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ABSTRACT

Cell growth is an important criterion for determining healthy cell conditions. When somatic cells or
cancer cells are dissociated into single cells for passaging, the cell numbers can be counted at each
passage, providing information on cell growth as an indicator of the health conditions of these cells.
In the case of human pluripotent stem cells (hPSCs), because the cells are usually dissociated into cell
clumps of ∼50–100 cells for passaging, cell counting is time-consuming. In the present study, using
a time-lapse imaging system, we developed a method to determine the growth of hPSCs from non-
labeled live cell phase-contrast imageswithout damaging these cells. Next, the hPSC colony areas and
number of nuclei were determined and used to derive equations to calculate the cell number in hPSC
colonies,whichwere assessed on time-lapse images acquired using a culture observation system. The
relationships between the colony areas and nuclei numbers were linear, although the equation coef-
ficientswere dependent on the cell line used, colony size, colonymorphology, and culture conditions.
When the culture conditions became improper, the change in cell growth conditions could be
detected by analysis of the phase-contrast images. This method provided real-time information on
colony growth and cell growth rates without using treatments that can damage cells and could
be useful for basic research on hPSCs and cell processing for hPSC-based therapy. STEM CELLS

TRANSLATIONAL MEDICINE 2015;4:720–730

SIGNIFICANCE

This is the first study to use a noninvasivemethod using images to systemically determine the growth
of human pluripotent stem cells (hPSCs) without damaging or wasting cells. This method would be
useful for quality control during cell culture of clinical hPSCs.

INTRODUCTION

Human embryonic stem cells (hESCs) [1] and hu-
man induced pluripotent stem cells (hiPSCs) [2]

have unique capabilities to proliferate virtually infi-

nitely and to differentiate into almost any cell type.

These human pluripotent stem cells (hPSCs) could

be a promising new tool for both cell-based regen-

erative medicine and pharmaceutical research, in-

cluding drug efficacy and toxicity screening tests.

However, it remains challenging tomaintain hPSCs

in an undifferentiated state because of their differ-

entiation potential and/or genetic instability [3].

Thus, it has been recommended that cultured

hPSCs should be routinely characterized [4] to de-

termine whether their phenotype is maintained.

Cell growth is one of the important criteria for de-

termining healthy cell conditions.
When somatic cells or cancer cells are pas-

saged, the cells are dissociated into single cells.

Therefore, the cell numbers can be counted at
each passage, and researchers can monitor cell
growth as an indicator of the health conditions
of these cells. In the case of hPSCs, the cells are
usually dissociated into cell clumps of ∼50–100
cells for passaging, because dissociation into sin-
gle cells induces apoptotic cell death or triggers
their spontaneous differentiation. Next, the cells
are dissociated into single cells separately from
passaged cells, and the cell numbers are counted.
However, it is labor-intensive, time-consuming,and
wasteful of the available cells. A Rho-associated
coiled-coil formingkinase inhibitor (ROCK inhibitor;
Y27632) can be used to rescue hPSCs from apopto-
tic cell death [5], although its continuous use is cur-
rently less common.

Our aim was to monitor the cell growth con-
ditions using imaging analysis without any inva-
sive methods. In the present study, we devel-
oped a noninvasive method to determine the cell
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growth of hiPSCs by analyzing images of live, nonlabeled hiPSCs in
culture. We determined the areas of single hiPSC colonies and the
number of fluorescently stained nuclei in these colonies to derive
equations to assess these variables’ relationships. This analysis
showedthat theserelationshipswere linear, althoughtheequation
coefficients were dependent on the cell lines used, colony mor-
phology (size, either,1mm2 or.1mm2; cell morphology, either
typical ES-like cells or comparatively flatter cells), and culture con-
ditions. The cell growth rates calculated using these equations
were comparable to those when counting the cell numbers using
a hemocytometer. This method provided real-time information
on the growthof the colonies and cellswithout damaging orwast-
ing the cells and could be useful for both basic research using
hPSCs or hiPSCs derived from patients with rare diseases and cell
processing for hPSC-based therapy.

MATERIALS AND METHODS

Ethics Statement

All experiments using human iPSCs were conducted with the ap-
proval of the institutional reviewboardof theNational Instituteof
Biomedical Innovation.

