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Abstract

Transmission soft x-ray microscopy (SXM) is well suited to visualizing and
quantifying mesoscale biology, that is to say structures ranging from the size
of a typical molecular machine up to an intact cell. In SXM, the specimen
is illuminated with “water window” soft x-rays (i.e., photons with energies in
the range 284 eV to 543 eV). The degree to which the illumination is absorbed
by a subcellular feature depends on its chemical composition. Carbon- and
nitrogen-containing biomolecules strongly absorb the illumination, while water
is relatively transparent. Similarities and differences in subcellular molecular
content generate contrast in SXM images of the specimen without the use of
stains. In this chapter, we discuss the basic concepts behind SXM and describe
how 2D SXM data is used to calculate a 3D soft x-ray tomographic (SXT)
reconstruction of the specimen. SXT offers significant advantages over other
high-resolution cell imaging methods. A particular strength is the capacity
to image intact, fully hydrated cells, including eukaryotes such as yeast or
mammalian cells. In addition to stand-alone use, we will show that SXT data can
be integrated into other imaging modalities to create a comprehensive view of the
specimen. The combination of SXT with fluorescence data measured from the
same specimen is particularly important, since this allows molecular localization
data to be viewed directly in the context of the cell.

Keywords

Cell structure - Chromosome - Correlative imaging - Cryogenic fluorescence
tomography - Modeling - Molecular localization - Nucleus - Soft x-ray
tomography

Glossary

CCD Charge-coupled device

CFT Confocal fluorescence tomography

CFT-SXT  Correlated confocal fluorescence and soft x-ray tomographies
CLEM Correlated light and electron microscopy

CLM Cryogenic light microscope

CXDI Coherent x-ray diffraction imaging

EM Electron microscopy

FOV Field of view

Fzp Fresnel zone plate
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KZP Condenser (or Kondenser) zone plate

LAC Linear absorption coefficient

MZP Micro (objective) zone plate

NA Numerical aperture

PSF Point spread function

SIM Structured illumination microscopy

SXM Soft x-ray microscopy

SXT Soft x-ray tomography

STORM Stochastic optical reconstruction microscopy

3D Three-dimensional

WOTF Weak-object transfer function
Introduction

Imaging is fundamental to our understanding of cell biology. Microscopes capture
and present the complexity of a cell in an easy-to-interpret form. For example,
a child with a toy microscope can recognize instantly that pond water contains
many different types of cell. While this may seem a simplistic example, imagine
what it would take to classifying the same sample of pond life by other methods
(Megason and Fraser 2007). In the absence of imaging tools, characterizing pond
life would require scientific training and access to sophisticated instruments. Given
the power of imaging, it should come as no surprise that the development of new
imaging methods often results in discoveries, either by producing novel insights or
by allowing existing knowledge to be reinterpreted from a new perspective.

Until recently, imaging cells has been the forte of light- and electron-based
methods (Subramaniam 2005), with each modality filling a specific niche of
specimen size and spatial resolution (see Fig.1). While these two families of

Wide-field Super-resolution Soft x-ray Cryo-electron
fluorescence Light Sheet fluorescence tomography tomography

Hafietal.(2014) Liuetal.(2018) Schermellehetal. (2009) LeGrosetal.(2016) Cyrklaffetal.(2007)

Fig. 1 Comparison of the techniques used to image biological cells. Soft x-ray tomography and
super-resolution fluorescence microscopy are in a sweet spot between the low-resolution/large
specimen size of wide-field fluorescence microscopy and the high-resolution/small specimen size
of electron tomography
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imaging tools can cover much of the imaging required, either individually or in
combination, they can’t completely cover all of the imaging needs in cell biology.
For example, electron-based methods are limited to specimens no thicker than
500nm (Leis et al. 2009). As a result, most cells must be cut into thin sections
prior to being imaged, making imaging of an entire cell using electron microscopy
is a daunting task. Fluorescence microscopy can, of course, image intact cells, even
the largest of eukaryotic cells. But, it only produces information on the location
of labeled molecules (Giepmans 2006). In fluorescence microscopy, the cellular
environment surrounding a localized molecule is left dark, analogous to looking
to a distant city at night and seeing lights but not the buildings themselves. So,
for some years, there has been effort put toward developing microscopes that can
address these shortfalls. Clearly, the obvious solution was to develop microscopes
that use an illumination source with characteristics different to light or electrons.
Soft x-rays proved to be the answer.

