous study, the image
segmentation as pre-processing prior to applying OF algorithm to calculate MS were different to
determine ‘cell area’. In this study, MS recognises the mean value of all the lengths of the displacement
vector within the cell area, which were binarised, while it measures only the part where the displacement
vector length is 1 pixel or greater than the cell area in the previous study. Technically, in the previous
study, in case of the length of the displacement vector smaller than 1 pixel, the targeted area was
recognised as the background, not the cell area, although cells moved a little. However, in this study, since
the cell area to measure the overall cell/colony growth is directly and entirely visualised and detected by
segmentation, MS is accurately analysed despite the image containing a mixture of moving and non-
moving cells. Thus, the different approach for image segmentation used in this study is likely to increase
the data accuracy of the measurement of cell/colony motion, thereby contributing to a higher correlation
coe�cient.

Due to the difference in the spatio-temporal proliferating pattern between p0 and p1 cells/colonies, in the
present study, time-lapse microscopic imaging started when the cell con�uency reached 50%, based on
the outcome of overall cell/colony growth and changes in the MS over the 4 h period. Since the reduction
of MS was notable when microphotography started at ≥ 70% con�uency despite continuous cell
proliferation over 4 h, it is highly likely to increase cell–cell contact, which would result in contact
inhibition during measurement. By contrast, the MS slightly increased when the imaging started at 30%
con�uency. This suggested that the cell culture conditions, such as cell con�uency at the start of
microphotography, affect the MMS as the cell/colony motion index in terms of the de�nition of MMS in
this study.40,41 Thus, this protocol is appropriate and validated for use in the quantitative measurement of
p1 cell/colony motion.

This study revealed that the MMS of p1 cells/colonies had a negative correlation with their proliferative
capacity, which indicated that the faster those p1 cells/colonies move, the higher the proliferative
capacity they have, which is similar to the �ndings of our previous study. Notably, their correlation was
almost at a ‘strong’ level, which suggests higher accuracy of our outcomes under the protocols used in
this study for a non-invasive tool for QC in oral keratinocytes regenerative medicine. In fact, when
applying the current protocol to p0 cells/colonies, their MMSs were absolutely lower (data not shown). In
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the previous study, even though the same objective lens was used, we only analysed zoomed subparts of
the image by scaling the limited area where target colonies were present. Thus, the current protocol
created for the characteristic growth kinetics of p1 cells/colonies could enhance data accuracy, because
the full-screen analysis renders the travelling distance of cells shorter. It also contributed to a decrease in
the variation of MSs, since the cell motion ceases when cells divide.

This study was able to determine the threshold of MMS to e�ciently differentiate substandard cell
populations before manufacturing a tissue-engineered oral mucosa tissue construct by utilising two
types of metabolic challenge protocols that are similar to protocols used in previous studies.18,19

Obviously, as opposed to cells being cultured under the standard protocol, MMSs from cells that received
metabolic challenges when grown in a 2D monolayer culture were plotted with an MMS lower than 40
µm/hour. Additionally, the MMSs of cells cultured under more severe metabolic challenge protocols, such
as 20xPBS and 7dNoF, tended to be lower than those under milder metabolic challenges, although some
overlapped. Accordingly, the distribution of PDT plots was mostly dispersed around 2 days of cell
culturing under standard and metabolic challenge protocols, which indicates a correlation with their
MMSs, although the PDTs overlapped among cells receiving two types of metabolic challenge protocols.
Apart from the primary aim, the nutrition challenge affected MMS more distinctly than the no-feeding
challenge did, whereas the no-feeding challenge affected PDT more remarkably. As a result, the MMS of
p1 cells/colonies determined by the OF algorithm is reliable as a non-invasive and quantitative index for
QC in regenerative medicine.

Most importantly, the histologic evaluation of this study was successful in demonstrating the signi�cant
potential of the MMS in predicting the epithelial regenerative capacity of p1 oral keratinocytes. As
expected, in contrast to the development of a continuous and well-strati�ed epithelial layer consisting of
cells cultured under the standard protocol, cells cultured under the metabolic challenge protocols
generated a thinner epithelial layer in EVPOME or failed to form a continuous epithelial layer, which
demonstrated a poor regenerative capacity. Moreover, the signi�cantly lower PI index of EVPOME that
consisted of cells receiving 5xPBS and 4dNoF in a 2D monolayer culture condition was in accordance
with the histologic �ndings, which is similar to the correlation with MMS. Considered together, these
assessments of the epithelial regenerative capacity will make the MMS of p1 cells/colonies more robust
and predictable as a QC tool. These �ndings con�rmed that MMS, which is a non-invasive tool for
monitoring the status of the oral keratinocytes culture, can be an informative and quantitative index that
ensures that p1 cells are suitable for EVPOME fabrication. Nonetheless, the histologic �ndings indicated
that cells with an MMS lower than 40 µm/hour under the metabolic challenges did not completely lose
epithelial regenerative capacity. Thus, an MMS threshold of 40 µm/hour can be used to screen the quality
of cultured cells.

