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Label-free optical diffraction tomography (ODT), an imaging
technology that does not require fluorescent labeling or other
pre-processing, can overcome the limitations of conventional
cell imaging technologies, such as fluorescence and electron
microscopy. In this study, we used ODT to characterize the
cellular organelles of three different stem cells—namely,
human liver derived stem cell, human umbilical cord matrix
derived mesenchymal stem cell, and human induced
pluripotent stem cell—based on their refractive index and
volume of organelles. The physical property of each stem cell
was compared with that of fibroblast. Based on our findings,
the characteristic physical properties of specific stem cells can
be quantitatively distinguished based on their refractive index
and volume of cellular organelles. Altogether, the method
employed herein could aid in the distinction of living stem
cells from normal cells without the use of fluorescence or
specific biomarkers.

Keywords: high density vesicle, human stem cell, optical
diffraction tomography, organelle volume, three-dimensional
quantification

INTRODUCTION

In the last decade, stem cell research and therapy have been
receiving attention in the field of translational research. Ow-
ing to the advances in stem cell research, the possibility of
success in stem cell-based regenerative medicine and tissue
engineering has been increasing. Stem cells are composed
of organelles, similar to other cells. Organelles are divided
into special subunits that are composed of cells and pos-
sess or not their own lipid bilayer (i.e., membrane bound
or non-membrane bound organelles). These organelles are
mainly nucleolus, ribosome, endoplasmic reticulum, Golgi
apparatus, mitochondria, and various vesicles. In the field of
cell biology and medicine, studying the interactions and prop-
erties of organelles is important as the findings allow us to
understand the role and physiology of specific cells (Boulon
et al, 2010; Németh and Grummt, 2018). Therefore, many
studies have been conducted to image cell organelles using
various microscopic techniques (Hantke et al., 2014; Wang
and Hu, 2012; Zhu et al., 2016). For stem cells, many studies
have only relied on detecting specific biomarkers rather than
systematically imaging organelles or evaluating the morpho-
logical characteristics of organelles. Existing conventional
bright-field microscopes mainly image the projection of the
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transmitted sample and provide morphological information
based on two-dimensional images. As a result, it is difficult to
accurately represent organelles owing to the low contrast of
these images. Several types of imaging technigues have been
developed to image organelles and overcome the disadvan-
tage of general optical microscopes. Electron microscopes
(EM) can image cell structure at ultra-high magnification
using a metal or carbon coating on the outside of the cell
depending on the application (Koster and Klumperman,
2003). With fluorescence microscopes, such as confocal laser
scanning microscope (CLSM), the cell structure can be clearly
confirmed by staining to generate a specific fluorescent signal
in only target organelles of the cell sample. EM and CLSM en-
able the acquisition of images of cell structures in high resolu-
tion (Pepperkok and Ellenberg, 2006). However, EM requires
metal or carbon coating, and these coatings make live cell
imaging difficult. Fluorescence microscopy needs additional
cell treatment, such as gene modification for expressing fluo-
rescent protein or staining fluorescence dye, even though it is
applicable to both living cells and fixed cells. These additional
cell treatment and preparation steps are markedly time- and
labor-consuming processes and might cause unwanted ef-
fects by affecting cell physiology, such as inducing cellular
phototoxicity (Magidson and Khodjakov, 2013).

Optical diffraction tomography (ODT), an imaging tech-
nology that does not require fluorescent labeling or other
pre-processing, can overcome the limitations of former cell
imaging technology (Park et al., 2008; Wolf, 1969). ODT is
one of the non-invasive quantitative phase imaging (QPI)
technologies that is now widely used in biology and medicine
(Kim et al., 2016a; 2018¢; Li et al., 2019; Stanly et al., 2020).
Using digital holographic information and backlight scatter-
ing principle, ODT reconstructs the phase difference image
of cells at high speed and provides the three-dimensional
(3D) refractive index (RI) and volume information of living
cells as well as fixed cells. If there is a clear difference in the
shape and Rl of each organelle, it is predicted that it can be
detected using ODT. For example, recent previous studies
have demonstrated that the nuclear membrane and nucleoli
of live Hela cells and the chromosomes of Indian Muntjac
fibroblast cells during cell division can be imaged and charac-
terized based on the RI (Kim et al., 2019a; 2019b). However,
the extent to which various organelles existing in cells can be
distinguished using ODT remains unclear (Gnutt et al., 2015;
Johnsen and Widder, 1999; Sawyer et al., 2019). Nonethe-
less, ODT is a non-labeled technology that does not provide
molecular-related information. Instead, images are construct-
ed by distinguishing different RI values, and this spproach
does not always automatically separate specific cellular struc-
tures.