Soft x-ray-based microscopes overcome the thickness constraint imposed by
the use of electrons and generate detailed information on the subcellular structure
missing from fluorescence images (Larabell and Nugent 2010; McDermott et al.
2012b). However, the application of soft x-rays to cell biology wasn’t an overnight
success story. Soft x-ray microscopy looked like a promising biological imaging
tool for decades, but a number of technical challenges prevented this promise being
realized, at least with a reasonable throughput of specimens (Le Gros et al. 2009).
Below we describe SXM and the advances that allow cells to be imaged rapidly
and in large numbers. We will also cover the methods used to generate quantitative,
high-resolution soft x-ray tomographic (SXT) reconstructions from a series of 2D
SXM projection images, including representative recent work published using this
technique. Finally, we will discuss the combination of structural information derived
from soft x-ray tomography combined with molecular localization data produced
by fluorescence microscopy. The imaging is done on the same specimen, allowing
direct correlation of the two modalities. Molecular location is viewed directly in the
context of a reconstructed cell, an exciting advance and a new tool for discovery in
cell biology.

Soft X-Rays in Biology

Soft x-rays have long been poorly represented in comparison to hard x-rays
in biological research and clinical medicine. Hard x-rays (i.e., x-ray photons
with energies greater than 1keV) are ubiquitous in clinical diagnosis. To the
point, most people have a clinical or dental x-ray at least ones in their life. In
biological research, hard x-rays have been enormously successful in the form of
macromolecular crystallography, a field devoted to determining the atomic structure
of crystallized biomolecules. In terms of imaging cells, hard x-rays have yet to
make a significant impact. That said, coherent x-ray diffraction imaging (CXDI)
and associated methods such as ptychographic imaging have been promoted as
having promise in this area. CXDI methods rely on the diffraction, or scattering
of x-rays (Holler et al. 2014; Miao et al. 2003). Computer algorithms take the
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place of the lenses in a conventional microscope, and the detector camera collects
diffraction information from the specimen in reciprocal space, rather than from a
real-space projection image. Diffraction patterns are arrangements of intensities that
do not resemble the original sample. Obtaining a “real-space” reconstruction of the
specimen requires extraction of phase information from measured intensities and
calculation of electron density maps (Falcone et al. 2011). The potential to achieve
near-atomic resolution in the absence of lens aberrations is certainly an advantage of
diffraction microscopy, but this technique still poses many difficulties for imaging
cells. The diffraction of noncrystalline specimens, e.g., cells, yields much weaker
and diffuse scattering patterns as compared to crystalline structures (Falcone et al.
2011). Samples must also be carefully isolated so that no materials outside of the
defined sample boundary contribute to the diffraction pattern, and poor quality or
noisy data can render the algorithm ineffective (Chapman et al. 2006). Despite the
prospect of very high-resolution imaging and a few exemplary imaging of cells
(Shapiro et al. 2005; Huang et al. 2009), hard x-rays have yet to prove their real
worth as the basis for new mesoscale imaging tool, which, of course, brings us back
to ask, why are soft x-rays so well suited to imaging cells?

The simplest answer, of course, is the highly favorable interaction of soft x-ray
photons with biological materials. In combination with recent developments of high-
resolution lenses and microscopes operating at cryogenic temperatures, cells can
endure larger radiation doses while being imaged in their native state. Soft x-ray
photons at “water window” energies (284eV to 543eV; 2.34nm to 4.4nm) can
penetrate intact cells, even large mammalian cells, in their in vivo state of hydration
(Attwood 2007; Larabell and Le Gros 2004; Weif3 et al. 2000). Moreover, the
interaction of water window photons with biological material in cells generates
images with excellent contrast (Larabell and Nugent 2010).

Contrast in SXT is derived from differences in density and biochemical
composition between the various structures inside the cell. Regions dense
in biomolecules strongly attenuate the specimen illumination, whereas high
water content areas are much less absorbing (McDermott et al. 2012a). Most
importantly, this means that the specimen is imaged directly, with neither the
requirement to stain (with heavy metals) nor a priori information (e.g., phase
information/clear substrate/etc.).