Cell Culture

A Japanese adult human skin fibroblast (JCRB0534: TIG-114)-
derived iPSC line [6], iPS-TIG114-4f1 (JCRB1437), which was
established by Yamanaka’s group (Center for iPS Cell Research
and Application, Kyoto University) [3, 7], and a human lung fibro-
blast cell MRC-5-derived iPSC line, Tic [8, 9] (JCRB 1331), were
obtained from the JCRB Cell Bank (National Institutes of Biomedical
Innovation, Health and Nutrition, Osaka, Japan, http://cellbank.
nibio.go.jp/english/). These hiPSCs were first expanded to prepare
stocksafter5passages,afterwhichthethawedcells fromthesestock
were maintained for less than 5 months on irradiated-inactivated
CF-1 mouse embryo fibroblast (MEF) feeder cells (EMD Millipore,
Billerica, MA, http://www.emdmillipore.com) in a human ESC ex-
pansion medium (KSR-based medium). The medium consisted of
Dulbecco’s modified Eagle’s medium (DMEM)/F12 medium (Life
Technologies, Carlsbad, CA, http://www.lifetechnologies.com) sup-
plementedwith 20%KnockOut SerumReplacement (KSR; Life Tech-
nologies Ltd., Paisley, U.K.), 0.1 mM 2-mercaptoethanol (Sigma-
Aldrich, St. Louis, MO, http://www.sigmaaldrich.com), 2 mM
L-glutamine (Gibco, Grand Island, NY, http://www.invitrogen.
com), 0.1 mM nonessential amino acids (Gibco), and human
recombinant fibroblast growth factor 2 (FGF-2) (Katayama Kagaku
Kogyo Ltd., Osaka, Japan, http://www.katayamakagaku.co.jp/en/;
iPS-TIG114-4f1, 4 ng/ml; Tic, 10 ng/ml), as previously described
[10–12]. The cells were passaged with 1 mg/ml dispase (Roche Ap-
plied Science, Penzberg, Upper Bavaria, Germany, https://www.
roche-applied-science.com) and split at a 1:5–1:8 ratio every 6 days.
For the feeder-free cultures, the hiPSCswere cultured in TeSR-E8 [13]
(StemcellTechnologies,Vancouver,BC,Canada,http://www.stemcell.
com) on basementmembrane extracellular matrix (Matrigel, Corning
LifeSciences,Tewksbury,MA,http://www.corning.com)andmechan-
ically passaged with a disposable stem cell passaging tool (EZPassage,
LifeTechnologies).Thesecellsweresplitata1:5–1:8ratioevery5days.

Todetect the changes in cell growth, the cellswere cultured in
an improper medium, E5 medium. E5 medium, in which insulin,
FGF-2, and transforming growth factor-b (TGF-b) were excluded
from TeSR-E8, consisted of DMEM/F12 medium supplemented

with 64 mg/ml L-ascorbic acid-2-phosphate magnesium, 14 mg/
ml sodium selenium, 543 mg/ml sodium hydrogen carbonate,
and 10.7mg/ml apo-transferrin (Sigma-Aldrich for all). To repress
cell proliferation, the cells were treatedwith an inhibitor of phos-
phatidylinositol 3 (PI3) kinase of LY294002 at a concentration of
20mM(Cell Signaling Technology, Inc.,Danvers,MA,http://www.
cellsignal.com) in the TeSR-E8 culture medium from 3 days after
seeding.

Live Cell Imaging

The cells were seeded into 3 wells of a 6-well plate to acquire the
results cost-effectively and cultured in a culture observation sys-
tem (BioStation CT, Nikon Corp., Tokyo, Japan, http://www.
nikon.com) at 37°C in a fully humidified atmosphere of 5% carbon
dioxide in air andmonitored using time-lapse live imaging. Phase-
contrast images were automatically acquired every 12 hours at
amagnificationof34anda resolutionof2mmperpixel. Todetect
nuclei in live cells, the cell nuclei were stained with a cell-
permeable SYTO 24 green fluorescent dye (0.5 mM; Life Technol-
ogies), which exhibits bright green fluorescence on binding to
DNA rather than RNA. The excitation and emission of SYTO 24
is 490 and 515, which can be detected by BioStation CT, which
was used in our study. Fluorescent images of the phase-
contrast images and stainednucleiwere acquiredwith the culture
observation system and analyzed using imaging analysis soft-
ware, CL-Quant, version 3.1 (NikonCorp.), using aprogramwede-
vised. This program allowed the detection of individual colonies,
measuring the areas of hiPSC colonies, and determining the num-
ber of nuclei in the detected hiPSC colonies on the phase-contrast
and fluorescent images.

Conventional Cell Counting

Immediately after acquiring green fluorescent images, the cells
were dissociated into single cells using 0.025% trypsin and
0.01%EDTA inphosphate-buffered saline (Life Technologies). Cell
numbers were counted using a disposable hemocytometer, One-
Cell Counter (BioMedical Science, Ltd., Tokyo, Japan http://www.
bmsci.com/bmscure.php) under a microscope (Nikon Corp.).

Image Analysis Procedures

Cell images formore than 70 colonieswere analyzed using the CL-
Quant software (Nikon Corp.). The algorithm used to determine
the growth of hiPSCs in culture is shown in Figure 1. The scatter
graphs were prepared from the colony areas and nuclei numbers,
and analysis was performed using the statistical software Graph-
Pad Prism, version 6.0, for Windows (GraphPad Software, San
Diego, CA, http://www.graphpad.com) to determine the regres-
sion line using a tool of linear fitting. From the regression line, the
equation coefficients for the relationship between the colony
areas and nuclei numbers were determined.

