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The cell is three-dimensionally and dynamically organized into cellular compartments, including the endoplasmic
reticulum, mitochondria, vesicles, and nucleus, which have high relative molecular density. The structure and
functions of these compartments and organelles may be deduced from the diffusion and interaction of related
biomolecules. Among these cellular components, various protein molecules can freely access the nucleolus or
mitotic chromosome through Brownian diffusion, even though they have a densely packed structure. However,
physicochemical properties of the nucleolus and chromosomes, such as molecular density and volume, are not yet
fully understood under changing cellular conditions. Many studies have been conducted based on high-resolution
imaging and analysis techniques using fluorescence. However, there are limitations in imaging only fluorescently
labeled molecules, and cytotoxicity occurs during three-dimensional imaging. Alternatively, the recently developed
label-free three-dimensional optical diffraction tomography (ODT) imaging technique can divide various
organelles in cells into volumes and analyze them by refractive index, although specific molecules cannot be
observed. A previous study established an analytical method that provides comprehensive insights into the physical
properties of the nucleolus and mitotic chromosome by utilizing the advantages of ODT and fluorescence
techniques, such as fluorescence correlation spectroscopy and confocal laser scanning microscopy. This review
article summarizes a recent study and discusses the future aspects of the ODT for cellular compartments.
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The cell is three-dimensionally and dynamically organized into cellular compartments, including the endoplasmic
reticulum, mitochondria, nucleus, and chromosome, which have high relative molecular density. Many previous
studies have analyzed these dynamic characteristics by relying only on fluorescence microscopy and specific
biomarkers. However, physicochemical properties of the nucleolus and chromosomes, such as molecular density
and microenvironment, are not yet fully understood under changing cellular conditions. In addition to the
observation of fluorescent biomarkers, ODT will be of great help in comprehensively understanding changes in
the highly crowded microenvironment of each organelle in the cell.

J

Introduction

Fluorescence imaging techniques such as confocal laser scanning microscopy (CLSM) can determine the intracellular
spatial distribution of a target molecule by detecting a fluorescent probe bound to that molecule. In addition, when using
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living cells, information involving the temporal dynamics of the target molecule can be obtained quantitatively with high
accuracy. Therefore, CLSM is an indispensable method for research in cell biology and basic medicine. Furthermore,
fluorescence correlation spectroscopy (FCS) can quantitatively analyze information on the diffusional motion and
interaction of fluorescent molecules in living cells and aqueous solutions. Recently, FCS has also been incorporated into
CLSM to be used in combination with fluorescence imaging [1-6].

On the other hand, the conventional phase-contrast microscope developed by Frits Zernike allows the observation of
transparent cells without staining [7]. This technique visualizes phase shifts of light by transforming phase shift gradients
into intensity variations. This phase shift is realized by adding a phase filter to a general optical microscope and using the
interference phenomenon of light. However, the intensity variations are mixed with other intensity variations, making it
difficult to extract quantitative information. The limitation has been remedied by quantitative phase imaging (QPI) using
holographic technology. In the conventional two-dimensional (2D) digital holography technology, the phase delay
information is obtained by measuring the laser interference pattern [8,9]. Therefore, this made it possible to measure the
contour (image) and the thickness. Moreover, by adopting three-dimensional (3D) holography technology, such as QPI,
it has become possible to obtain quantitative information such as sample volume, refractive index (RI), and thickness,
even for non-uniform samples. Currently, QPI is becoming an effective biophysical method for simultaneously examining
3D images and RI values of cells.

The RI value is closely related to fluidic viscosity in aqueous solutions. FCS is a method for determining the diffusion
coefficient (D) of a fluorescent probe and investigating fluidic viscosity and molecular crowding in solutions and cells
[10,11]. Additionally, the diffusional motion of the probe changes depending on the size, density distribution, and
movement of the polymer surrounding the probe. It is also possible to predict the molecular crowding state in the solution
from the D value of the probe using a uniform solution with known conditions. However, observing the diffusional motion
of the probe is not enough to understand the heterogeneous crowding state consisting of biomolecules and complexes of
various unknown sizes, such as in cells. To understand the cellular crowding state, it would be advantageous to compare
together the spatial distribution of refractive indices for various structures (i.e., organelle and compartment) distributed in
cells and D values. Therefore, it was considered practical to link the QPI method to the conventional confocal fluorescence
microscope and FCS to understand the state of molecular crowding in living cells more accurately.

