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Chapter 5
Whole Cells Imaged by Hard X-ray 
Transmission Microscopy

Zhiting Liang, Yong Guan, Shan Chen and Yangchao Tian

5.1  Introduction

The resolution of conventional light microscopes is diffraction limited. Super-
resolution optical microscopies (Chap. 3) have been developed to reach tens of 
nanometer resolution but are only able to detect fluorescent labels (Huang 2010). 
Transmission electron microscopy (TEM) is used to analyze the structure of cells 
at sub-nanometer resolution (Chap. 8), but based on the low penetrating power of 
electrons, larger cells must first be sliced into 50–500-nm sections (Barcena and 
Koster 2009). Cryo focused ion beam (FIB) milling for serial block face imag-
ing in the scanning electron microscope (SEM, Chap. 8) is an efficient method to 
achieve three-dimensional (3D) data of samples with a lateral pixel size of less than 
7.5 nm and slice thickness better than 30 nm in Z (Schertel et al. 2013). With the 
development of high-brilliance synchrotron radiation light sources and high-preci-
sion X-ray-focusing optics, high spatial resolution transmission X-ray microscopy 
(TXM) is developing rapidly with significantly improved spatial resolution. Soft 
X-ray transmission microscopy (STXM) with a spatial resolution of about 12 nm 
has been reported (Chao et al. 2009), and hard X-ray microscopy resolution is down 
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to 30 nm (Chen et al. 2011). TXM has a number of advantages for the examina-
tion of biological specimens and material samples. One of the main advantages of 
this method is the ability to obtain a 3D image of the whole cell (rather than only 
fluorescently labeled structures), without the need for sectioning required by other 
methods (i.e., TEM).

TXMs can be divided into soft and hard X-ray microscopes depending on their 
working photon energy range. A schematic of the soft X-ray microscope is shown in 
Fig. 5.1. Soft X-ray microscopy was developed, in part, to provide a complementary 
spatial resolution between optical and electron microscopy and to make full use of 
the high natural absorption contrast between organic materials and water for photon 
energies between the K-absorption edge of oxygen ( E ≈ 530 eV or λ = 2.34 nm) and 
carbon ( E ≈ 280 eV or λ = 4.43 nm). The photon energies of the so-called “water 
window” are especially suitable for imaging samples in aqueous media. The only 
step required to prepare biological samples for cryo-STXM is plunging the sample 
into cryogenic liquid nitrogen for vitrification, to protect the sample from radiation 
damage (X-rays; Weiss et al. 2000) and vacuum inside the microscope chamber 
(Carzaniga 2013). Correlated cryo-STXM and cryo-fluorescence show that vitrify-
ing the specimen significantly enhances the lifetime of the fluorophore (Le Gros 
2009). Usually samples are screened by light microscopy, before transfer to the 
cryo-STXM sample station, to select appropriate cells, avoid cracks in the ice, de-
bris, and thick ice (Duke 2013). Thus, hydrated biological specimens can be imaged 
in the photon energy range of the water window with no chemical fixation, dehy-
dration, chemical staining, or physical sectioning. Cryo-STXM is used to visualize 
the internal architecture of fully hydrated cells (Scherfeld et al. 1998; Chichon et al. 
2012; Muller et al. 2012; Hagen et al. 2012; Carrascosa et al. 2009; Drescher et al. 
2013; Carzaniga et al. 2013; Hummel et al. 2012), including intact eukaryotic cells 
(Larabell and Le Gros 2004; Le Gros 2005; Parkinson et al. 2008; Parkinson et al. 
2012; Uchida et al. 2009; McDermott et al. 2012) at high spatial resolution (50 nm 
or better). Recently, higher resolution STXMs have been developed and applied to 
reveal subcellular structures in whole cells (Schneider et al. 2010).