Immunocytochemical Staining

Immunocytochemical staining was performed as previously
described [11, 14]. Anti-Oct-3/4 antibody (N-19, sc-8628; Santa
Cruz Biotechnology, Santa Cruz, CA, http://www.scbt.com), anti-
vimentin antibody (V6630; Sigma-Aldrich), Alexa Fluor 647 conju-
gated chicken anti-goat IgG (H+L) secondary antibody, and Alexa
Fluor 594 conjugated chicken anti-mouse IgG (H+L) secondary an-
tibody (Life Technologies) were used for immunostaining. Nuclei
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were stainedwithHoechst 33342 (Life Technologies). The fluores-
cent and phase contrast images were obtained using BioStation
CT (Nikon Corp.) and were analyzed using CL-Quant, version 3.1
(Nikon Corp.) to evaluate the fluorescent intensity per pixel of
the colony areas (pixels).

Statistical Analysis

All experiments were biologically performed at a minimum of
three replicates. The results for triplicate determinations are
shown in the figures and tables.

RESULTS

Image Analysis Procedures

The algorithm for developing the noninvasive method to deter-
mine the growth of hiPSCs in culture is shown in Figure 1. The cells
were stainedwith a fluorescent nuclei staining solution, and fluo-
rescent images of the cells acquired using the culture observation
system were analyzed with image analysis software, CL-Quant,
version 3.1, to count the number of nuclei. The hiPSC colony cov-
erage areas extracted from the fluorescent images using the
colony extraction program of CL-Quant were overlaid on the
fluorescent images to remove the nuclei of feeder cells or scat-
tered differentiated cells from these images. The hiPSC colony
coverage areas extracted from the phase-contrast images using
the colony extraction recipe of CL-Quantwere grouped according
to cell morphology and colony size. Next, equations were derived
using GraphPad Prism, version 6.0, for Windows (GraphPad Soft-
ware) to calculate the cell numbers from the colony coverage

areas according to the relationships between the colony sizes
and the number of nuclei counted. The cell numbers were calcu-
lated using these equations. From these cell numbers, the cell
growth rates were then calculated using the following formula:

Doubling time¼ T ln2=lnðN2=N1Þ
where T is the incubation time, N1 is the cell numbers at the
beginning of the incubation time, and N2 is the cell numbers at
the end of the incubation time.

hiPSC Colony Areas During Culture

To analyze each hiPSC colony during culture, time-lapse phase-
contrast images of live hiPSCs grown in a 6-well plate were ac-
quired using the culture observation system every 12 hours.
TwohiPSC lineswere used under two culture conditions: an hiPSC
line derived from the human lung fibroblast MRC-5 cell line, Tic
cells (JCRB1331) [14–16], grown on inactivated MEFs in KSR-
based medium (Tic on-feeder); Tic cells grown on Matrigel in
TeSR-E8 (Tic feeder-free); another hiPSC line derived from Japa-
nese skin fibroblast TIG114 cells (JCRB0534), derived iPS-TIG114-
4f1 cells (JCRB1437) [3, 7] grown on MEF in KSR-based medium
(iPS-TIG114-4f1 on-feeder); and iPS-TIG114-4f1 cells grown on
Matrigel in TeSR-E8 (iPS-TIG114-4f1 feeder-free). An analysis of
the scanned images using the hiPSC colony detection program
of the imaging analysis software CL-Quant, version 3.1, revealed
a diversity in the colony areas, in the range of∼104–107mm2 (Fig.
2A, 2B; supplemental online Fig. 1A, 1B). For Tic feeder-free cells
(Fig. 2A, 2C) and Tic on-feeder cells (supplemental online Fig. 1A,
1C), the detected colonies became larger during a culture period
of 120hours. In contrast, for the iPS-T114-4f1 feeder-free (Fig. 2B,
2D) and iPS-TIG114-4f1 on-feeder (supplemental online Fig. 1B,
1D) cells, small colonies (,25 mm2), which were not detected
at 48 hours, began to be noted every 12 hours and resulted in
an increase in the total colony numbers, although some of the
large coloniesmerged into larger colonies. These results indicated
that colony growth was dependent on the cell line used.

Relationships Between hiPSC Colony Areas and Single
hiPSC Areas

In general, within a few days after passage, the morphologies of
the hESCs/hiPSCs were comparatively flatter and larger than
those of typical undifferentiated hESCs/hiPSCs, and spaces
between the cells were detected in small colonies, as previously
described [17]. For example, phase-contrast images of iPS-
TIG114-4f1 on-feeder cells showed that a small colony consisted
of flatter cells at 84 hours after passage. In contrast, a larger col-
ony had tightly packed, round cellswithout spaces in between the
cells and consisted of cells with large nuclei and notable nucleoli
at 108 hours after passage (Fig. 3A). From these images, we as-
sumed that the cell areas in the hiPSC colonies might have de-
creased during culture and that the number of cells in these
colonies might depend on how large these colony areas were.
Thus, the total areas of hiPSC colonies might not be directly pro-
portional to the numbers of hiPSCs in these colonies.