In this study, we used a label-free ODT technique to char-
acterize three different types of stem cells and one fibroblast
cell. First, we used human liver derived stem cells (hLD-SC),
which differ from hepatic progenitor cells, possess mesenchy-
mal stem cell (MSC)-like characteristics, including differentia-
tion ability and immunosuppressive effect, and are negative
for the hematopoietic stem cell marker, CD34 (Herrera et al .,
2006; Najimi et al., 2007; Pan et al., 2011). Second, we used
human umbilical cord matrix derived mesenchymal stem
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cells (hUCM-MSC) which are undifferentiated multipotent
non-hematopoietic stem cells that are capable of self-renewal
and differentiation into many cell types; these cells are used
in various drug discovery and cell therapy investigations (Choi
et al., 2014). Finally, we used human induced pluripotent
stem cells (hiPSC). Although these stem cells are expected to
be widely applied in clinical cell therapy, it is still unclear how
the physical properties of stem cells differ and their distinctive
characteristics from cells without self-renewal function. These
three types of stem cells were compared with fibroblast to
evaluate the Rl and volume of the nucleoli and vesicles with
high RI. It is important to evaluate cell characteristics under
various physiological conditions (Lee et al., 2012; 2020; Pan
et al., 2011). Using conventional microscope techniques,
confirmation of the expression of various biomarkers (i.e.,
immunofluorescent or immune-gold observation) are typical
methods and two-dimensional evaluation using fixed cells.
However, such methods are phototoxic and invasive, which
limit their ability to be used to precisely determine the charac-
teristic property of each organelles of cells.

Our findings demonstrate that ODT can be used to image
stem cells and quantify the nucleoli and vesicular structures
according to cell type based on Rl and volume. Interestingly,
the RI of the vesicular structure distributed in each stem cell
was markedly higher than that distributed in fibroblast cells.
Moreover, through a comparison of electron microscopic and
ODT analyses, we found that unlike in fibroblast cells, the
large volume of vesicles distributed in stem cells had a high
density. These results demonstrate that the characteristics of
specific stem cells can be quantitatively distinguished based
on the RI and volume of cellular organelles and thus can be
used to distinguish living stem cells from normal cells without
the use of fluorescence or specific biomarkers.

MATERIALS AND METHODS

Ethics and governance

The study was conducted in accordance with the guidelines
of the Declaration of Helsinki, and all study protocols were re-
viewed and approved by the Institutional Review Board (IRB)
of Asan Medical Center (Korea). For hLD-SC, consent was
obtained from a liver donor who visited the Division of Liver
Transplantation and Hepatobiliary Surgery (IRB protocol No.
2018-1386). hUCM-MSC was donated from a full-term baby
who visited Asan Medical Center (IRB protocol No. 2015-
3030). For skin fibroblasts, informed consent was obtained
from participants who visited the Department of Pediatrics
at Asan Medical Center (IRB protocol No. 2017-0260). All
established stem cell lines were registered and are managed
by the Stem Cell Center at Asan Institute of Life Science, Asan
Medical Center. The current study was conducted using ano-
nymized stem cell lines from the Stem Cell Center.

Preparation of human stem cells and cell culture

hLD-SCs were derived from human liver and cultured in
Dulbecco’s modified Eagle medium: Nutrient Mixture F-12
(DMEM/F-12) supplemented with 10% fetal bovine serum
(FBS), 100 U/ml penicillin, and 100 U/ml streptomycin at
37°Cin an atmosphere containing 5% CO, (Lee et al., 2020).