However, a molecular mechanism for identifying the correlation between the locomotive ability and
proliferative capacity of oral keratinocytes has not been elucidated. Although many factors/signalling
pathways should be associated with those cellular characteristics, one that is associated with the
epidermal growth factor (EGF) receptor/ligand system can control skin homeostasis and regulation of
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keratinocyte stem cells.42 Since our culture medium contains EGF as a growth supplement, elucidation of
the correlation between cell/colony motion and the proliferative capacity of the EGF receptor/ligand
system may guarantee more advances in regenerative medicine of oral mucosa.

Materials And Methods
Procurement of oral mucosa samples and culturing primary oral keratinocytes

The procurement of oral mucosa samples and procedure for oral keratinocyte cultures were described
previously.29 All methods were performed in accordance with relevant guidelines and regulations. The
details were described in the Supplementary Methods.

Time-lapse microscopic imaging

Under appropriate conditions, randomly-chosen �ve locations within the dish of the p1 cell culture were
subjected to time-lapse observation. Phase-contrast images were taken at 8-min intervals for 4 h, until a
total of 31 images were produced using a ×4 PlanFluor NA0.13 PhL objective lens. The images were
converted to video �les using a BZ-X analyser (Keyence) (Fig. 5A; Supplemental movie 2A). More detailed
information was provided in the Supplementary Methods.

Determination of the cell area using image segmentation

Previously, we utilised a conventional segmentation method of applying the threshold to the intensity
value by extracting areas containing targeted cells/colonies within the microscopic image. Brie�y, using
the MS as an index of cell locomotive ability, we selected areas with an MS of p0 cells/colonies that was
equal to or greater than 1.00 pixel/frame, which corresponded to a p0 oral keratinocyte cell/colony
area.29 However, it is time consuming and laborious to apply to p1 cell cultures instead of p0
cells/colonies in the current experimental design. Hence, we implemented a different approach to achieve
high-precision segmentation.

For image segmentation before determining the MMS of the p1 oral keratinocyte cells/colonies by using
the OF algorithm, we used the variational segmentation method of Chan and Vese43 to identify the
surface area covered by all cells/colonies. The algorithm developed by Chan and Vese for active contours
is a �exible method that enables the segmentation of many types of images. It has been applied to
segment biological images such as cells, and its details have been reported.44 There are four parameters
(λ1, λ2, ν and μ) in this algorithm, and the parameters should be determined by the user. Details of each
parameter are explained in a previous study.44 Tuning of parameters was conducted by comparing
manual and automatic segmentations and was selected to minimise the deviation between manual and
automatic segmentations as much as possible. The validation data used was the image data shown in
Fig. 5A. In this study, the preferred settings are λ1 = 1.2, λ2 = 1.0, ν = 0.02 and μ = 0.8.

Cell segmentation is conducted using the following three steps:
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Step 1. Smoothing: All frames are smoothed using a Gaussian kernel (size is 3 pixel × 3 pixel window).

Step 2. Detect edges: 3 × 3 convolution kernels (Sobel �lter) are applied to the image and vertical and
horizontal derivatives are generated. Edges are detected by combining the two derivatives using the
square root of the sum of the squares (Fig. 5B).

Step 3. Segmentation of p1 cells/colonies: By applying the Chan–Vese algorithm to the obtained image,
the image is binarised into the background and cell area (Fig. 5C).

In the Chan–Vese algorithm, the use of small-sized images is recommended, because computation is
time consuming. However, since the image size obtained by current time-lapse microscopic imaging is
high resolution (1920 pixel × 1440 pixel), the algorithm is programmed in Python language with CuPy45

to calculate based on the GPU (graphics processing unit). The runtime of Step 3 is approximately 10 min
on a 1920 × 1440 resolution for cell images (31 frames) using a single GPU (GeForce GTX 1080 Ti, 11
GB) core on a common desktop PC (memory, 16 GB).