Molecular Density and Fluidic Property of Cellular Compartments

Although cells contain substantial water, biomolecules of various sizes, such as DNA/RNA, lipids, and proteins, are
locally and heterogeneously distributed at high density inside each organelle or compartment. The average intracellular
concentrations of proteins and nucleic acids are approximately 50-250 g/L and 20-50 g/L, respectively, depending on
the mammalian cell type [12,13]. Biomolecules, proteins in particular, move to each cell organelle or compartment and
interact with target molecules to function according to physiological conditions. However, in such a high-density
environment, biochemical reactions may be activated, or molecular crowding may change the diffusional motion of
molecules in a size-dependent manner [12,14-19]. It is still unclear to what extent this phenomenon occurs in the cell or
which molecule exerts its function through this effect. Therefore, it is first necessary to quantitatively evaluate the
molecular density or the characteristics of the local microenvironment inside living cells. In this respect, the FCS method,
which measures the concentration (c) and D value of a fluorescent probe molecule present in a solution or living cell, has
been used to evaluate the microenvironment inside each cell compartment or to measure the diffusional behavior of a
specific molecule [6,20,21]. Previous studies analyzing cells expressing multimeric green fluorescent protein (GFP)
probes of different sizes [10,11] found that proteins up to 150 kD can freely diffuse within the cell, and the fluidic viscosity
of the cytoplasm and nucleoplasm is about 3 to 4 times higher than that of water. Moreover, it was suggested that the GFP
probes could freely access the nucleolus, and its viscosity is about 10 to 18 times higher than that of water. Interestingly,
it was also demonstrated that diffusion inside the nucleolus is highly dependent on the size of the GFP probe and sensitive
to physiological stress, such as transcription inhibition by actinomycin D [11]. Although the diffusional motion of various
probes provides information regarding the change of the microenvironment in the cell nucleus, it is still unclear what kind
of change in the surrounding macroenvironment causes the change in probe diffusion. If the density distribution for the
surrounding volume, including the detection volume (~0.12 fL.) measured by FCS can be defined, it will be possible to
establish the relationship more accurately between the probe and the environmental change surrounding it.

The RI value of the sample solution is proportional to the molecular density contained in the sample due to the
relationship of n = no + ac [22], where n and n¢ indicate the RI values of the sample and the surrounding medium,
respectively, and o and ¢ indicate the refractive index increment and the concentration of biomolecules, respectively.
Therefore, if the RI value is determined from the QPI measurement, the molecular density of biomolecules contained in
the sample can be estimated. The RI increment a depends on the sample type, light source wavelength, and temperature;
however, many proteins have the same a value, and when using a light source of 532 nm, a is constant (0.2 mL/g) [22].
Solution samples of DNA and nucleosomes have o values ranging from 0.15 to 0.18 mL/g, which are smaller than that of
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proteins [23]. In actual QPI measurements, the difference in RI can be detected up to 0.0001, and the change in protein
concentration can be detected up to about 0.5 mg/mL. The RI representing the molecular density in a homogenous solution
is proportional to the viscosity of the solution. Viscosity is inversely proportional to the diffusion coefficient when the
temperature and the size of the probe molecule are constant, according to the Stokes-Einstein relation [6,10]; thus, the
relationship between the average RI of a solution sample and the diffusion coefficient of a specific probe present can be
determined experimentally. Figure 1 shows the relationship between the RI and D values obtained by measuring the RI
of solutions with a known sucrose concentration (Fig. 1a) and the D value of the rhodamine 6G probe included in the
same solutions (Fig. 1b). Similarly, if solutions containing various solutes and a fluorescent probe are used, more detailed
relationships between RI and D values can be established experimentally. As shown in Figure 1, the RI values of various
homogenous solutions with well-known viscosities can be easily measured using a refractometer or other method [24]. In
addition, for large heterogeneous systems, such as living cells, RI values can be obtained through QPI analysis. In the
next sections, two studies analyzing the molecular density (RI value) through imaging organelles of living cells, especially
the nucleolus and mitotic chromosome, using label-free QPI will be discussed.
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Figure 1 Experimental determination of the relationship between the diffusion coefficient (D) values of rhodamine 6G
and the refractive index (RI) values of the aqueous medium. (a) Measured RI values of water and various sucrose—water
solutions of known concentration at 25 °C are shown. The RI of the solution samples was measured using a refractometer.
(b) The relationship between the measured RI values of the solutions obtained and measured D values of thodamine 6G
in water and sucrose—water solutions.