hUCM-MSCs were derived from human umbilical cord matrix
and cultured in DMEM/F-12 supplemented with 10% FBS,
100 U/ml penicillin, and 100 U/ml streptomycin at 37°C in
an atmosphere containing 5% CO, (Kim et al., 2018b). hiP-
SCs were derived from peripheral blood mononuclear cells
(PBMCs) and cultured in StemMACS supplemented with
100 U/ml penicillin and 100 U/ml streptomycin at 37°C in an
atmosphere containing 5% CO, (So et al., 2020). Fibroblasts
were derived from human skin and cultured in DMEM/F-12
supplemented with 10% FBS, 100 U/ml penicillin, and 100
U/ml streptomycin at 37°C in an atmosphere containing 5%
CO, (Lee et al., 2021). For live cell microscopy, stem cells and
fibroblasts were plated in Tomo-dishes (Tomocube, Korea)

Transmission electron microscopy

For transmission electron microscopy (TEM) imaging, we
used a modified TEM method (Jung et al., 2020; Woo et al.,
2021). Each stem cell was grown in 100 mm culture dishes
to 70%-80% confluency. Cells were fixed with 1% parafor-
maldehyde (Tech and Innovation, Korea) and 1% glutaralde-
hyde (EMS, USA) diluted in 0.1 M sodium cacodylate buffer.
After the cells were washed and post-fixed in 2% osmium
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tetroxide (OsO,) for 1 h at 4°C, they were dehydrated using
an ethanol series (70%, 80%, 90%, 95%, and 100%) for
30min at each concentration. The samples were then em-
bedded with an epoxy resin embedding kit (Ted Pella, USA).
The embedded samples were then sectioned (60 nm) with
an ultramicrotome (Leica, Germany) and mounted on copper
200 mesh grids with a specimen. Thereafter, they were dou-
ble-stained with 2.5% uranyl acetate in 50% Acetone for
16min and lead citrate for 7min. The specimens were viewed
under a transmission EM at 80 kV (Hitachi H-7600, Hitachi,
Japan).

Label-free ODT

ODT was performed as described previously (Kim et al.,
2019a; Park et al., 2010). ODT reconstructs 3D RI tomogra-
phy of a cell sample from multiple 2D hologram images of
the sample acquired at various angles (Kim et al., 2018a).
ODT measurement of single living cells was performed with a
commercial ODT microscope (HT-2H; Tomocube) using a 532
nm laser light source at 37°C in an atmosphere containing
5% CO, (Jung et al., 2016; Kim et al., 2018c; 2019a; Park et
al., 2010). The commercial ODT microscope which is based

3+ .

Scattered holograms
(3D reconstruction)

Fig. 1. Schematic of a label-free 3D ODT setup and image generation. (A) Optical system setup for optical diffraction tomography. BE,
beam expander; CL, condenser lens; Obj, objective lens; M, mirror; BS, beam splitter; P, polarizer; CMQOS, complementary metal-oxide-
semiconductor. (B) Conceptual diagram of three-dimensional reconstruction by acquiring a 2D hologram image using scattered and
reference light to generate phase change and intensity change while the excitation light in multiple directions incident on a transparent
cell passes through the cell. (C) Cross-sectional slices of the 3D image in the x-y, x-z, and y-z planes of a hUCM-MSC obtained using HT-2
ODT microscope. Scale bar = 10 um. (D) Rl rendered image obtained by mapping the RI based on the image shown in (C). The Rl ranges

used for Rl rendering are depicted by pseudo color bars.
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on Mach-Zehnder interferometry equipped with a digital 356 nm axial resolution and 2.5 fps at 3D image acquisition

micromirror device (DMD) to reconstruct the 3D RI tomog- specifcations (Park et al., 2018). Details of the optical setup

raphy of cells. The DMD was used to control the angle of for the ODT system are described in Fig. 1. Briefly, the micro-

an illumination beam impinging onto the sample. The ODT scope was composed of a light source/sample modulation