Soft x-ray illumination operates at much shorter wavelengths than visible light
and is therefore capable of imaging a cell at much higher spatial resolution.
In summary, soft x-rays offer the opportunity to image a cell in its functional
condition and do so quantitatively in 3D with high spatial resolution. Soft x-ray
imaging is both unique and highly complementary to other high-resolution structural
imaging techniques such as electron microscopy. Consequently, there is a growing
availability of soft x-ray microscopes at synchrotron facilities and an even more
rapidly expanding community of biologists using soft x-ray imaging to understand
structure and function of a cell.
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Soft X-Ray Microscopy

Transmission soft x-ray microscopes follow the optical design of a bright-field light
microscope (Falcone et al. 2011) with a condenser lens focusing the illumination
onto the specimen and an objective transmitting a magnified image of the specimen
onto a detector. Refractive indices of x-rays are very close to unity, making the use of
traditional visible light optics impractical. Instead, soft x-ray microscopes use optics
based on diffraction (Fresnel zone plates) or reflection (capillary) as condensers
and objectives. Depending on the microscope design, capillary or condenser zone
plate, usually referred to as the KZP to reflect the original German nomenclature,
functions as the condenser lens. The objective zone plate is generally known as the
micro zone plate (MZP) (Kirz et al. 1995). The soft x-ray illumination adheres to
the Beer-Lambert law when it interacts with a biological specimen (Attwood 2007).
Attenuation of the illumination by the specimen is, therefore, a linear function of
specimen thickness and chemical composition. In addition, using illumination in
this region of the spectrum results in an order of magnitude weaker attenuation of
photons by water in comparison to carbon (see Fig.2) (McDermott et al. 2012a).
The differential attenuation of soft x-rays results in high-contrast images of cells
without the need for chemical fixation or the use of contrast-enhancing staining
agents (McDermott et al. 2012a). As a result, cells are imaged in a near-native
state.

Assuming correct specimen handling, the quality of the images produced in
soft x-rays is determined by the microscope characteristics. High-resolution, high-
fidelity imaging requires the specimen to remain stable during data acquisition;
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Fig. 2 Plot of photon energy vs. the linear absorption coefficient for carbon (orange), water
(blue), and a model protein (green), Co4Hj39N2403;. The “water window” region is highlighted in
light blue. In this region of the spectrum, water is significantly less attenuating than carbon- and
nitrogen-containing biomolecules. The LAC of the model protein also show the nitrogen K-edge
at 409.9eV. (Data from Henke et al. 1993)
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any movement during image acquisition causes blurring and loss of resolution and
fidelity. The incredibly bright soft x-rays produced by a synchrotron allow images
to be collected using short exposure times, in the range of 100 ms to 500 ms. Such
short time for image acquisition is of great advantage as it reduces requirement on
stability of a specimen, due to such factors as thermal drift in the microscope or
specimen stage.

Illumination Sources

Synchrotron soft x-rays are generated by accelerated charged particles, for example,
electrons (Attwood 2007) typically confined in a circular orbit. Bunches of electrons
— moving at nearly the speed of light — are deflected by a magnetic field, causing
a change of the electrons’ momentum, which in turn results in the production of
electromagnetic radiation in a direction tangential to the initial path. Typically, the
electron bunches are deflected by an insertion device in the synchrotron lattice,
for example, a bending magnet, wiggler, or undulator. Any type of these insertion
devices can, in principle, function as effective illumination sources for soft x-ray
microscopes (Rehbein et al. 2009; Le Gros et al. 2014). A full description of the
characteristics of insertion devices is clearly beyond the scope of this chapter.
However, it should be pointed out that for most SXT data collection, the type of
insertion device makes little to no practical difference. For the interested reader, a
good description of synchrotron radiation is given by Kim (1989).

While the synchrotron radiation is favorable due to short exposure time, the
access to such facilities is rather limited. Hence, a lot of effort has been put in
the development of tabletop sources. Currently, the exposure time with laboratory
soft x-ray microscopes can be as short as 10s (Fogelqvist et al. 2017). With
potential commercialization of soft x-ray microscopes, 3D imaging of cells in
their native state can become available side-by-side with light microscopes in any
laboratory.