Fig. 5.1  Schematic of the soft X-ray transmission microscopy. Condenser: It focuses a hollow 
central cone of X-ray onto the sample through the inner surface reflecting. Rotation axis: Sample 
rotates around the axis to get projections at different angles. Objective zone plate (ZP): It is used as 
an objective lens for X-ray microscopy. Charged-coupled device (CCD): It is a detector
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However, because of the low-penetration power of soft X-rays and the small 
depth of focus (DOF) of soft X-ray microscopy, biological sample size is limited, 
especially when 3D tomographic imaging is required. Thus, soft X-ray microscopy 
is not suitable for imaging large biological samples, including eukaryotic cells. Hard 
X-ray microscopy can overcome this limitation since it has high penetration and 
large DOF to facilitate 3D tomography of thicker samples with excellent resolution 
(Andrews et al. 2010). Hard X-ray transmission microscopy has been employed to 
observe various biological specimens (Yang et al. 2010; Zheng et al. 2012; Jeon 
et al. 2008; Zhang et al. 2013). Andrews et al. used hard X-ray transmission micros-
copy to image the internal structures and networks of mouse cancellous bone with 
high resolution (~ 30–40 nm; Andrews et al. 2010). Reconstructed data revealed 
the canalicular network including processes extending from the lacuna. Moreover, 
the 3D microstructure of a single lacuna found within a trabecula showed its shape, 
geometry, and surrounding canalicular network (Fig. 5.2a). The reconstructed slices 
(Fig. 5.2b, c) further show fine cell processes extending from lacunae in high-res-
olution detail (Andrews et al. 2010). In order to understand the internalization of 

Fig. 5.2  a Three-dimensional reconstruction of a single lacuna surrounded by canalicular network 
(colored red) form  mouse tibia trabecula (colored translucent yellow). b, c Reconstructed slices 
show processes extending from the lacuna. Scale bar is 5 μm in panel a and 2 μm in panels b and 
c. (Source: Andrews et al. 2010)
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nanoparticles in cells, Cai et al. employed high-resolution hard X-ray transmission 
microscopy to investigate the cellular uptake and distribution of TiO2 nanoparticles 
using HeLa cells. By rotating on the sample stage from − 75 to + 75° in 1° intervals, 
151 projection images of a HeLa cell were collected. The 3D-reconstructed tomog-
raphy maps of cells treated with TiO2 nanoparticles showed that their aggregates 
were mainly distributed over the cell membrane surface (Fig. 5.3), which was con-
firmed by TEM. The results demonstrate that hard X-ray transmission microscopy 
has the ability to image the cellular distribution of nanoparticle aggregates and can 
be applied as a complementary analytical method to image the 3D distribution of 
nanoparticle aggregates in cells (Zhang et al. 2013).

Currently, hard X-ray tomography applied to biological imaging is in its initial 
stages, but results obtained to date demonstrate that it can provide a complementary 
tool for cellular imaging and analysis. In this chapter, we provide an overview of 
3D microstructural analysis of yeast using hard X-ray transmission microscopy. 
Biological materials such as yeast have complex subcellular and intercellular struc-
tures, so their whole cell imaging requires a 3D technique on the nanometer scale 
with sufficient sample penetration. Hard X-ray microscopy meets these require-
ments by providing much better spatial resolution of cellular structures than light 
microscopy and by viewing internal structures of a whole cell without the need of 
sectioning. Moreover, when combined with tomographic procedures, hard X-ray 
microscopy can be used to make a complete 3D reconstruction of a whole cell 
to provide subcellular and intercellular microstructural information not available 
to conventional imaging techniques. Although the spatial resolution of hard X-ray 
microscopy is slightly less than that of soft X-ray microscopy, it can image large 
eukaryotic cells with thickness up to several tens of micrometers.