system has 0.05 mW laser power, 110 nm lateral resolution, device and an optical field detector device. Optical interfer-
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Fig. 2. Label-free 3D ODT image acquisition and quantitative analysis of Rl and cell volume for three different stem cells and
fibroblasts. (A) Representative raw ODT image for hLD-SC, hUCM-MSC, hiPSC, and fibroblast (top), Rl mapping image for each cell
(center), enlarged Rl mapping image for the dense part of the vesicular structure (bottom, blue). The RI ranges used for Rl rendering are
depicted by color bars. Scale bars = 10 um. (B) Mean Rl values for organelles (nucleoli, cytoplasm, vesicles, plasma membrane) of each
cell (n =20 cells). (C) Mean volumes of a cell for each cell type (n = 20 cells). *P < 0.005, **P < 0.0005, ***P < 0.0005, P < 0.005, *P <
0.0001.
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ence was used to record the amplitude and phase informa-
tion from light passing through a cell sample. The RI value
of each plasma membrane was used as a reference point to
measure ODT cells (Kim et al., 2019a; 2019b). Adjustment
of the power and exposure time of the laser projected onto
the sample cells was first performed to ensure that it did not
negatively affect the RI value measurement or image quality;
these parameters were then fixed during the ODT measure-
ment. The Rl value of each culture medium was used as
reference for ODT cell measurement. To verify the capability
of the system, microspheres with a diameter of 6 um (Poly-
sciences Inc., USA) were used (Kim et al., 2019b). The lateral
and axial optical resolutions of the ODT system were 200 nm
and 1 um. The resolution of the Rl value is <0.001 (Kim et al.,
2018a; 2019a).

Image rendering and evaluation of Rl and cell volume

The Rl iso-surface of the cytoplasm, nucleolus, and vesicle of
the cell was rendered using TomoStudio software (2.6.25;
Tomocube) according to the manufacturer’s protocol (Kim
et al., 2019a; 2019b). RI values were also calculated using
this software (see also Supplementary Fig. S1). User-defined
transfer functions representing various Rl values and the
range of the RI gradient sizes were altered using TomoS-
tudio’s virtual palette until 3D rendered images of plasma
membrane, cytoplasm, vesicle, and nucleolus were sufficient-
ly explained compared to the reference. The median value of
the Rl range was used to calculate the mean Rl values for the
cytoplasm, nucleolus, and vesicle of each cell in each medium
condition.

Surface volume calculation

Rl images acquired using ODT were 3D rendered using
IMARIS 8.1.2 software (Bitplane, USA) and used for vesicle
and nucleolus count and volume analysis (see also Supple-
mentary Fig. S1). Before using IMARIS software for 3D ren-
dering, we extracted each specific organelle image from the
ODT RI raw images using MATLAB (Mathworks, USA) and
their RI values. The surface function of the IMARIS software
was used for the number and volume analysis of these or-
ganelles.

Statistical methods

Student’s t-tests were performed to compare the mean
values and determine significance (Origin v.8.5; OriginLab,
USA). All P values less than 0.05 were considered significant.
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RESULTS

Acquisition of label-free 3D ODT image and quantification
of the Rl of organelles

Information regarding the ODT instrument used in this study
is presented in Fig. 1A. Multiple 2D holograms of the sample
were acquired at various illumination angles via a Mach—
Zehnder interferometric microscope equipped with a DMD.
The scattered beam wave of the sample interfered with the
tile reference beam wave and produced a spatially modu-
lated hologram (Fig. 1B). Phase images scattered from the
recorded holograms, amplitudes, and samples were obtained
using a phase search algorithm (Debnath and Park, 2011;
Takeda et al., 1982). Based on the algorithm, label-free ODT
produces an Rl distribution by assembling the Rl range of im-
ages acquired from sequential angles scanned from two-di-
mensional holograms. 3D Rl tomography of the sample was
reconstructed from several 2D holograms as shown in Figs.
1Cand 1D (see also Supplementary Fig. S1).

Label-free 3D ODT images were obtained from each stem
cell (hLD-SC, hUCM-MSC, and hiPSC), and fibroblast (Fig.
2A, Supplementary Fig. S1, Supplementary Movies S1-S4).
Using raw ODT images, the Rl mapping image was recon-
structed by dividing the corresponding RI ranges of the
nucleolus, cytoplasm, vesicles, and plasma membrane for
each cell type. Although the cell membrane, cytoplasm, and
nucleolus could be identified morphologically, the vesicular
structure with a high Rl and small size observed in the cyto-
plasm was not clear. As a result, it was classified as a vesicle
for simplicity. Figure 2B summarizes the mean Rl values of the
nucleolus, cytoplasm, vesicles, and plasma membrane, which
were derived from the rendered Rl images (see Materials and
Methods section). The cell plasma membrane of each cell is
expressed by the same Rl value. In contrast, the mean Rl val-
ues of hLD-SC nucleoli were significantly different from those
of hiPSCs and fibroblasts. Similar differences were also found
in the cytoplasm. Interestingly, the RI values of the vesicular
structure (vesicle) of hLD-SC, hUCM-MSC, and hiPSC were
markedly larger than that of fibroblast, suggesting that many
vesicles distributed in cells may be characteristic of stem cells
only. The Rl value of a sample (i.e., organelle) is proportional
to the molecular density contained in the sample due to the
relationship of n = n, + ac, where n and n, indicate the Rl val-
ues of the sample and the surrounding medium, respectively,
and ¢ and c indicate the Rl increment and the concentration
of biomolecules, respectively (Barer, 1953; Popescu et al.,