Imaging Single Living Cells and Evaluation of Physical Characteristics of the Nucleolus Using Optical
Diffraction Tomography

There are various ways to realize QPI [8,25-27]. In this review, cell analysis using optical diffraction tomography (ODT),
a well-established QPI technique, will be described. In ODT, a 3D holographic image is reconstructed from 2D hologram
images obtained by irradiating a laser light source at various angles using a digital mirror device [28,29]. This is similar
to obtaining a 3D image using X-ray computed tomography. The 3D image obtained in this way includes the volume and
RI of a specific component. For detailed principles of ODT, please refer to the literature. In a previous study, Kim et al.
applied ODT to live HeLa cells to demonstrate the accuracy of RI distribution images of the nucleolus among the
organelles [30]. Due to the high molecular density of the nucleolus compared with other organelles, it was expected that
tomographic RI images would have a clear nucleolar structure compared with other nuclear and cytosolic compartments
in S-phase. Since various marker proteins capable of fluorescence imaging of the nucleolus, such as B23, are well-known,
the nucleolus is suitable for 3D fluorescence imaging using CLSM. Therefore, morphological features and volume were
compared using 3D nucleolus images obtained using ODT and CLSM, respectively. In addition, the possibility of non-
uniform RI distribution within the nucleolus was also examined through ODT analysis adopting various RI ranges.

Figure 2 shows a representative raw 3D ODT image of a live HeLa cell (Fig. 2a) and four different RI rendered images
using the same raw image (Fig. 2b-e). The raw image presents multiple large components of high molecular density
(white) in the nucleus, the high-density contour of the thin nuclear membrane, and the fibric structure in the cytosol.
Figure 2b presents the cell simply described by two broad RI ranges (low and high). The low RI range fills both the
cytosol and nucleus, while the high RI range homogenously fills large and high-density components in the nucleus.
Besides the nucleoli, discontinuous nuclear membrane and high-density components in the perinuclear region of the



Pack C.G.: Application of Label-Free Tomography for Organelles 247

cytoplasm were partially presented since their RI also falls within the high RI range. Figure 2c shows the same cell
described by one narrow RI range and the same high and broad RI range presented in Figure. 2b. In contrast to Figure 2b,
the narrow RI range mainly expresses the nucleoplasm and expresses some cytoplasm regions adjacent to the nuclear
membrane. Figure 2d shows the rendering result of dividing the low RI region shown in Figure 2b into three RI regions.
Interestingly, many areas of the nucleoplasm exhibit a slightly higher RI than that of the cytoplasm.