Fig. 5.3  Three-dimensional reconstructions of a a normal HeLa cell and b a cell after incubation 
with TiO2 nanoparticles for 6 h ( red color indicates the nanoparticle aggregates in the cell mem-
brane). (Source: Zhang et al. 2013)
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5.2  High-Resolution X-ray Microscopy

Since the refractive index of X-rays is close to unity for most materials, refractive 
lenses, similar to those used in light microscopy, are not applicable due to the strong 
absorption of X-rays by most materials. An ellipsoidal capillary has been developed 
as a condenser to focus X-rays, and a Fresnel zone plate is used as an objective 
lens. Figure 5.4 shows the layout of the transmission hard X-ray microscopy at the 
beamline U7A housed at the National Synchrotron Radiation Lab (NSRL) of China.

5.2.1  Light Source

When carrying out X-ray tomography, sample drift and noise caused by unavoid-
able instabilities in the microscope system will degrade the quality and clarity of the 
projected images and therefore the quality of final 3D tomographic reconstructions. 
Thus, it is important to collect the entire set of tomographic data with high signal-
to-noise ratio in the shortest period of time, requiring a highly stable X-ray source 
such as that found at a synchrotron lab. When charged particles are accelerated in a 
radial fashion with bending magnets at the corners and insertion devices, wigglers, 
or undulators used in the straight sections of the storage ring (see Fig. 5.4), synchro-
tron radiation is produced. This radiation has a broad spectrum, which covers the 
infrared to hard X-ray regions and a high flux, which can allow rapid experiments. 
Thus, a synchrotron light source is the optimal source for high-resolution X-ray 
imaging. High-resolution X-ray microscopy facilities based on synchrotron radia-
tion have been developed worldwide in the past decade. There are more than 47 

Fig. 5.4  The layout of the transmission X-ray microscopy (TXM) at the beamline U7A of the 
National Synchrotron Radiation Lab of China. Wiggler: It is composed of a series of magnets 
that are designed to periodically laterally deflect charged particles inside the storage ring of the 
synchrotron. These deflections create a change in acceleration, thus producing radiation with suffi-
cient brightness and flux in the energy range of hard X-ray. Monochromator: It is an optical device 
that transmits a narrow band of wavelengths of light chosen from a wider range of wavelengths 
from the input. Pinhole: It is used as a monochromator to choose the wavelength range that can 
be transmitted. Phase ring: It causes a phase shift of the X-ray beam not diffracted by the sample, 
of either π/2 or 3π/2. The phase contrast image is formed by the interference of the phase-shifted 
undiffracted light with the unshifted light diffracted by the sample light, translating phase modula-
tions of the sample into intensity modulations in the image plane
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synchrotron light sources worldwide (see http://lightsources.org/regions for their 
names, locations, and homepage). Most of the experimental end stations are open 
for applications from international users. Users can source appropriate equipment 
and their parameters from the homepage of each synchrotron, and then contact the 
person in charge of the end station to discuss related issues. The time available for 
doing an experiment depends on the operating conditions and the experimental ar-
rangement at that moment. The NSRL storage ring operates with an electron beam 
energy of 0.8 GeV and a maximum current of 250 mA. A 6-T superconducting 
wiggler was installed at NSRL to produce hard X-rays with sufficient brightness 
and flux: 3.5 × 109 photons/s at a beam size of 12 × 13 mm2 in the energy range of 
7–12 keV. An existing beamline (U7A at NSRL), having a simple optical system 
designed to provide maximum output at a given energy resolution with acceptable 
cost, was selected to install the transmission X-ray microscope.

5.2.2  Focusing Optics

Ellipsoidal capillaries have been widely used as focusing optics for both soft and 
hard X-ray microscopy (Zeng et al. 2008; Guttmann et al. 2009). The ellipsoidal 
capillary condenser focuses a hollow central cone of illumination onto the sample 
and the objective zone plate. The source and focus are located at the two focal 
points of the ellipse generated when imaging the X-ray source with an ellipsoidal 
reflector. The desired parameters of the reflecting inner surface of the ellipsoidal 
capillary condenser are determined by two factors: the desired range of illumina-
tion angles on the output side and the distance between the X-ray source and the 
sample position (Zeng et al. 2008). The former should be designed to match the 
numerical aperture (NA) of the high-resolution objective zone plate. Glass capillar-
ies with smooth inner surfaces can be drawn with a variety of fixed inner and outer 
diameters. The focusing efficiency of the capillary condenser is over 80 % due to 
lower surface roughness, while the efficiency of the zone plate is only near 10 % 
(Guttmann et al. 2009). An ellipsoidal capillary was installed at the NSRL, and the 
focusing efficiency measured was 85 % (Jinping et al. 2008).