Optics

In visible light microscopy, the refractive index of glass in the optical elements
changes the light path, focusing illumination onto the specimen and transmitting
a magnified image of the specimen to the eyepiece or camera. However, in the
soft x-ray regime, materials, for example, glass, have a refractive index close to
unity (Attwood 2007). Consequently, alternative optical systems to those used in
a light microscope are typically employed. Currently, soft x-ray microscopes use
Fresnel zone plates and/or a capillary condenser with advanced capabilities to focus
x-rays onto the specimen, i.e., function as a condenser (Fig. 3). Fresnel zone plates
(FZPs) are nanofabricated pattern of periodic transparent and opaque concentric
rings in which the frequency of rings increases toward the outer zone (larger radius)
(Attwood 2007; Attwood et al. 2006; Chao et al. 2009; Denbeaux et al. 2001, 2003;
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Bend magnet ...\

Mirror

Specimen

Condenser
zone plate Objective
zone plate

(b)

Fig. 3 Optical layouts of soft x-ray microscopes. (a) A schematic showing the overall layout of
the microscope XM2 at the Advanced Light Source, Berkeley (b) Illuminating photons from the
bending magnet source are directed onto the condenser (a Fresnel zone plate) by a flat mirror.
The condenser focuses illumination through an order-sorting pinhole and onto the specimen. The
objective (another Fresnel zone plate) focuses transmitted illumination onto the CCD detector.
Microscopes equipped with a capillary condenser eliminate the need for the order-sorting pinhole
but require some type of monochromator upstream in the optical path

Schneider et al. 2003). Due to the transparent/opaque structure of FZPs, the incident
x-rays constructively interfere at the focal point. Alternatively, a capillary condenser
can be used to focus the soft x-ray illumination onto the specimen (Schneider et al.
2012). Capillary condensers take advantage of the grazing incident reflection of
x-rays on the inner surface of the capillary, either as a single “bounce” or by guided
multiple reflections. Irrespective of whether the microscope is equipped with a
capillary or a zone plate condenser, the condenser produces a spot of light with a
tight focus, typically smaller than most specimens. The condenser must, therefore,
be rapidly scanned or shaken during data acquisition to create uniform illumination
across the field of view.

Image Formation

Since transmission soft x-ray microscopes are conceptually similar to a simple
bright-field light microscopes, they share the same physical limitations on the
resolution and depth of field. A key assumption has traditionally been that the soft
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X-ray microscopic images can be regarded as images of classical projections, if the
depth of field encloses the sample (Haddad et al. 1994; Weil} et al. 2000). This means
that the resolution, limited by that of the optical system, » « A/N A, also imposes
a size limit on the specimen L o A/(NA)? for full-rotation tomography and to
L A [sin@(N A)z], for limited-tilt imaging, where 6 is the maximum tilt angle of
the measurement, X is the wavelength of the illumination, and N A is the numerical
aperture of the objective lens. Extending the capabilities of the microscope beyond
these assumptions requires a proper modeling of the image formation.

In tomography, the model of image formation has been traditionally based on
the Radon transform (Radon 1917), which is the ideal linear transform (projection)
of the specimens’ attenuation coefficients onto a plane. This is linked to the
experimental image formation through the Beer-Lambert law, such that the recorded
intensity of a ray, /;, can be expressed as attenuation of its intensity along a ray-path,
L;, such that

I = Lpexp [— /L i, ) dt} , ()

where () is the linear absorption coefficient (LAC) of the specimen along the
ray-path and ;o the unattenuated intensity incoming onto the specimen. There
are two approximations related to this kind of ideal image formation. Firstly, it
assumes that the wave propagation through the sample is diffraction free and the
intensity after the sample can be calculated by parallel beams adhering to the Beer-
Lambert law. Secondly, it assumes that the recorded intensity of the image is directly
proportional to the intensity of the field at the vicinity of the sample.