Table 1. Calculated mean molecular density of the cellular organelles

Cellular Molecular density (g/ml)
component hLD-SC hUCM-MSC hiPSC Fibroblast
Nucleolus 0.0950 + 0.0027 0.0854 £ 0.0057 0.0828 £ 0.0030 0.0763 +0.0039
Cytosol 0.0447 +£0.0013 0.0404 +0.0029 0.0357+0.0018 0.0349+0.0018
Vesicle 0.2059 + 0.0058 0.1948 +0.0109 0.1949 +0.0077 0.1495 +0.0038

Plasma membrane

0.0210

0.0210

0.0210

0.0210

Values are presented as mean * SD.
Molecular density was caculated using the refractive index increment o = 0.2 ml/g for protein.
The molecular density (i.e., Rl value) of the plasma membrane did not differ according to the cells.
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2008; Yoon et al., 2017). Therefore, if the Rl value is evalu-
ated from the ODT measurement, the molecular density of
the biomolecules contained in the sample can be estimated.
The Rl increment o depends on the sample type, light source
wavelength, and temperature. However, proteins have a

A hLD-SC hUCM-MSC

oDT

Vesicles

Nucleolus

B hLD-SC C

hiPSC

mean o value of 0.2 ml/g, when a light source of 532 nm is
employed (Yoon et al., 2017). For the comparison of Rl and
molecular density, Table 1 summarizes the protein molecular
density for each organelle calculated using the average Rl val-
ue obtained with ODT. Figure 2C shows the mean volume of a
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single cell for each cell type. For hiPSC, the volume evaluation
of the cells was slightly unreliable as these cells proliferated by
forming colonies. Fortunately, as the nucleolus and the cyto-
plasm of the cell can be clearly distinguished, the number of
cells was determined based on this and the average volume
was calculated by dividing the total colony volume by the
number of cells. In contrast to hiPSC, for all other cell types,
only single cells were clearly distinguished and analyzed. The
mean volume of single hiPSC was markedly smaller than that
of other cell types. hUCM-MSC and fibroblast did not display
any difference in single cell volume. However, the single cell
volume of the hLD-SC was half that of the hUCM-MSC and
fibroblast. These results indicate that cell volume is not a ma-
jor characteristic of the two stem cells alone.

Volumetric and numerical analysis of the nucleoli and ves-
icles

As the mean RI of the nucleoli and vesicular structures (i.e.,
vesicles) was higher for stem cells than fibroblasts, the vol-
ume and number of the organelles in a single cell were re-
spectively analyzed to determine the volumetric and numeric
characteristics of the organelles. Label-free ODT images of
three different stem cells and fibroblasts were used to re-
construct 3D images of the vesicles and nucleoli of each cell
using IMARIS software (Fig. 3A, see also Supplementary Fig.
S1). Based on the reconstructed 3D image of the organelles,
both the volume and number of the two organelles were
respectively evaluated. For hiPSC, the number of cells was
first determined using the counted number of the nucleus as
described. Thereafter, the mean volume of the nucleolus and
mean number of the vesicle per single cell were calculated
by dividing the total volume and number by the number of
cells. As single-cell imaging was possible for hLD-SC, hUCM-
MSC, and fibroblast, the volume and number of nucleoli and
vesicles were calculated for each single cell in this case. Al-
though the mean volume of single vesicles for stem cells was
markedly larger than that of fibroblast, the median volume
for all cell type had a value lower than the mean value (Table
2). This finding indicates that the distribution of volume of
single vesicles is not a normal distribution, but a right-skewed
distribution (Figs. 3B-3E). As shown in the histograms for
the volume of single vesicles, hLD-SC and hUCM-MSC had
a relatively large number of vesicles with a large volume
compared to other cell types (inset). Quantitative analysis of
the correlation between the single vesicle volume and Rl is
difficult with current analytical techniques using Rl rendering.
Nevertheless, as the mean Rl value of hLD-SC, hiPSC, and
hUCM-MSC vesicles was higher than that of the fibroblast
vesicles and large-volume vesicles were widely distributed,
these characteristics were considered to be possessed only by
these three types of stem cells. However, hiPSC vesicles had