5.2.3  X-ray Microscope Objective Lens

A Fresnel zone plate (Fig. 5.5), used as the objective lens in transmission X-ray 
microscopy, consists of a circular grating having a period that decreases radially in 
such a way that the diffraction orders from each zone add up coherently. The latter 
condition is achieved when all of the diffracted rays are in phase, that is, the optical 
path difference is π/2 between adjacent zones, opaque and transparent. The spatial 
resolution of an X-ray microscope depends on the numerical aperture (NA) of the 
objective zone plate given by:
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 (5.1)

where·λ is the incident wavelength, m is the diffracted order, and ∆r is the outermost 
zone width of the zone plate. According to the Rayleigh criterion, δ is the shortest 
distance between two features that can be resolved in the zone-plate image. The 
theoretical resolution of an X-ray microscope is proportional to the outermost zone 
width. The transmission X-ray microscope at NSRL has an objective zone plate lens 
with an 80 μm diameter and a 45-nm outer zone width, offering 55 nm resolution 
in the first-order diffraction for a photon energy of 8 keV (Hard X-rays wavelength, 
λ, of 0.15 nm). Nowadays, zone-doubled Fresnel zone plates with 20-nm outermost 
zone width are being designed and modeled to achieve a spatial resolution better 
than 20 nm at the Advance Photon Source at Argonne National Laboratory (Vila-
Comamala et al. 2012).

Another objective zone plate parameter that needs to be considered is the DOF, 
defined by the distance over which the focus intensity is >  80 % of its maximum. 
The DOF is given by the following equation (Born and Wolf 1999):

 (5.2)

where NA is the numerical aperture of the zone plate; λ is the wavelength of the 
incident X-ray; and ∆r is the outermost zone width of the objective zone plate. As 
demonstrated by this equation, when trying to achieve higher resolution, the DOF 
decreases. The transmission X-ray microscope at NSRL has a DOF of approxi-
mately 52 μm, enabling imaging of relatively thick samples.

δ
λ

= × =
0 61 1 22. . ,
NA m

r
m
∆

DOF NA= ± = ±l l/ / ,2 22∆r

Fig. 5.5  Schematic drawing of a zone plate (ZP). The diameter of the ZP is D and the width of 
the outermost zone is ∆r. ZP is an objective lens for X-ray microscopy and ∆r is the most crucial 
parameter of the system resolution
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5.2.4  The Zernike Phase Ring

The complex refractive index of the object can be expressed as n i= − +1 δ β,  
where δ is the phase shift term and β is the attenuation term. The δ term describes 
the diffraction limit, refraction, and the phase shift of the X-rays. For soft biologi-
cal materials made up primarily of low-Z elements, δ is orders of magnitude (103) 
higher than β for soft materials in the hard X-ray region ( λ ≈ 1– 0.1 Å; Momose 
2005). In other words, in the hard X-ray region, X-ray absorption may produce poor 
contrast images of soft materials. Thus, X-ray phase contrast has been widely used 
to study soft biological tissues (Momose et al. 1996; Williams et al. 2008; Pfeiffer 
et al. 2007). Here, we use X-ray phase contrast imaging prior to absorption imaging 
of biological samples, which are weakly absorbing. In our recent imaging experi-
ments, Zernike phase contrast was explored to visualize the 3D microstructure of 
yeasts (Yang et al. 2010; Zheng et al. 2012).