A proper inclusion of the wave propagation in the image formation involves
solving the Helmholtz equation in the sample space. As to date, this has only been
done for the forward model, both in 2D (von Hofsten et al. 2007; Bertilson et al.
2011a) and 3D (Selin et al. 2014). A general way to integrate this into the inverse
problem, i.e., the reconstruction scheme, however, remains elusive.

The assumption that the recorded image is linear with intensity requires a
perfectly incoherent image formation with no blurring of the point spread function
(PSF). In general SXM behaves in a partially coherent system in which the (spatial)
partial coherence can be expressed by the ratio of the numerical apertures:

A
m = &7 2)
NA,

of the incoming light from the condenser, N A, and collected light by the objective,
NA,. For m — 0, the imaging behaves coherently (i.e., a linear transform of the
field), and for m — oo, the imaging is fully incoherent (linear transform of the
field intensity). In all other cases, the system is partially coherent. Partial coherence
is known to have an effect on the recorded image (Jochum and Meyer-Ilse 1995;
Sheppard 2004), but a general backward model for this bilinear transform (Hopkins
1953) is yet to be presented. Within the assumption of a valid weak-object transfer
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function (WOTF) (Streibl 1985; Sheppard and Mao 1989), partial coherence can
be included in the reconstruction (Knochel 2005) but is limited to the Born
approximation (Slaney et al. 1984; Trattner et al. 2009).

When the approximation of both diffraction-free propagation and incoherence
(linear intensity transform) is valid, (Otén et al. 2012) provide a solution, requiring
that the PSF of the optical system encloses the whole sample. In this case, the
ideal Beer-Lambert projections can be obtained by deconvolution of the projection
images. This model coincides with the assumption of parallel projections when the
PSF is narrow (a delta function).

In cases where the imaging is limited by the depth of field, it can be effectively
extended by focus stacking in either projection space (Liu et al. 2012; Otén et al.
2017) or reconstruction space (Li et al. 2017) or integrated into the reconstruction
scheme (Klukowska et al. 2014; Selin et al. 2015). Recent results from a linear
approximation of the model of Otén et al. (2012) have also included the image
formation model directly into the reconstruction scheme, improving thus the quality
of the tomographic reconstructions (Ekman et al. 2018).

Instrument Locations and Current Status

SXT is a relatively new modality for imaging cells, at least compared to electron
or light microscopy. The first report of successful SXT being carried out on an
individual cell only dates back to Weif3 et al. (2000). While this might seem an eon
ago, in terms of synchrotron-based experiments — where it can easily take a decade
to fund, design, and build a novel instrument — this is the typical pace at which new
technologies evolve.

Currently, there are two designs of soft x-ray microscope in operation at
synchrotron facilities across the world (see Table 1). Most of them use a single-
bounce capillary as the condenser and a sample stage adopted from electron
microscopy.

The soft x-ray microscope at XM2, located at the Advanced Light Source in
Berkeley, USA, is the only microscope where KZP serves as a condenser and sample

Table 1 Soft x-ray microscopes in operation and development

Microscope | Research facility | Location Reference

U41-TXM | BESSY II Berlin, Germany | Schneider et al. (2010, 2012)

XM2 ALS Berkeley, USA Parkinson et al. (2013) and Le Gros
etal. (2014)

MISTRAL | ALBA Barcelona, Spain | Pereiro et al. (2009) and Sorrentino
et al. (2015)

B24-TXM Diamond Didcot, UK Harkiolaki et al. (2018)

BLO7W NSRL Hefei, China Guo et al. (2017) and Liu et al. (2018a)

24A NSRRC Hsinchu, Taiwan® | (Su et al. 2016)

2The microscope at NSRRC is still in the development phase
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is mounted on the custom-designed sample stage. XM?2 was designed, built, and
now operated by the National Center for X-ray Tomography (NCXT; http://ncxt.1bl.
gov/). In terms of the exact imaging characteristics, it is sufficient to say that both
are equally well suited to imaging cells.