Table 2. Summary of the mean and medial volume of single vesicles
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fewer large-volume vesicles than the other two stem cells. In-
terestingly, the mean number of vesicles per hiPSC was mark-
edly lower than that of other cell types (Fig. 3F). Furthermore,
there is a characteristic for hiPSC that the ratio of the volume
occupied by the nucleolus to the average volume of one cell
is very large compared to that of other cell types (Fig. 3G).

Ultra-structural analysis using TEM

As shown in Figs. 1 and 3, vesicular structures with high Rl
and large volume were specifically observed in stem cells.
Therefore, to confirm how specific vesicles distributed in living
stem cells, as identified using ODT, differ from those of fibro-
blasts, the ultrastructure of intracellular vesicles was analyzed
using TEM (Fig. 4). Although the two-dimensional TEM image
obtained using fixed cells could not be directly compared with
the three-dimensional image of living cells from ODT, it could
suggest why there are differences in the physical properties of
vesicles. As shown in Figs. 4A-4D, vesicles of various sizes were
distributed within each cell. Interestingly, unlike fibroblasts,
unknown structures with high electron density inside vesicles
were often found in hLD-SCs and hUCM-MSCs (Figs. 4E-
4G). Although the total number of vesicles in hiPSCs was very
small compared to that in other cells (Fig. 3D), large vesicle
filled with multiple vesicular structure was present, as found in
other stem cells (Fig. 4H). However, for the nucleolus, it was
difficult to distinguish a characteristic difference with 2-D TEM
images, except that the nucleolus of hiPSC was significantly
larger than that of other cell types (see also Fig. 3G).

DISCUSSION

As various undifferentiated stem cells, such as MSCs and iP-
SCs, differ in specific aspects, especially as biomarkers and in
their biological functions, methods such as immunostaining
for biomarker detection have been mainly used to confirm
the biological properties of these cells (Al-Bagdadi et al.,
2019; Manos et al., 2011). These conventional methods
have invasive limitations as they require fixed cells or fluores-
cent- or immune-staining, which raises an essential question
regarding the differences in characteristics of each living
cell. ODT, which can be used to evaluate the physical prop-
erties of cells and organelles, is useful for non-invasive and
spatio-temporal analysis of living cells, but does not provide
biological information on the expression and function of spe-
cific biomarkers of stem cells. Nevertheless, if characteristics
with different physical properties can be specifically defined
between different cells, it will be possible to distinguish the
types and characteristics of cells directly as living cells with-
out the need for immunostaining or fixation. However, the
physical properties of various organelles in stem cells are still
unclear. In this study, the morphological and physical char-

Volume of single vesicles (um?)

hLD-SC hUCM-MSC hiPSC Fibroblast
Mean = SD 0.8654 +0.0137 0.8307 £0.0119 1.0595 + 0.1445 0.4272 +0.0059
Median 0.6357 0.5545 0.2366 0.2936
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Fig. 4. Ultrastructural analysis of organelles using TEM. Representative TEM images for hLD-SC (A), hUCM-MSC (B), hiPSC (C), and
fibroblast (D). N, nucleus: No, nucleolus; M, mitochondria; V, vesicle (upper). Scale bars = 2 um. An enlarged image of the region
containing vesicles in each cell (red) is shown (lower). Scale bars = 2 um. Yellow and red arrows indicate hollow vesicles and vesicles with
unknown dense structures inside the vesicles, respectively. (E-H) Enlarged TEM images of large and dense vesicular structure appearing in
hLD-SC (white), hUCM-MSC (blue), and hiPSC (red) as shown in (A-C) are shown. Scale bars = 500 nm.

hLD-SC, hUCM-MSC Main feature
fibroblast

High density and large vesicular structure  Fig, 5. Schematic showing the
(hLD-SC, hUCM-MSC, hiPSC) unique physical properties of the
vesicle and nucleolus found in
stem cells. Compared to fibroblasts,
hiPSC, hLD-SC, and hUCM-MSC
have relatively large volume and
dense vesicle distribution, even
Low density or blank vesicular structure though the number of vesicles
(Fibroblast) contained in a single cell varies

from cell to cell (top). In addition

to these characteristic vesiclular

" S eilcell volamaand structure, hiPSCs are characterized
Large nucleolar volume by a relatively small cell volume

(hiPSC) and a large nucleolus (bottom).