A phase ring (PR; see Figs. 5.4 and 5.6) is located at the back focal plane of the 
objective zone plate, causing a phase shift of the X-ray beam not diffracted by the 
sample, of either π/2 (positive phase contrast) or 3π/2 (negative phase contrast). 
Positive phase contrast signifies greater optical thickness of the object, correspond-
ing to a brighter image, while negative phase contrast has the opposite relationship 
(Kagoshima et al. 2001). The phase contrast image is formed by the interference of 
the phase-shifted undiffracted light with the unshifted light diffracted by the sam-
ple, translating phase modulations of the sample into intensity modulations in the 
image plane (see Fig. 5.6). At NSRL, the PR is made of Au with 2.4 μm thickness 
and 4 μm width (Tian et al. 2008), able to provide negative Zernike phase contrast. 
Figure 5.7 illustrates how the phase contrast image is improved over the absorption 
image, each taken at the same exposure time (Yang et al. 2010).

5.3  Tomographic Data Preprocessing and Reconstruction

5.3.1  Introduction to Tomography

There are many discretely and regularly distributed subcellular structures within a 
cell, for which their distribution and morphology relate to function. However, pro-
jection X-ray microscopy images of cells are two-dimensional (2D) in which many 
structural features are superimposed, making it difficult to observe and analyze cel-
lular substructures. Therefore, acquiring high-resolution 3D images is desirable. 
When a series of projections are collected at angular intervals around a rotation 
axis, it is possible to reconstruct a 3D image of the sample using tomography.
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5.3.2  Tomographic Data Collection and Processing

For hard X-ray imaging, the projections are collected at 8 keV using the Zernike 
phase contrast model. When collecting projection images for tomographic recon-
struction, the sample holder should permit the sample to remain within the field 
of view for isotropic data collection over 180° of rotation. However, a flat sample 
holder usually used for hard X-ray transmission microscopy can only be rotated 
± 74° before it occludes the X-rays, offering only 75 (or 150) projection images 
ranging from − 74 to 74° in 2° (or 1°) intervals. The 3D internal microstructure of 
cells can completely be reconstructed based on these projections. While some im-
age artifacts may arise from incomplete data collection, advanced reconstruction 
methods have been developed to attempt to eliminate such artifacts (Liang et al. 
2013; Wang and Jiang 2004; Sidky et al. 2006).

Fig. 5.6  Schematic of the annular phase ring. The phase ring is positioned following the ZP to 
intercept the undiffracted X-ray light. The thickness is designed to shift the phase of the undif-
fracted light by 3 2p / . The phase contrast image is formed by the interference of the phase-shifted 
undiffracted light with the unshifted light diffracted by the sample light, translating phase modula-
tions of the sample into intensity modulations in the image plane

 

Fig. 5.7  Two models of yeast projections (Yang et al. 2010). a Absorption contrast projection of a 
yeast cell and b Zernike phase contrast projection of the same cell
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Prior to reconstruction, the raw projections must first be processed. To correct 
for heterogeneities in sample illumination, which is due to the inhomogeneities of 
the light source, projections are normalized using a flat-field image collected with 
no sample in the field of view. Image intensity is normalized by dividing the projec-
tion image by the flat-field image, pixel by pixel. It is also necessary to correct for 
artifacts caused by “bad” pixels on the charged-coupled device (CCD), meaning 
those that have lost signal strength over the lifetime of the CCD. For each projection 
and flat-field image, the value of the bad pixel is replaced with a value interpolated 
from surrounding pixels. The instability of the rotation stage is accounted for by 
aligning all images to a common rotation axis prior to reconstruction. There are 
two main approaches: automated alignment (Parkinson et al. 2012) and manual 
alignment of the fiducial markers (i.e., 100-nm gold particles on the sample holder). 
Manual alignment is more accurate than automated, so the former is used to acquire 
initial results quickly, and higher-quality reconstructions can be achieved using the 
manual approach.