An analysis of representative colonies using staining with
an anti-E-cadherin antibody using the image analysis software
showed that the areas of single cells were from 75 mm2 to
∼1,500mm2 (Fig. 3B; supplemental online Table 1). The averages
of the single cell areas in a larger colonywere from136mm2 (area
A) to 390 mm2 (area B). The averages of the single cell areas in

Figure1. Algorithmfordeterminingcell growthusingacultureobser-
vation system. This algorithm was developed for the noninvasive
methodtodetermine thegrowthofhiPS cells inculture.Abbreviations:
hiPS, human induced pluripotent stem; iPS, induced pluripotent stem.
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a smaller colony were from ∼491 mm2 (area C) to 840 mm2 (area
D). From these results, we hypothesized that if the relationship
between the colony areas and cell numbers was determined,
we could calculate the cell numbers from live cell colony images.

Counts for Fluorescently Stained Nuclei

To determine the cell numbers in colonies, we created a program
for the image analysis software to detect intact nuclei and disre-
gard fragmented nuclei in live hiPSCs stainedwith the fluorescent
dye SYTO24, following the instructions of fluorescent image anal-
ysis of the imaging analysis software.We confirmed that SYTO 24
at 0.5mM (a concentration lower than that given in themanufac-
turer’s instruction) could be used to stain live hiPSCs and that the
stained cells could survive at least 4 hours, although the cells
tended to die after 12 hours (supplemental online Fig. 2). Thus,
both the fluorescently stained nuclei and colony areas consisting
of packed nuclei were detected individually and then overlaid to
count the number of fluorescently stained nuclei only in the

extracted colony areas (supplemental online Fig. 3A). For this pur-
pose, each colony area was extracted from a fluorescent image.
For comparisons of the number of counted fluorescent nuclei, af-
ter acquiring the fluorescent images, the cells were immediately
dissociated by trypsin/EDTA for cell counts using the hemocytom-
eter 4 hours after the cells were stained with SYTO 24.

The number of fluorescent nuclei counted using the culture
observation system software was comparable to the number
counted using the hemocytometer when the numbers were
greater than the hemocytometer measurable limit: 104 cells
(r = .9359; supplemental online Fig. 3B). We also compared the
accuracy of colony area detection between the fluorescent
images and phase-contrast images. A strong correlation was
found between the colony areas detected by the fluorescent
images and those detected by the phase-contrast images
(r = .9877; supplemental online Fig. 3C). From these results, for
the following experiments, the number of nuclei was considered
to indicate the cell number, and we used the phase-contrast
images to detect the colony area.

Figure 2. Colony areas and numbers during culture. Human induced pluripotent stem cell (hiPSC) lines or Tic or iPS-TIG114-4f1 cells were seeded
using feeder-free culture conditions in 6-well-plates andcultured for5days. After the cell clumpshad settledon theplate surfaces (48hours), phase-
contrast images of these cells were acquired every 12 hours and analyzed using the culture observation system and software. Cell clumps areas of
.25mm2were recognized as undifferentiatedhiPSC colonies for analysis. (A):Colonyareas forTic feeder-free cell culture. (B):Total colonynumbers
for Tic feeder-free cell culture. (C):Colony areas for iPS-TIG114-4f1 feeder-free cell culture. (D): Total colonynumbers for iPS-TIG114-4f1 feeder-free
cell culture. The plots are representative of three wells from independent experiments. Abbreviation: iPS, induced pluripotent stem.
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Relationships Between hPSC Colony Areas and
Cell Numbers

To determine the relationships between the hiPSC colony areas
and cell numbers, phase-contrast and fluorescent images of Tic

cells and iPS-TIG114-4f1 cells in a 6-well plate stained with SYTO

24 were acquired using the culture observation system every

12 hours. Next, the cell numbers were plotted against the colony

areas to generate equations to determine the relationship be-

tween these variables. When the coefficients in these equations

were set to constant values, the errors for the calculated numbers

comparedwith the nuclei numbers were∼50% (data not shown).

Thus, we considered that the single cell size was changed during

culture.
Phase-contrast images showed that there were two types

of colonies. One type consisted of comparatively flatter cells

andwas designated the type A colony. The second type consisted

of small compact cells and was designated the type B colony
(supplemental online Fig. 4). Next, the detected colonies in Tic
feeder-free cell culture were divided into these two types
(supplemental online Table 2) and used in plots against the cell
numbers. These plots showed that the relationships between
the colony areas and cell numberswere linear, although theequa-
tion coefficients were different between the type A (Fig. 4A) and
type B colonies (Fig. 4B) for the smaller colonies (,1 mm2). No
type A colonies found in the larger colonies (.1mm2). The equa-
tion coefficients for the relationships between the areas and cell
numbers with the larger colonies were greater than those for
the smaller colonies (Fig. 4C). The numbers determined from
these equationswere comparedwith those counted from the fluo-
rescent images, which showed that the error ranges were from
28.9% to +25.0% for the larger colonies; for the smaller colonies,
the error ranges were comparatively greater (from 257.5%
to +23.6%; Fig. 4D).