Scale bar =1 pm.

RER: rough endoplasmic reticulum
LD: lipid droplet

NE: nuclear envelop
No: nucleolus

PM: plasma membrane
V: vesicular structure

hiPSC
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acteristics of two stem cells of different origins, iPSCs, and
fibroblast cells were analyzed and compared for the first time
using label-free and non-invasive ODT, which is one of the
well-established QPI techniques.

ODT analysis on live cells revealed that the molecular den-
sity of the cytoplasm and the nucleolus in LD-SC cells were
significantly higher than those of hiPSC and fibroblast cells.
Interestingly, the mean RI of the vesicles distributed in the
three stem cells was markedly higher than that in the fibro-
blast cells. Moreover, when the vesicles were compared, hLD-
SC, hUCM-MSC, and hiPSC were found to contain many
vesicles with a markedly larger volume than fibroblast cells.
Similarly, it was suggested that large vesicles containing
specific rounded structures with high electron density were
often found in the hLD-SC, hUCM-MSC, and hiPSC using
TEM analyses. The identity of the rounded and highly dense
structure remains unclear. However, the density of the vesi-
cles might increase and the volume may also increase owing
to this dense content. Various vesicle organelles formed in
a single membrane, such as lysosome, endosome, and lipid
droplet (LD), exist in the cell. As various stem cells produce a
large amount of exosomes, the multivesicular body required
to generate these exosomes in stem cells can be distributed
more than that in other cells. Nevertheless, these vesicles with
rounded structure and large size are thought to be related to
the high average Rl and large volume distribution revealed by
the ODT analysis. A previous study using ODT reported that
the volume of LD distributed in cultured cells (hepatocytes)
was approximately 0.47 um’, and there were approximately
150 LDs per cell (Kim et al., 2016b). In addition, it is suggest-
ed that the mean RI of these LDs is approximately 1.385.
Owing to an analysis of LD using Hela cells, it was confirmed
that they had approximately the same Rl value (Supplemen-
tary Fig. S2). The Rl value of LD is markedly larger than those
of vesicular structures found in stem cells and fibroblast cells.
Therefore, the vesicles seen in these stem cells and fibroblast
cells are considered to be vesicle organelles other than LD.
The number of vesicles per unit cell for hiPSC is very small
compared to other cells, and the volume ratio of the nucleo-
lus is very large compared to other cells. Therefore, hiPSC can
be easily distinguished from the other three types of cells. The
various organelles present in the cell may dynamically change
in quantity and quality according to the cell cycle. Recently, in
a previous study, the density of various compartments such
as the cytoplasm, nucleoplasm, and nucleolus of a cell was
maintained constant during cell growth (i.e., the cell cycle),
whereas the volume of each compartment was maintained
by depolymerization of actin and microtuble or chromatin
condensation, shape, and dry mass change (Kim and Guck,
2020). Although the quantitative and qualitative changes of
LDs or various vesicles according to the cell cycle are unclear,
it is expected that these vesicles may also contribute to main-
taining the density of the cytoplasm. In this respect, addition-
al ODT-based studies on the physical properties and quan-
titative changes of vesicles according to the cell cycle may
suggest new important clues in relation to previous studies.

Consequently, the hLD-SC, hUCM-MSC, and hiPSC stem
cells can be distinguished from fibroblast cells based on the
different physical properties (i.e., Rl and volume distribution
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of organelle) of each stem cell (Fig. 5). Of note, the biological
properties of the living cells cannot be distinguished using
our method. Our approach, which non-invasively and quanti-
tatively analyzes the physical properties of various organelles
in live cells, could contribute to the elucidation of the charac-
teristics and functions of various organelles distributed within
stem cells.

Note: Supplementary information is available on the Mole-
cules and Cells website (www.molcells.org).
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