5.3.3  3D Reconstruction

Tomographic reconstruction is pursued once the images are properly processed. 3D 
sample images can be achieved by combining 2D projections. Numerous recon-
struction algorithms have been proposed (Gordon et al. 1970; Andersen and Kak 
1984; Raparia et al. 1998; Wang and Jiang 2004; Sidky et al. 2006; Andersen 1989; 
Zeng 2010), all with associated advantages and disadvantages. Generally speaking, 
reconstruction algorithms can be divided into two classes. The first class relies on 
Fourier methods and the central slice theorem (Zeng 2010), often the most popular 
choice based on the limited computational burden. The other class uses iterative re-
construction methods (Mueller et al. 1999; Liang et al. 2013; Cierniak 2011), which 
allow prior knowledge to be included in processing, and many regularizations (e.g., 
total variation minimization; Tian et al. 2011; Sidky and Pan 2008) and filters that 
can improve the quality of the results. Nevertheless, iterative reconstruction meth-
ods consume a large amount of computational time, preventing their widespread 
use. However, methods using graphics processing units (GPU) to speed up compu-
tation would enable these methods to regain more attention (Keck et al. 2009; Pan 
et al. 2009; Nett et al. 2010).

5.4  Cell Culture and Preparation

The fission yeasts are a particularly good eukaryotic cell model used for many 
years, particularly for studying the cell cycle and how the shape, size, and distribu-
tion of organelles change with environmental conditions (Zheng et al. 2012). The 
wild-type fission yeast, Schizosaccharomyces pombe, was cultured in liquid yeast 
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extract peptone dextrose (YPD) medium at 25 °C for 12 h, rinsed in 0.2 M PIPES 
buffer (3 ×; piperazine-N, N’-bis[2-ethane sulfonic acid]) and fixed with 2 % os-
mium tetroxide (in PIPES; 1 h, 25 °C), rinsed (2 ×) with PIPES buffer, stained with 
Reynolds’ lead citrate (20 min), dehydrated in a graded ethanol series of 50–100 % 
concentration (EtOH/(water + EtOH)), and then stained by 2 % uranyl acetate in 
95 % ethanol solution (10 min). At last, the cells were spotted on a silicon nitride 
membrane of 100 nm thickness and air-dried. In this proof of principle, we chose 
the simplest drying method to show that hard X-ray tomography could be used to 
image cells. However, it is important to note that air-drying is not the best choice for 
cell sample preparation, causing drying artifacts, even when the sample had been 
fixed and ethanol substituted. In future, critical point drying (Lampert 1971), resin-
embedded samples, and other new electron microscopy (EM) sample preparation 
technologies such as high-pressure freezing (McDonald 2007) and self-pressurized 
rapid freezing (Leunissen and Yi 2009), proven to maintain good sample shape, can 
be applied to hard X-ray microscopy.

5.5  Cell Organelles Identified

Projections were obtained using the phase contrast model and the photon energy of 
8 keV. The 3D structure of the cell was reconstructed using a standard filtered back-
projection algorithm (Kak et al. 1988) through a series of projections (Fig. 5.8a; 
Yang et al. 2010). Slice thickness is related to the pixel size of the CCD, approxi-
mately 58.3 nm for our system. The reconstructed cross-slices of cells from two 
different orientations are shown in Fig. 5.8b, c. The cell wall, with its three-layered 
structure, is clearly observed in the cross-slices (Fig. 5.8b, c, arrowheads), having a 
thickness of approximately 400 nm, which is typical for wild-type S. pombe. There 
are numerous small, near-spherical organelles having lower X-ray contrast than sur-
rounding cytoplasm, and other organelles with irregular shape and higher X-ray 
contrast than the cytoplasm (Fig. 5.8b, c).