Figure 3. Cell areas in colonies with different morphology types. Phase-contrast images of iPS-TIG114-4f1 cells cultured on feeder cells were
acquired for a period of 120 hours. Different colony morphology types appeared during this culture period. (A): Two representative images of
small colonies consisting of flatter cells, which appeared at 84 hours or 96 hours after passage, and two representative images of larger colonies
consisting of tightly packed, round cells without spaces in between, which appeared at 96 hours or 108 hours after passage. (B): Cells were
stained using an anti-E-cadherin antibody. The cell sizes of the representative cells (outlined in red) of representative large and small colonies
were analyzed using image analysis software. The results of the analyzed cell sizes are shown in supplemental online Table 1.
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For iPS-TIG114-4f1 feeder-free cells, the relationship be-
tween colony area and cell number in the type A colonies in
the smaller colonieswas similar to that of the Tic feeder-free cells.
In contrast, the equation coefficients for the relationships be-
tween the colony areas and cell numbers in the type B colonies
for both smaller and larger colonies were greater than those
for the Tic feeder-free cells (Fig. 4E–4G). The errors for the cell
numbers from these equations were comparatively larger with
the smaller colonies (from 257.5% to +23.6%), but the errors
were comparably smaller (from28.0% to +25.0%)with the larger
colonies (Fig. 4H). For Tic on-feeder cells, the relationships

between colony areas and cell numbers were linear for all
types of colonies, although the equation coefficients were dif-
ferent depending on the colony type (supplemental online Fig.
5A–5C). The errors for the cell numbers were comparatively
greater than those for the Tic feeder-free cells (supplemental
online Fig. 5D). Because the images revealed that iPS-TIG114-
4f1 on-feeder underwent spontaneous differentiation, we
eliminated the results of the iPS-TIG114-4f1 cells on-feeder
from the cell growth analysis. The equation coefficients were
different depending on the cell line used and the culture con-
ditions. The average errors were ,10% with Tic feeder-free

Figure 4. Relationships between colony areas and cell numbers. Graphs show cell numbers (y-axes) versus colony areas (x-axes) for Tic feeder-free
(A–D): and iPS-TIG114-4f1 (E–H) feeder-free cells. For type A colonies, the equations derived for the cell numbers versus the colony areas were
y = 2,461x for Tic cells and y = 2,328x for iPS-TIG114-4f1 cells. For type B colonies of,1mm2, these equationswere y = 2,538x for Tic cells and y = 3,597x
for iPS-TIG114-4f1cells.FortypeBcoloniesof.1mm2,theseequationswerey=3,630x21,092forTiccellsandy=6,458x22,501for iPS-TIG114-4f1cells.
(D, H): The errors for the cell numbers are shown. Open circles indicate type A colonies; open triangles, type B colonies of,1 mm2; and open
squares, typeB coloniesof.1mm2. The results in eachgraphare for three independent experiments. Abbreviation: iPS, inducedpluripotent stem.
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and on-feeder, although those for iPS-TIG114-4f1 feeder-free
cells were comparatively greater (15%) (supplemental online
Table 3).

hiPSC Doubling Time Calculated According to
Colony Areas

Using the equations that we derived, the doubling times of the
cells during the culture period were determined from the time-
lapse phase-contrast images of the two hiPSC lines (Table 1).
For the feeder-free culture conditions, the growth rates deter-
mined using the equations were not much different from those
determined from the hemocytometer counts. For the feeder cul-
ture conditions, the cell growth rates during 48–96 hours were
notmuch different from those determined from the hemocytom-
eter counts. These results showed that itwas possible to calculate
the cell growth from the time-lapse images of the hPSC cultures
without damaging the cells.

When the cells were counted using the hemocytometer,
feeder cells were not counted. However, differentiated cells
could not be removed from the dissociated cell suspensions. In

contrast, differentiated cells could be removed from the images
to estimate cell growth.