Since the development of plasma sources in the early 1980s (e.g., Michette et al.
1993 and references therein), there has been a steady improvement in tabletop
imaging (Rymell and Hertz 1993; Berglund et al. 2000; Horne et al. 2009; Bertilson
et al. 2009, 2011b; Hertz et al. 2012). Sub-50nm resolution has been readily
achieved, but the necessary exposure times still range from 30s (Carlson et al.
2013) to a minute or two (Kim et al. 2006; Hertz et al. 2012), which is at least an
order of magnitude higher than what is commonly used at synchrotron facilities.
Nevertheless, commercial devices are beginning to emerge, such as Excillum,!
SIRIUS XT?, and Energetiq,’ providing laboratory-scale solutions to the SXT
illumination, and recent progress has pushed the exposure time as low as 10s
(Fogelqvist et al. 2017) with a 100 nm 3D resolution.

Soft X-Ray Tomography

Tomography is the process of calculating a 3D reconstruction of the specimen
using a series of 2D projection images collected sequentially around a rotation
axis (Natterer 1986). For biological specimens, such as cells, repeated exposure to
harsh x-ray illumination results in cumulative radiation damage, unless the specimen
is either chemically fixed or held at cryogenic temperatures. Chemical fixation is
easily achieved by treating the specimen with cross-linking aldehydes. However,
this method has been shown to cause irreversible damage to the ultrastructure
of the cell regardless of the measures taken to avoid it (Luci¢ et al. 2007). So,
mitigation of radiation damage during image acquisition is preferentially achieved
by plunging the specimen into liquid propane cooled by liquid nitrogen (McDermott
et al. 2012a) or by rapid cryo-cooling in a high-pressure freezing device of the type
developed and used routinely by the electron microscopy community (Weiner et al.
2013).

SXT data are acquired in microscopes fitted with FZP objectives that produce
a spatial resolution in the 25nm to 50 nm range (Falcone et al. 2011). During
data acquisition, the soft x-ray beam diffracts around the opaque rings to a focal
point. The spacing in the outermost Fresnel zone determines the maximum spatial
resolution achievable. While zone plates offering spatial resolutions better than
25 nm have become available (Chao et al. 2005, 2009), they are not yet in common
use for several reasons. Use of higher-resolution plates results in a depth of focus
shallower than the thickness of the specimen (McDermott et al. 2012b), thereby

Uhttps://www.excillum.com/
Zhttps://siriusxt.com/

3https://www.energetiq.com/
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requiring the collection of several through-focus images at each angular position.
This process not only increases the x-ray dose on the specimen; it adds significant
additional complexity to data processing and analysis.

As with any imaging experiments, soft x-ray microscopy begins with preparation
of the specimen. Any artifacts introduced as a result of poor specimen preparation
persist throughout data acquisition to the final reconstruction and potentially result
in confusing or misleading information. Fortunately, specimens require minimal
preparation before being imaged by SXT (Parkinson et al. 2013). Cells are simply
transferred from their growth environment into a specimen holder and immediately
cryopreserved. The total time required for this procedure is short, typically less than
a minute. Consequently, cells imaged by SXT are maintained very close to their
native state, which is to say, not only intact and fully hydrated but never exposed
to harsh chemical fixatives or heavy metal stains. Minimal specimen preparation is
one of the highlights of the SXT. We will now briefly outline the steps required
for SXT.

Specimen Mounting

To impart mechanical stability and allow rotation during tomographic data acqui-
sition, cells must be mounted in a specimen holder (Parkinson et al. 2013). The
holder can take many forms, as long as the design can withstand both the incoming
radiation and the low temperatures for extended periods and be robust enough to
handle and easy to manipulate. Currently, two specimen holders are in common use
for SXT: grids and capillaries (see Fig. 4). Each has advantages and disadvantages,
but the choice of specimen holder comes down to cell size and the type of cryo-
rotation stage installed in the microscope.