Segmentation can provide a way to isolate a specific cellular component from 
the data set, allowing 3D visualization of that component either alone or with other 
components. At present, identification of organelles by hard X-ray tomography is 
complex and difficult. Following heavy metal staining, every organelle of the cell 
will have a different X-ray absorption compared to the cytoplasm, allowing organ-
elle boundaries to be identified. The density of lipid bodies and mitochondria is 
greater than the cytoplasm, so those components are more easily stained by heavy 
metal. Organelles having lower contrast (Fig. 5.8b, c) are consistent with vacuoles 
that also have low electron density in TEM studies (Konomi et al. 2003; Sajiki et al. 
2009) that used comparable staining. Their morphology and distribution is also con-
sistent with vacuoles identified by TEM and fluorescence microscopy (Bone et al. 
1998; Mulvihill et al. 2001; Konomi et al. 2003; Takagi et al. 2003). The lower 
X-ray contrast organelles colored blue with near-spherical shape are identified as 
vacuoles, and the higher X-ray contrast organelles colored yellow are assigned as 
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lipid bodies and mitochondria (Fig. 5.8). It is difficult to distinguish mitochondria 
and lipid bodies based on the hard X-ray tomographic data since resolution is lim-
ited, precluding exact organelle classification. By improving the resolution of hard 
X-ray microscopy in future, organelle identification will be more facile. In future 
work, the data could be correlated with TEM from the same sample to confirm the 
identity of mitochondria and lipid bodies based on their shape and size.

Fig. 5.8  Hard X-ray tomography of a fission yeast cell, Schizosaccharomyces pombe (Yang et al. 
2010). a Projection of the yeast cell. b, c Reconstructing cross-slices through the cell from verti-
cal orientations. Arrows point to the organelles that have higher X-ray contrast than surrounding 
cytoplasm, and arrowheads indicate the three-layer structure of the cell wall. d, e Organelles are 
divided into two groups based on their absorption contrast. The lower contrast organelles colored 
blue are identified as vacuoles, and the higher X-ray contrast organelles colored yellow are lipid 
bodies and mitochondria. f Total organization and distribution of organelles within a yeast cell
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5.6  Quantitative Analysis of Organelles in the Cell

Cell size is a critical parameter in initiating cell division, and the number, morphol-
ogy, and volume of the organelles have a profound influence on the function and vi-
ability of a cell (Uchida et al. 2011). Consequently, the quantitative analysis of cel-
lular internal architecture is of great significance in cell science. Since hard X-ray 
tomography is capable of obtaining 3D architectures of biological samples, it has 
been used to investigate the yeast cycle at various stages. From the stationary to the 
growth phase, the shape of yeast transitioned from short and spherical (Fig. 5.9a) 
to long, thin, and elliptical (Fig. 5.9f). During cell division, a membrane (colored 
red) formed, and presumably septum cell wall components were also present, but 
their detection was beyond the resolution limit. The two cells had not yet separated 
completely (see Fig. 5.9m).

Yeast size is a decisive parameter for cell division, having to reach a minimum 
size before they begin to divide (Goranov et al. 2009; Jorgensen et al. 2002). Dur-
ing the cell cycle, organelle size must be precisely detected and controlled, both 
for proper cellular function and correct organelle partitioning (Neumann and Nurse 
2007; Rafelski and Marshall 2008; Fagarasanu et al. 2007). Thus, in relation to cell 
growth and division, cell size, major organelle volume, and organelle to cell vol-
ume ratio were quantified (Table 5.1). As expected, cell volume gradually increases 
from the stationary phase (54.3 µm3) to division (81.4 µm3). The ratio of total ma-
jor organelle to cell volume (O:C ratio) in each phase was 23.8, 10.6, and 11.1 % 
(Fig. 5.10), for stationary, growth, and division phases, respectively. A similar ra-
tio was calculated for vacuoles, lipid bodies, and mitochondria alone (Fig. 5.10). 
From the growth to division phase, the O:C ratio for lipid bodies and mitochondria 
remained approximately stable (5.7–5.9 %) as did that for vacuoles (4.9–5.2 %). 
That is to say that the ratios existing between cell size and organelle volumes are 
consistent during the division and growth phases. On the contrary, the O:C ratio 
for all organelles, vacuoles, lipid bodies, and mitochondria in the stationary phase 
are higher than those during growth and division phases, indicating an increase in 
organelle volume during the stationary phase. Further, organelle shape varies in all 
three phases, with characteristic shapes in each phase. It can be concluded that hard 
X-ray microscopy is suitable for cellular imaging when some contrast enhancement 
method is introduced, such as Zernike phase contrast and heavy metal staining. 
Since samples were air-dried, shrinkage differences in the stationary and growth 
phases would influence the volume and ratios of the cells. Nonetheless, we demon-
strated the ability of hard X-ray tomography to quantify and image cells. In future 
work, more sophisticated drying technologies developed for electron microscopy 
can be introduced to hard X-ray microscopy. The unique ability of hard X-ray mi-
croscopy to acquire images of whole, large cells in 3D could make it a complemen-
tary tool for imaging cells and providing useful information in cell biology (Yang 
et al. 2010).
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5.7  Future Developments of Hard X-ray Microscopy