Detection of Changes in Growth by the Imaging System

To examine whether our imaging system could detect changes in
cell growth, the Tic cells were seeded onMatrigel in TeSR-E8 me-
dium. After 3 days, the cells were cultured for 2 more days in E5
medium, which did not contain insulin, FGF-2, TGF-b, or TeSR-E8
medium with an inhibitor of PI3 kinase of LY294002 at a concen-
tration of 20 mM. After acquiring the phase-contrast images, the
cells were dissociated to count the cells orwere stainedwith anti-
Oct-4 or anti-vimentin antibodies. Image analysis revealed that
when the cells were cultured in TeSR-E8medium, type B colonies
increased from day 4 to day 5 (Fig. 5A, 5B, 5G; supplemental
online Table 4). Because the cells did not grow sufficiently in E5
medium or with LY294002 to count the cell numbers when the
cells were seeded at the usual cell density, the cells were seeded
at a higher density. Many colonies in TeSR-E8 medium overgrew
at day 5 (Fig. 5B). In contrast, when the cells were cultured in
E5 medium, or in TeSR-E8 medium with LY294002, the type B

Table 1. Cell doubling times

Variable

Calculated DT from images Calculated DT from cell counting

Culture (hours) DT (hours) SD Culture (hours) DT (hours) SD

Tic feeder-free

48–60 17.53 1.04 48–72 13.12 8.65

60–72 17.81 0.49

72–84 18.98 0.23 72–96 10.94 3.67

84–96 10.68 0.35

96–108 24.38 1.58 96–120 16.05 2.72

108–120 32.49 2.93

Tic on-feeder

48–60 17.41 2.60 48–72 23.10 8.92

60–72 28.97 1.82

72–84 35.42 3.41 72–96 21.09 6.15

84–96 45.56 1.55

96–108 44.05 4.34 96–120 19.05 0.38

108–120 51.64 7.76

iPS-TIG114-4f1 feeder-free

48–60 16.30 1.16 48–72 12.34 0.06

60–72 20.05 1.08

72–84 20.34 0.51 72–96 18.15 2.53

84–96 19.69 0.62

96–108 21.98 1.24 96–120 15.48 2.34

108–120 27.23 1.15

Culture medium

E8 22.17 0.99 13.85 2.07

E5 46.81 7.99 30.1 11.79

LY 99.59 90.02 225.21 139.6

For the first three variables, cell growthwas calculated fromderivedequations and comparedwith cell counts fromahemocytometer. The results are
the mean of three wells from three independent experiments. For the culture medium variables, the Tic cells were seeded on Matrigel in TeSR-E8
medium. After 3 days, the cells were cultured for 2 more days in E8, E5, or LY. Cell growth (DT) was calculated from the derived equations and
compared with that calculated by manually counting the cells using a hemocytometer. Results are the mean of six wells from three independent
experiments.
Abbreviations: DT, doubling time; E5, E5medium that did not contain insulin, FGF-2, or TGF-b; E8, TeSR-E8medium; FGF-2, fibroblast growth factor-2;
LY, TeSR-E8 medium with an inhibitor of phosphatidylinositol 3 kinase of LY294002 at a concentration of 20 mM; TGF, transforming growth factor.
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colonies rarely increased (Fig. 5C, 5D–5F, 5J, 5M; supplemental
online Table 4). Using the equations we derived, the cell numbers
(Fig. 5H, 5K, 5N; supplemental online Table 5) and doubling time
(Table 1) were calculated and compared with the numbers of live
and dead cells counted using the hemocytometer (Fig. 5I, 5L, 5O).
The calculated cell numbers of the cells cultured in TeSR-E8 me-
dium at day 4 were comparable with the cell numbers counted
using the hemocytometer. However, the calculated cell numbers
at day 5 were approximately one half of those counted using the
hemocytometer. Furthermore, the calculated cell numbers of the
cells cultured in E5 medium were comparable to those counted
using the hemocytometer. The calculated cell numbers of the
cells cultured in TeSR-E8 mediumwith LY294002 were twice that
of the cells counted by the hemocytometer. These results might
be caused by the possibility that the hemocytometer creates
errors with the smaller cell numbers and the imaging analysis sys-
temcreates errorswith the larger cell numbers. However, the cal-
culation of the doubling time demonstrated that both methods
could detect the change in cell growth, although the calculated
doubling time from the image analysis was slower than that cal-
culated from the counting using the hemocytometer (Table 1).

The phase-contrast images showed that the cells cultured in
TeSR-E8 seemed intact (Fig. 6A), but the cells cultured in E5 me-
dium seemed flat (Fig. 6E), and those cultured with LY294002
seemed unhealthy (Fig. 5I). Immunostaining showed that most
cells were positive for Oct-4 in all culture conditions (Fig. 5C,
5D, 5G, 5H, 5K, 5L). In contrast, the vimentin-positive cells were
localized in super-peripheral areas of the colonies in TeSR-E8

medium (Fig. 6C, 6D). In E5 medium, the vimentin-positive cells
were localized in the peripheral and central areas of the colonies
(Fig. 6G, 6H). With LY294002, the vimentin-positive cells were in-
creased in the colonies (Fig. 6K, 6L). With respect to caspase 3/7
(supplemental online data), the localization was similar to that
of vimentin (supplemental online Fig. 6). To compare the result an-
alyzed using phase-contrast image analysis system, the vimentin-
positive areas of the colony areas were determined using the
fluorescence imaging software (supplemental online Fig. 7). The
vimentin-positive areas (pixels), forwhich the fluorescence intensity
wasmorethaneightperpixel,werecalculatedaccordingtotheareas
(pixel) of the individual colonies. The number of colonies with.3%
vimentin-positive areas per colony areawas higher in E5mediumor
LY294002 than in TeSR-E8medium, just as thenumber of typeA col-
onies was higher in E5 medium or TeSR-E8 medium with LY294002
than in TeSR-E8medium. These finding indicated that although vim-
entin was not a direct marker of type A colonies, diagnosis by anal-
yzing the type A or B colonies reflected the differentiated state of
hiPSCs.