Measurement of the overall cell/colony growth

Because of the implementation of a different image segmentation, it is necessary to determine what cell
growth conditions of p1 oral keratinocytes are appropriate to start time-lapse imaging. The simplest way
to evaluate cell growth kinetics is to measure the overall cell/colony growth,46 which was obtained via
micro-photographing cells grown in the same culture dish at four different cell con�uencies of 30%, 50%,
70% and 90% using manual observation. From the binary image after segmentation, the overall
cells/colonies growth (%) was calculated, which was obtained by dividing the surface area covered by all
cells/colonies shown in the full-screen mode by the entire image size (in pixel) for each frame over 4 h.

Determination of MMS of the p1 cells

The MS was determined in this study by using the identical OF algorithm of our previsou study.29 A total
of 31 sequence frames were created, in which vectors are drawn for each full-screen image (Fig. 5D;
Supplemental movie 2B). The following procedure was described in the Supplementary Methods.

Sample size estimation

The minimum required sample size was a priori determined by power analysis using G*power
software.47,48 As a result, a total sample size of 26 was required by setting two-tails with an effect size of
0.5, a signi�cance level of 0.05 and a power of 0.8.49

Standard protocol for culturing p1 oral keratinocytes and evaluating the correlation between the motion
index and proliferative capacity

To evaluate the correlation of the proliferative capacity with the MMS under the standard protocol
according to the current experimental design, p1 cells grown at approximately 50% con�uence in the 35-
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mm dish were subject to time-lapse microphotography. The mean MMS of the �ve locations was
represented as the MMS of the sample (n = 32). Regardless of the con�uency, 24 h after the completion
of time-lapse microphotography, p1 cells were collected, and the number of cells was counted to
determine the proliferative capacity. As a parameter of proliferative capacity, population doublings (PDs)
and PDT of p1 cells were calculated as described in Supplementary Methods. Subsequently, a total 32 of
MMS and PDT were plotted on the scatter plot to evaluate the correlation between MMS and PDT.

Metabolic challenge protocols for oral keratinocyte culture

We hypothesised that there should be a threshold for the MMS of p1 cells that can be differentiated as
substandard cell populations. We compared the proliferative capacity of p1 cells under standard protocol
and under two types of metabolic challenge protocols that include a lower nutrition challenge created by
the dilution of completed EpiLife® with D-PBS (Wako Chemical, Osaka, Japan) by 1:5 (5xPBS) and 1:20
(20xPBS) and a no-feeding challenge without a fresh culture medium change for four days (4dNoF) and
seven days (7dNoF). Different from the standard protocol, which was used as a control for the metabolic
challenges, a density of 1.25 × 105 cells was plated into a 35-mm dish for those challenges except for
20x PBS, for which the cells were plated at a density of 1.5 × 105 cells in a 60-mm dish with complete
EpiLife® medium. To secure random sampling, cells were alternately subject to culturing under metabolic
challenge protocols using a total of 32 oral keratinocytes (n = 16).

To test a lower nutrition challenge protocol, the cells were fed every 2 days with complete EpiLife®, and at
approximately 50% con�uency, they were fed with each medium diluted with D-PBS by the indicated ratio,
respectively. The cells of 5xPBS in the 35-mm dish were fed every 2 days with the diluted medium and
time-lapse micro-photographed 3 days later. By contrast, the cells of 20xPBS in the 60-mm dish were
photographed under the time-lapse microscope 4 h after switching the diluted medium.

For the no-feeding challenge protocol, no medium change was made until they were subjected to time-
lapse microphotography, which took three days for 4dNoF and six days for 7dNoF after the medium
change, respectively.

Regardless of the con�uency rate, 24 h after time-lapse microphotography, the p1 challenged cells were
collected using the previously described method, and the number of cells was counted. PD and PDT were
calculated using the formula provided in Supplementary Methods in which N = the number of challenged
p1 cells collected, N0 = the cell number inoculated, which is 1.25 × 105 for 5xPBS, 4dNoF and 7dNoF or

1.5 × 105 for 20xPBS) and I = days in the culture of challenged p1 cells. A step-by-step chart of the four
metabolic challenge protocols is shown in Supplemental Figs. 3A and 3B.

Manufacturing of ex vivo produced oral mucosa equivalents (EVPOME)

Histologic and immunohistochemical examination of EVPOMEs

Evaluation of the proliferative activity of challenged oral keratinocytes in EVPOME
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Manufacturing of EVPOMEs, their histologic and immunohistochemical examinations and evaluation of
the proliferative activity of challenged oral keratinocytes in EVPOME were described in the Supplementary
Methods.