The nucleolus has the highest molecule density in the nucleus; thus, the large components inside the nuclear membrane
were assumed to be nucleoli. For simplicity, other small components with high molecular density but less than 2 pm in
diameter were not considered nucleoli as they could also be Cajal or promyelocytic leukemia (PML) nuclear bodies [31-
33]. The distinction between the Cajal or PML body and the nucleolus can be analyzed separately by ODT and
fluorescence imaging. The nucleolus has heterogeneous sub-compartments with different molecular densities, such as the
fibrillar center, the dense fibrillary component, and the granular component; therefore, the single broad RI range shown
in Figure 2b, ¢, d was divided into three narrow RI ranges (low, middle, and high) and pseudo-colored RI images of the
nucleolus were examined for each narrow range (Fig. 2e). The low RI range homogenously fills a broad range and the
outer part of the nucleolus, whereas the middle and high RI ranges occupy inner heterogeneous volumes in the nucleolus.
Interestingly, the high RI ranges occupy a small volume surrounded by the region of the middle RI range. Considering
the three well-known structures of the nucleolus, it would be reasonable to divide one broad RI range into multiple narrow
ranges to represent the heterogeneous molecular density of the nucleolus adequately. However, it is unclear whether each
volume represented by the RI values corresponds to the three structures seen in electron microscopy. Correlative or
complementary analysis with fluorescent or electron microscopic methods will help uncover such details.
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Figure 2 The nucleolus of a live HeLa cell analyzed by label-free optical diffraction tomography (ODT). (a) Raw ODT
image of a HeLa cell. Cross-sectional slices of the 3D image in the x-y, x-z, and y-z planes of the cell are shown. The raw
image can be rendered with various refractive index (RI) ranges as shown in b, ¢, d, e. (b) A pseudo-colored RI image of
the cell represented by tow broad RI ranges for describing the entire cytosol (yellow) and nucleoli (red). Note that a part
of nuclear membranes and the perinuclear regions of the cytosol are also expressed in the same Rl region as the nucleolus.
(c) A pseudo-colored RI image of the same cell. The nucleoplasm is represented by a narrow RI range (yellow) and the
multiple nucleoli by a broad RI range (red). (d) A pseudo-colored RI image of the same cell. The nucleoplasm is
represented by two narrow RI ranges (blue and green) to describe the entire nucleoplasm in detail. The nucleolus (red)
and cytoplasm (yellow) are represented by other RI ranges (e) A pseudo-colored RI image of the same cell, the
nucleoplasm is represented by a narrow RI range (yellow) and highlighting nucleoli with three different narrow RI ranges
(blue, green, red) is shown. The RI ranges used for RI rendering are depicted by pseudo-color bars (inset).
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To compare biophysical properties of the nucleolus with those of other compartments, Kim et al. evaluated the RI and
D values of the nucleolus, nucleoplasm, and cytoplasm under varying physiological conditions, such as osmotic stress,
transcription inhibition, and ATP depletion. Interestingly, the study demonstrated that the biophysical properties of the
nucleolus in live cells are sensitive to ATP depletion and transcriptional inhibition while insensitive to hyperosmotic
pressure compared with other compartments, such as the cytoplasm and nucleoplasm, suggesting that the nucleolus has
unique physicochemical properties. The unique property of the nucleolus showed by RI analysis of live cells is also in
good agreement with previous studies using FCS [10,11,34]. Among them, the ODT time-lapse observation of single live
cells according to ATP depletion contrasts well with previous studies using single-molecule imaging or FCS [35]. Figure
3 shows the RI analysis for three time points as a result of the time-lapse observation of a single HeLa cell immediately
after ATP depletion. From the pseudo-colored RI images, the size (volume) of the nucleus (i.e., nuclear shrinkage),
nucleolus, and cell decrease, and the average RI increases (Fig. 3a). Interestingly, the RI of the nucleolus increases much
more than the RI of the cytoplasm with time (Fig. 3b). As shown in Figure 2e, when the RI is further subdivided and
evaluated, the RI of only a specific area of the nucleolus increases [30]. Similarly, this local increase in the RI of the
nucleolus could be found even under conditions that inhibit transcription using actinomycin D [30]. The decrease in D
value in the nucleolus under ATP depletion and transcription inhibition found in previous studies using FCS is probably
due to this local increase in RI[10,11].
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Figure 3 Optical diffraction tomography (ODT) time-lapse analysis of single HeLa cells after ATP depletion. A single
HeLa cell was traced by ODT over a 40 min period following media change for ATP depletion. (a) Representative pseudo-
colored refractive index (RI) images of identical HeLa cells during indicated time-lapse intervals after ATP depletion. In
pseudo-colored images, the nucleolus (yellow, blue, red) and plasma membrane (white) are represented by single RI
ranges, respectively. The RI ranges used for RI rendering are depicted by pseudo-color bars (inset). Note that a part of
nuclear membranes and the perinuclear regions of the cytosol are also expressed in the same RI region as the nucleolus.
(b) Time change of RI value of the nucleolus (No, green) and cytoplasm (Cyt, black) is shown. dRI (red) represents the
difference in RI value (RIno-Rlcyi) between the nucleolus and the cytoplasm.