DISCUSSION

In the present study, we developed an image analysis method
using a culture observation system to determine hiPSC growth
without using any invasive treatments. By determining the
relationships between the areas of hiPSC colonies and the num-
ber of fluorescently stained nuclei, equationswere derived to cal-
culate the cell numbers from colony images acquired using the

Figure 5. Detection of change in cell growth by the imaging system. Tic cellswere seededonMatrigel in TeSR-E8medium. After 3 days, the cells
were cultured formore 2 days in TeSR-E8medium (A, B, G–I), E5medium that did not contain insulin, fibroblast growth factor-2 or transforming
growth factor-b or TeSR-E8 medium with an inhibitor of phosphatidylinositol 3 kinase of LY294002 at a concentration of 20 mM (E, F, M–O).
(A–F): The phase contrast imageswere analyzed using the imaging analysis system. TypeA colonieswere recognized as blue, and type B colonies
as yellow. (G, J,M): The colony areaswere extracted from the images andanalyzed for typeAor typeB colonies of,1mm2, or typeBof.1mm2.
(H, K, N): The cell numbers calculated by the equation with the ratio of type A or type B colonies. (I, L, O): The cells dissociated by trypsin/EDTA
were counted by the hemocytometer. Scale bars = 2 mm.
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culture observation system for two hiPSC lines under two culture
conditions.

Cells that are typically cultured in monolayers, such as fibro-
blasts, keratinocytes, or cancer cells, can generally be recognized
individually under amicroscope. In contrast, because undifferen-
tiated hESCs/hiPSCs are tightly packedwithin colonies [2, 18], it is
challenging to recognize single cell areas owing to the difficulty
with adapting image segmentation approaches. Furthermore,
hESCs/hiPSCs tend to differentiate during culture, which makes
it quite difficult to accurately identify and count the number of
undifferentiated hESCs/hiPSCs.

We had first hypothesized that the number of hiPSCs would
increase linearly with the increase in colony areas. However, the
relationship between the hiPSC colony areas and cell numbers
could not be expressed with an equation for a straight line, be-
cause the single hiPSC areas changed during culture. In practice,
stemcell researchers have found that themorphologies of hESCs/
hiPSCs usually changed at 3–4 days after passage from compara-
tively flatter shapes to small, packed, round shapes, or so-called
mature cells. Our measurements under a microscope showed
that the size of the iPS-TIG114-4f1 cells decreased from
∼1,500 mm2 to 75 mm2 during culture after passage and that
the average size of the single hiPSCs in a “mature colony” was
∼136 mm2. The size of these hiPSCs was greater than that ob-
served in a previous study [18].

Separately, we attempted to measure the size of hES H9 cells
on phase-contrast images. The average size of single hESCs in

a “mature colony” was ∼315 mm2 (data not shown). These find-
ings suggested that the size of hESCs/hiPSCs will be different
among cell lines. Other investigators have argued that relation-
ships exist among the cell sizes, DNA contents, and metabolic ac-
tivities [19, 20]. One recent study reported that cancer cell lines
exhibited specific cell volumes that correlated with the protein
content, DNA content, and protein synthesis rates [21]. These
findings implied that the activities in hPSCs might dynami-
cally change during culture, which might cause morphological
changes.

Next, we hypothesized that if a relationship between the
hiPSC colony areas and cell numbers could be determined, this
relationship could provide cell growth. We applied several differ-
ent types of equations to determine this relationship and con-
cluded that the relationship was linear, although the equation
coefficients were dependent on the cell line used, cell morphol-
ogy, colony size, and culture conditions. The cell growth rates
were also different with the different culture conditions. These
results are consistent with those from our previous study of
a growth factor-defined serum-free medium for culturing hESCs.
That study showed that the growth of hESCs cultured under
feeder-free culture conditions was different from that of hESCs
cultured on feeders [22]. When the cells overgrew in TeSR-E8
or the cell growth was inhibited in E5 medium or LY294002,
the calculated cell numbers using these equations were different
from the cell numbers counted using the hemotocytometer. In
contrast, the changes in cell growth could be detected. Both

Figure 6. Immunocytochemical staining for Oct-4 and vimentin. Tic cells were cultured in the same culture conditions (described in Fig. 5). The
cells were cultured in TeSR-E8 medium (A–D), E5 medium (E–H), and TeSR-E8 medium with LY294002 (I–L) at day 4. A representative phase-
contrast image in each culture condition (A, E, I) analyzed by the imaging analysis system for type A (blue) and type B (green) is shown. The cells
stainedwith anti-Oct-3/4 or anti-vimentin antibodywere individually visualizedwith Alexa Fluor 647 (green) or Alexa Fluor 594 (red) (C, D, G, H,
K, L). Scale bars = 500 mm (A–C, E–G, I–K) and 100 mm (D, H, L).