Flat-Grid Specimen Mounting

Flat grids used in SXT are similar, if not identical, to those used for electron
microscopy (EM) (Carzaniga et al. 2014). Consequently, this design of specimen
holder is optimal when the microscope is equipped with a modified EM cryo-
rotation stage. This stage design is also best suited to imaging large (laterally
extended) specimens (Carzaniga et al. 2014; Schneider et al. 2012), and cells can be
cultured directly on the holder surface. The drawback is the limitations placed on
grid tilt (rotation) during SXT data acquisition (Smith et al. 2014a; Cinquin et al.
2014). As the grid is tilted to higher angles, the specimen thickness progressively
increases to the point of illumination being fully absorbed. The limit on grid
rotation, usually —70° to 70°, leads to a “missing wedge” of data that impacts
the fidelity of the tomographic reconstruction of a specimen. Moreover, depending
on the resolution of the zone plate used, cell structures above and below the focal
plane will be out of focus. Even so, grids can produce high-quality images and
reconstructions of well-chosen specimens.
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Flat Speciment holders Thin-walled capillary

Fig. 4 The two types of specimen holder commonly used in soft x-ray microscopes. (Left) Flat
grids are similar to those used for EM and are suitable for imaging of large (flat) cells. Increased
size capacity of the holder comes, however, with a drawback, as the limitation on the rotation leads
to a “missing wedge” of data from certain angles of the sample. (Right) Thin-walled capillaries
allow for full 360° rotation of the sample but put restrictions on the sample size, as the whole
sample has to be confided in a cylinder

Capillary Specimen Mounting

Thin-walled glass capillaries can also be used as specimen holders for SXT
(McDermott et al. 2012b). The capillaries are made by heating and pulling a
glass capillary such that the tip (the “observation area”) has a diameter of 4 pum
to 16 um and a length of ~300 um (Gros et al. 2012) (see Fig.4). Cells must be
within this observation area to ensure that the soft x-ray beam can penetrate the
specimen, and it is in the field of view of the CCD camera. Capillary specimen
mounting enables full angular rotation and thus the capture of valuable information
at higher rotation angles. This mounting method is particularly suitable for non-
adherent cells, such as red blood cells or lymphocytes, and smaller samples,
such as yeast or bacteria (Carzaniga et al. 2014). Capillary mounting is also a
good choice when imaging tissues, such as those from mouse models, since the
dissociated cells maintain the shape normally found in the body (Clowney et al.
2012). Most cells can be loaded directly into the capillary via pipetting prior to
cryo-fixation and imaging (Gros et al. 2012; Parkinson et al. 2013). Cells with
average diameters greater than 12um or those suspended in viscous solutions,
e.g., containing matrix proteins, require gentle external force to either pull (via
centrifuge) or push (via external syringe pump) the cells into the tapered observation
area of the capillary.
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Cryopreservation

To mitigate specimen degradation during imaging, a biological specimen must
be “fixed,” either chemically or cryogenically, prior to SXT data acquisition.
Chemically fixing cells is a straightforward process; the cells are simply placed in a
solution containing aldehydes, typically paraformaldehyde and/or glutaraldehyde.
The aldehydes form covalent bonds between proteins in the cell. Unfortunately
chemical fixation is far from ideal in terms of SXT. Firstly, the cross-linking
of proteins causes disruption of the native cell structures in an unpredictable
manner, with aldehydes causing potentially devastating changes to the subcellular
organization (Luci¢ et al. 2007), including a significant decrease in cell volume
after fixation (Hanssen et al. 2012). Secondly, the aldehyde adds carbon content to
the cell in a non-specific manner. Subsequent SXT reconstructions would not just
include attenuation of the illumination by the specimen alone but the combination
of specimen and unknown amounts of fixative.

Cryopreservation has, on the other hand, been shown, using high-resolution elec-
tron microscopy (EM), to retain delicate, fine structural details typically destroyed
by chemical fixation (Dubochet et al. 1988; Dahl and Staehelin 1989). Cryopreser-
vation of cells for SXT is merely a case of cooling the mounted specimen faster
than structure-destroying crystalline ice can form. In cryo-EM, where the spatial
resolution is significantly higher, this step can be problematic; even the growth of
minuscule crystals will be apparent in images. However, the lower resolution of SXT
means any cryopreservation artifacts, at this size scale, are not visible in images. In
the future — as SXT at higher spatial resolutions becomes the norm — methods such
as high-pressure freezing may emerge as the preferred cryopreservation method
(Weiner et al. 2013).