In this chapter, we demonstrate that hard X-ray microscopy, using high penetra-
tion power and a large DOF, is a powerful tool for studying high-resolution 3D 
cell architecture. Contrast enhancement can be achieved with Zernike phase con-
trast and heavy metal staining. Based on the tomographic data, we can observe 
microstructural changes of yeasts during the cell cycle. While we demonstrate that 
hard X-ray microscopy and tomography have the ability to examine internal cellular 
ultrastructures, there is still room to improve spatial resolution. With the develop-

Fig. 5.9  Different phases of a fission yeast cell, Schizosaccharomyces pombe, imaged by hard 
X-ray tomography (Zheng et al. 2012). The three rows of images correspond to a cell in the station-
ary phase, a single adult cell, and a dividing yeast cell. The first column is the two-dimensional (2D) 
projection image, the second to fifth columns are reconstruction slices, the whole cells, vacuoles, 
and lipid bodies and mitochondria, respectively. ( m, n, and o) A dense band between the mother 
and daughter cells is colored red. The organelles colored blue with near-spherical shape are identi-
fied as vacuoles, and the organelles colored yellow are assigned as lipid bodies and mitochondria
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ment of micro- and nanofabrication technology, the width of the outer zone of zone 
plates will be smaller, and the focusing diffraction efficiencies will be improved. In 
addition, the stability of the rotating station and data-processing software will also 
be promoted. Therefore, higher resolution will be achieved. Cryo-fixation, able to 
combat the radiation damage from X-rays and maintain the sample morphology, 
can be easily introduced into sample preparation methods for hard X-ray imaging. 
Furthermore, hard X-ray microscopy/tomography can be used in a correlative man-
ner with other techniques to identify organelles. The data obtained by hard X-ray to-
mography can be correlated with electron microscopy of the same sample to identify  

Table 5.1  Dimensions and volumes of organelles and cells from Fig. 5.9. (Source: Zheng et al. 
2012)
Feature Cell

Stationary Growth Division
Cell length (μm) 6.1 7.2 9.7
Cell width (μm) 4.1 3.5 5.1
Cell volume (μm3) 54.3 68.2 81.4
Vol. organelles (μm3) 12.9 7.2 10.0
Vol. lipid bodies and 
mitochondria (μm3)

7.3 3.9 4.8

Vol. vacuoles (μm3) 5.57 3.3 4.2

Fig. 5.10  The organelle to cell volume ratio, including major organelles, vacuoles, lipid bodies, 
and mitochondria, during a stationary phase, b cell growth, and c division phases of the cell cycle. 
(Source: Zheng et al. 2012)
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organelles by morphology and position. Fluorescence imaging is another mature 
technology (Smith et al. 2013) that can be combined with hard X-ray microscopy to 
determine the position of fluorescently tagged molecules in the reconstruction im-
ages. Such integrative and correlative techniques will extend the potential of hard 
X-ray microscopy in cell imaging.
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