728 Image Analysis Method for hPSC Growth

©AlphaMed Press 2015 STEM CELLS TRANSLATIONAL MEDICINE



phase-contrast imagesof live cells and fluorescent images of fixed
nuclei stained with Hoechst 33342 showed that largeness of the
cells and nuclei seemed different among these culture conditions
(supplemental online Fig. 8). Considering that cell size might be
related toDNA content ormetabolic activities, the equation coef-
ficients for the relationships between the hPSC colony areas and
nuclei numbers could provide valuable biological information by
reflecting the different hPSC states. We are currently investi-
gating whether the method we have developed is applicable to
hESCs. Analysis with other hESC/hiPSC lines in proper and/or im-
proper culture conditions should be performed in future studies.

To the best of our knowledge, our is the first study to use
a noninvasive method using images to systemically determine
thegrowthof hPSCs.When the culture conditions arenot suitable
for the cells, the cell growth rates are delayed. In the present
study, our results demonstrated thatwhen the culture conditions
became improper, our image analysis system could detect the
changes in cell growth without any invasive treatment. Previous
studies have demonstrated that “culture-adapted” cells tend to
have an increased growth rate or reduced apoptosis, with karyo-
typic changes [23–28]. Frequent monitoring by determining cell
growth is required to maintain or expand hPSCs. Although the
method detailed in the present study requires determining the
primary data for the relationship between the colony areas and
cell numbers for each hPSC line, its utility should outweigh the la-
bor involved. Furthermore,wearenowpreparing amethod tode-
tect the morphologies of hPSCs as a quality control measure.
Monitoring cell growth noninvasively could be used to detect
the healthy condition of hPSCs during culture. It would be also
bemore convenient if images could be acquired using a standard
microscope. However, both tracking and acquiring images are
indispensable using the culture observation system with a high-
quality field lens, which ensures a constant light intensity, such
as the CFI Plan Apol43 (numerical aperture, 0.2; red LED; center
wavelength, 620 nm; half bandwidth, 10 nm; and a high image
resolution, such as 1,0003 1,000 pixels), to remove feeder cells
or differentiated cells from the images and accurately detect
the colony areas. The common microscope with low resolution
or spotty light intensity can detect the hiPSC colony areas using
the analysis software (supplemental online Fig. 9). However, it
cannot accurately distinguishbetween typeAand typeBcolonies.
After thehigh-qualitymicroscopehasbeenused todetermine the
calculation of the growth of a cell line cultured under culture con-
ditions, the common microscope will be able to approximate the
cell numbers, although the variation errors will increase.

In recent years, automated culture systems for clinical human
stem cells, including mesenchymal stem cells (MSCs), have at-
tracted attention because large-scale human stem cell culture
is required for cell-based medical or pharmaceutical applications
[29]. An automated observation system is required for an auto-
mated culture system. In particular, amonitoring system for hPSC
growth would be imperative. When images are captured every
12 hours, 30 off10-cmdishes or 75-cm2 flasks are capable of cul-
turing in BioStation CT. Because our cell counting system can

detect changes in growth rates by the growth conditions, this sys-
tem could be used tomonitor the cell quality and culture environ-
ment, such as improper culturemedium in the automated culture
system. Recent studies reported that cell movements were im-
portant for monitoring the healthy conditions of hPSCs and for
detecting any mutant cells [28, 30]. The method we have devel-
oped in the present study could be applied for cell movement
analysis and to detect mutant cells. Additional verification using
different hESC/hiPSC lines needs to be conducted in the future.

ForMSCs, monitoring their differentiation potential is useful,
rather than simply monitoring for maintenance of an undifferen-
tiated state. We previously developed a noninvasive prediction
method for osteogenic differentiation of human MSCs [31–33].
When the differentiation protocols for hPSCs for specific cell lin-
eages are established, noninvasive monitoring of differentiation
will be required for clinical applications. Our noninvasive analysis
system using a culture observation system would be useful for
quality control during cell culture of clinical hPSCs, culturing of
hiPSCs derived from the rare patients suffering from rare dis-
eases, or for high-throughput screening analysis in pharmaceuti-
cal research.

CONCLUSION

Humanpluripotent stemcell growthwasdeterminedusing an im-
age analyzer. This method provided real-time information on col-
ony growth and cell growth rates without using treatments that
can damage the cells and could be useful for basic research on
hPSCs and cell processing for hPSC-based therapy.
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