Statistical analysis

To examine the strength of a linear association between MMS and PDT, Spearman’s correlation
coe�cient was calculated for non-normal distribution of the PDT, and the coe�cient, r, and p values were
determined using Prism 7.05 (GraphPad Software, San Diego, CA, USA). The results of PI are presented
as the mean ± standard deviation (SD). The comparisons between the cells under the standard protocol
and metabolic challenge protocols (5xPBS and 4dNoF) were examined using a paired t-test. A p-value
<0.05 was considered statistically signi�cant.

Data availability

The software and datasets generated and analysed during this study can be provided by the
corresponding author upon reasonable request due to pending patent application.

Conclusions
In this study, we improved our imaging analysis method to monitor and evaluate the proliferative capacity
of oral keratinocytes during the later phase of cell culture, speci�cally for p1 oral keratinocytes. The
present study was successful in measuring p1 cell/colony motion by applying the OF algorithm non-
invasively and quantitatively and demonstrated the correlation between the index of cell motion, MMS
and the index of proliferative capacity, PDT. This was achieved by a different protocol to determine the
cell area of p1 cells/colonies using image segmentation. This includes time-lapse microphotography
starting at approximately 50% cell con�uency and the fewer frames required for the full-screen analysis
before applying the OF algorithm. Combined with the results of the MMS of cells receiving metabolic
challenges during the 2D monolayer culture condition, we were able to determine an MMS threshold of
approximately 40 µm/hour to differentiate the substandard p1 oral keratinocyte populations before
manufacturing a tissue-engineered oral mucosa tissue construct. Additionally, our histologic �ndings of
EVPOME con�rmed that the MMS can be used to screen the quality of cells that have su�cient
regenerative capacity. Considered together, even as a single parameter, MMS has the potential to predict
future epithelial regeneration during a 3D culture and can be used as an informative tool and powerful
supportive index for QC in oral keratinocyte regenerative medicine.
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Supplementary Materials
Supplementary Figure 1. MS determined by the current time-lapse microphotography protocol using OF
algorithm

Representative change in MS of p1 oral keratinocytes to calculate MMS by 4-hour time-lapse microscopic
observation (31 frames) when microphotography started at approximately 50% cell con�uency.

Supplementary Figure 2. Distribution of the MMS of p1 oral keratinocytes with PDT under metabolic
challenge protocols and the standard protocol used to develop EVPOMEs

Scatterplot showing the MMS and PDT of p1 oral keratinocytes cultured under two types of metabolic
challenge protocols (low nutrition and no feeding) and the standard cell culture protocol for the
development of EVPOMEs to evaluate the epithelial regenerative capacity after receiving metabolic
challenges (n = 8 individuals).

Distinctive pattern of sample distribution is similar to that in Fig. 3 (n = 16 individuals).

Supplementary Figure 3. Step-by-step chart of metabolic challenge protocols for p1 oral keratinocytes

(A) Low nutrition challenge protocol. (B) No-feeding challenge protocol.

Supplementary Movies 1.

Representative video �les with displacement vectors for MS calculation using OF algorithm. These
movies are converted from phase-contrast images of cultured oral keratinocytes taken at 8 min intervals
for 4 h (total 31 frames). Cells were cultured under the metabolic challenge protocols (A) 5xPBS, (B)
20xPBS, (C) 4dNoF and (D) 7dNoF.

Supplementary Movie 2.

These movies are converted from phase-contrast images of cultured oral keratinocytes taken at 8 min
intervals for 4 h (total 31 frames).

(A) Representative video �le before applying OF algorithm.

(B) Representative video �le with displacement vectors for MS calculation using OF algorithm.

Figures
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Figure 1

Characteristics of p1 oral keratinocytes cells/colonies growth in space and time Representative overall
cell/colony growth (A) and motion speed (MS) (B) for 4 h (31 frames) depending on four different initial
cell con�uencies under manual observation (30%, 50%, 70% and 90%). This data was used to determine
what cell growth conditions were appropriate to start the time-lapse microphotography in this study. (A)
Representative changes in overall cell/colony growth of p1 oral keratinocytes. The overall cell/colony
growth was almost unchanged over time regardless of the initial cell con�uency. (B) Representative
changes of MS of p1 oral keratinocytes over time. MSs showed different patterns depending on the four
different initial cell con�uencies (30%, 50%, 70% and 90%).
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Figure 2