3D Imaging of Mitotic Chromosome Using ODT

Compared to human-derived HeLa cells, which have a large number of chromosomes and a small size, Indian Muntjac
fibroblasts (DM cells) have a small number of chromosomes and a large size [20,36]. Therefore, when the chromosomes
are fluorescently stained and observed three-dimensionally with a confocal microscope, each chromosome can be clearly
distinguished [20,37]. The volume of the DM cell chromosome is sufficiently larger than the detection volume (~0.12 fL)
analyzed by FCS. Therefore, the previous study utilized DM cells that simultaneously expressed H2B tagging red
fluorescent protein (H2B-mRFP) and multimeric GFP of various sizes, including monomeric GFP, for quantifying the D
value of the GFP probes by mitotic phase through CLSM imaging and FCS analysis [10,11,20,34]. As a result, the degree
of freedom of movement of the nucleosome was theoretically simulated based on the D values. Additionally,
chromosomes are known as highly dense organelles; thus, Kim et al. hypothesized that the label-free ODT method could
be used to perform 3D imaging of chromosomes in various cell lines in the same way as CLSM [37]. Moreover, they
predicted that a relatively detailed RI distribution would be derived with sharper chromosome images, especially when
using DM cells. In the previous study, CLSM, FCS, and ODT analysis were respectively applied to DM cells
simultaneously expressing H2B-mRFP and monomeric GFP to evaluate the accuracy of 3D ODT imaging and the
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relationship between the RI value of the mitotic chromosome and the D value of the GFP probe inside the chromosome.
Furthermore, Kim et al. examined the effects of osmotic stress on the RI values of mitotic cells and the D values of the
GFP probe and demonstrated an inverse relationship between the RI and D in live cells during mitosis. It was also found
that the chromosomes were accessible to probe molecules that diffuse freely, although hypertonic stress significantly
increased the molecular density of the chromosome. Figure 4a shows time-lapsed tomographic images obtained by
observing 90 minutes from prometaphase to telophase and cytokinesis after the DM cells enter the mitotic phase. For
comparison, 3D images of mitotic chromosomes in different phases obtained by CLSM are also shown in Figure 4b.
Since the RI values of the cell membrane, cytoplasm, and chromosome are significantly different, they can be easily
expressed in pseudo-color using three different RI regions. The cell membrane and chromosome shape are clearly
separated. Furthermore, compared with the 3D CLSM image of the chromosome, chromatid can be reproduced adequately
with label-free ODT imaging. Although small structures with high RI values (red) and many membrane-like vesicles
(green) with a medium RI are found in the cytoplasm, this is presumed to be caused by vesicles, endoplasmic reticulum,
and mitochondria. Although it is also possible to analyze the RI subdivided for chromosomes, as shown in the ODT
analysis of the nucleolus (Fig. 2e), it seems that additional consideration will be needed to determine which analysis is
more accurate.

" . ..

Figure 4 Comparison of 3D confocal fluorescence images of the mitotic chromosome (H2B-mRFP) with 3D refractive
index (RI) images of a mitotic DM cell. (a) Four RI images of a DM cell stably expressing H2B-mRFP and mGFP from
a series of time-lapse observations during mitosis (90 min). Three different RI regions of mitotic DM cells representing
cell membrane (blue), chromosome (red), and unknown small vesicles (green) are shown. (b) Four fluorescence images
of H2B-mRFP from a series of time-lapse and 3D observations depicting mitosis in a DM cell stably expressing H2B-
mRFP and mGFP. For clarity, images from mGFP channels are not shown.