Correlation of the motion index of p1 oral keratinocytes cells/colonies with their proliferative capacity
under standard cell culture protocol Scatterplot showing the correlation between their MMS and
proliferative capacity (PDT). The trend line is added, and its equation and the correlation coe�cient are
shown. (Spearman’s r = −0.6669, p < 0.0001, n = 32 individuals)
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Figure 3

Distribution of the MMS of p1 oral keratinocytes with their proliferative capacity under metabolic
challenge protocols compared with that under the standard protocol Scatterplot showing the MMS and
PDT of p1 oral keratinocytes cultured under two types of metabolic challenge protocols (low nutrition and
no feeding), as well as the standard cell culture protocol. Distinctive pattern of sample distribution is
present between cells cultured under standard protocol and metabolic challenges when grown in a 2D
monolayer culture. (n = 16 individuals)
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Figure 4

Cellular images having displacement vectors cultured under four different metabolic challenge protocols
Representative images (�rst frame) of cells in four different metabolic challenges with displacement
vectors from MS calculation using OF algorithm. (A) 5xPBS, (B) 20xPBS, (C) 4dNoF, (D) 7dNoF. The
original video �les are provided in Supplemental movies 1.
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Figure 5

Images of pre-processing to calculate the MS by OF algorithm (A) Representative original phase-contrast
microscopic image of the p1 oral keratinocytes of the �rst frame of time-lapse microphotography. Cells
are grown at approximately 50% con�uence. (B) Illustration of edge detection for Fig. 5A. Edges are
detected by combining the horizontal and vertical derivatives using the square root of the sum of squares
after 3 × 3 convolution kernels (Sobel �lter) was applied to the image. (C) Illustration of the segmentation
of cells/colonies by binarisation of Fig. 5B. Black and white areas indicate background and cell area,
respectively, by using the variational segmentation method of Chan and Vese. (D) Displacement vectors
to be calculated by the OF algorithm in Fig. 5A are shown. By using the OpenCV library (ver.4.1), this full-
screen image and the image at the next time step were used to calculate the MS as the mean value of the
magnitude of vectors. The original video �le is provided in Supplemental movie 2B.
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Figure 6

Histologic analysis of the EVPOME received metabolic challenges compared with the standard protocol
Representative histologic appearances of the EVPOMEs consisted of oral keratinocytes cultured under
standard or four different metabolic challenge protocols in a 2D culture condition before transfer to a 3D
culture condition. Oral keratinocytes grown in the standard protocol developed a well-differentiated,
strati�ed epithelial layer on the scaffold (A), (F). Compared with those histologic features, however, cells
that received mild metabolic challenges, such as 5xPBS and 4dNoF, formed a thinner epithelial layer (B),
(D), (G), (I). Furthermore, cells that received severe metabolic challenges, such as 20xPBS and 7dNoF,
generated a poorly differentiated epithelial layer (C), (E), (H), (J). Additionally, some failed to generate a
continuous epithelial layer. Haematoxylin and eosin staining. (n = 8 individuals) Original magni�cations
x10 (A–E), x40 (F–J). Scale bar = 100 μm.
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Figure 7

Ki-67 immunohistochemical analysis of the EVPOME received metabolic challenges compared with the
standard protocol Representative images of Ki-67 immunohistochemistry of the EVPOMEs. Ki-67-positive
cells are mainly present in the basal layer. The number of Ki-67 positive cells was remarkably fewer when
cells received metabolic challenges before development of the EVPOMEs. (A) Standard protocol, (B)
metabolic challenge of 5xPBS, (C) metabolic challenge of 20xPBS, (D) metabolic challenge of 4dNoF, (E)
metabolic challenge of 7dNoF. Original magni�cation ×40. Scale bar = 100 μm.
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Figure 8

Proliferative index (PI) of EVPOMEs (A) The PI of EVPOMEs between cells cultured under standard
protocol and those that received the lower nutrition challenge. (B) The PI of EVPOMEs between cells
cultured under standard protocol and those that received the no-feeding challenge. Data are presented as
the mean ± standard deviation (SD). The statistical analysis was performed between the PI of the
standard protocol and the PI of either the metabolic challenge protocol of 5xPBS or that of 4dNoF using a
paired t-test. Because a continuous epithelial layer failed to be formed among some EVPOME specimens
in which cells received severe metabolic challenges, such as 20xPBS and 7dNoF, the signi�cant
difference was obvious. * indicates statistical signi�cance (p < 0.05).
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