Interestingly, the average RI value of DM cell chromosomes (1.3706) was much higher than that of the nucleolus
(1.3553), and HeLa cells also had a higher RI of the chromosome (1.3734) than that of the nucleolus (1.3626). The result
indicates that the molecular density inside the mitotic chromosome is much higher than that of the nucleolus. On the
contrary, the D value of the GFP probe inside the nucleolus is much smaller [10,11,30,37], demonstrating that many
components or biomolecules inside the nucleolus is immobile compared to those inside the chromosome. Consequently,
the studies using FCS and ODT extended the results of previous studies concerning the influence of various physiological
conditions, such as osmotic stress and ATP depletion, on nuclear structure and molecular crowding effects.

Perspective

In this paper, the ODT method was introduced, which is a QPI method that has been remarkably developed in recent
years. Recently, the commercialization of ODT-based holographic microscopes has made it easier to use this technology
without specialized optical knowledge, and applied research is expanding in biology and medicine. Until now, label-free
3D ODT has been applied to evaluate the overall physical properties of various cells, including bacteria, red blood cells,
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and culture cell lines [25-29,38-40]. Technically, the ODT method does not provide molecular specificity and has
limitations in separating and analyzing spatially intermingled organelles with similar RI values, such as nuclear envelope,
endoplasmic reticulum, and Golgi (Fig. 5a). Nevertheless, it provides information on the RI and volume, which are
parameters of absolute quantification, directly reflecting intrinsic properties, such as the local molecular concentration of
organelles. Importantly, ODT can obtain the physical properties and 3D images of various cellular organelles concurrently.
In fluorescence imaging, only the distribution of labeled target molecules in cells is generally observed, and the
differences under various physiological conditions are compared to the control group and evaluated. In most cases, since
only a specific organelle is stained and observed, the effect of physiological changes on whole organelles cannot be
obtained. In contrast, when ODT is applied, changes in volumetric and physical properties of the whole organelles can be
detected, even though the accurate classification of each organelle or verification of the reliability of subdivided RI
analysis is still limited. Cellular imaging that directly correlates fluorescence and ODT (Fig. 5b) will allow for a more
comprehensive analysis of spatio-temporal changes both in target molecules and in surrounding organelles [41-43].
Although the correlative ODT and fluorescence method has an advantage, it should be taken into account that the use of
fluorescence staining can change the original properties of cells. On the other hand, Raman spectroscopy, which is one
of the other label-free microscopy methods, provides chemical information of specific elements. Therefore, if it can be
combined with ODT, it will be able to overcome each other's limitations. In fact, such ODT combined Raman
spectroscopy can be applied to the analysis of organelles such as lipid droplets or to discriminate cancer cells with high
metastatic potential [44, 45].
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Figure 5 Correlative fluorescence and optical diffraction tomography (ODT). (a) A schematic illustration showing the
various organelles of a cell. Although each organelle in cells forms a spatially complex structure, it was simplified.
(b) Correlative fluorescence (red) and ODT (white, plasma membrane) image of HeLa cells expressing H2B-mRFP is
shown. RI and FL stand for RI rendered and fluorescence image, respectively.

The non-invasive ODT technique is expected to have many advantages when applied to stem cell and immune cell
research, which is sensitive to numerous stimuli and mainly relies on the analysis of stained fixative cells. In addition, it
will be possible to quantitatively and spatially analyze the kinetic changes of organelles that respond rapidly to specific
drugs or the generation and disappearance of high-density structures or aggregates [46, 47]. For example, selective
autophagy that external stimuli can trigger is accompanied by the formation of large amounts of autophagosomes.
However, uncovering the kinetic characteristics of these changes currently relies only on analysis using GFP/RFP tagged
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system. In the future, if a confocal microscope and a QPI microscope incorporating FCS or Raman spectroscopy are
developed, cell research that complementarily utilizes the advantages of each method could be conducted. ODT analysis
could be an effective tool for understanding various biophysical phenomena that occur in cells.
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