Data Acquisition

Irrespective of the soft x-ray microscope design, SXT data can be acquired very
rapidly, with exposure times for each projection image in the millisecond to second
regime. Automated cryogenic goniometer stages rotate the specimen according to
a predetermined data collection strategy. For capillary-mounted specimens, this
means recording projection images typically over 180° or 360°. When the cells are
mounted on a grid, the total angular displacement is limited by the sample stage and
varies between 100° to 140° (Cinquin et al. 2014). In either case a single field of
view tomographic data set can be collected in a few minutes. Since the specimen
holders contain multiple, potentially interesting fields of view (FOV), each holder
typically yields a number of tomographic data sets. Each FOV can accommodate
a single mammalian cell or a large number of bacterial or fungal cells. In the case
of bacteria mounted in a capillary, a single FOV can contain upward of 50 cells
(McDermott et al. 2012b). Consequently, in less than an hour, it is possible to obtain
sufficient data to reconstruct several hundreds of bacterial cells or, in the case of
larger cells, such as yeast, tens of cells.
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Reconstruction

Tomographic reconstruction is the process of using aligned 2D images collected
from different angles to calculate a 3D representation of the specimen (Natterer
1986). In an idealized experiment, the series would contain an infinite number of
noiseless, perfectly aligned images. In this scenario the choice of reconstruction
algorithm would be moot, since all competent algorithms would generate the same
reconstruction. However, real-world acquisitions contain a finite number of images
and both noise and imperfections in their alignment (Parkinson et al. 2012). The
choice of the best algorithm to use for the reconstruction of a given data set is often
a matter of trial and error.

As SXT acquisition time is limited by the radiation dose which a sample can
withstand, the data sets are often limited by a low number of projections and/or
low signal-to-noise ratio of the images. Furthermore, many microscopes operate
with limited stage mobility, resulting in a “missing wedge” of projection data.
This means that direct reconstruction methods perform, in general, quite poorly.
There are various ways to overcome the instabilities of the direct inversion, which
in practice leads to a vast pool of reconstruction methods or algorithms. Iterative
methods provide robust ways to solve even highly noisy or undersampled data
sets. These algorithms iteratively refine the reconstruction by correcting it based
on the measured projection data (Beister et al. 2012). An example of six different
reconstruction algorithms on the same data is shown in Fig. 5. The data was taken
at NCXT and consists of 83 evenly spaced projections over a range of 180°.

Fortunately, tomography is ubiquitous in a wide range of fields — from materials
science and electron tomography to clinical diagnosis. As a result, a significant
effort has gone into the development of reconstruction algorithms and meth-
ods, resulting in a plethora of readily available software for this task, e.g.,
AREC3D (Parkinson et al. 2012), ASPIRE (Fessler 1995), ASTRA (van Aarle
et al. 2016), bsoft (Heymann and Belnap 2007), IMOD (Kremer et al. 1996),
PyHST2 (Mirone et al. 2014), Tomo3D (Agulleiro and Fernandez 2015), and
TomoPy (Giirsoy et al. 2014). There are also several reconstruction schemes that
have been tailored for SXT data (Selin et al. 2015; Otén et al. 2017; Ekman et al.
2018).

Segmentation

Segmentation is the process of partitioning an image into nonoverlapping regions.
In terms of an SXT reconstruction of a cell, this means identifying structures of
interest such as whole cells, or individual organelles, in order to isolate a particular
component of the data set (Gros et al. 2012; Parkinson et al. 2013). Segmentation
simplifies the data representation both from a visualization point of view and enables
quantifiable analysis of the organelles in the cell, such as density differences (Uchida
et al. 2011; Myllys et al. 2016), spatial distance metrics such as distances between
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Filtered backpropagation SIRT PML (quadratic)

Gridrec MLEM PML (hybrid)

Fig. 5 An example of the effect of different tomographic reconstruction algorithms. The
presented reconstruction methods shown here consist of two direct methods, filtered back
projection (Bracewell 1956) and Gridrec (Dowd et al. 1999); two unregularized iterative methods,
SIRT (Gilbert 1972) and maximum likelihood (Dempster et al. 1977); and two penalized maximum
likelihood methods, one with a quadratic penalty (Fessler 1996) and one with a hybrid (linear and
quadratic) penalty (Chang et al. 2004). Reconstructions were calculated using TomoPy (Giirsoy
et al. 2014)

organelles, and morphometrics (Uchida et al. 2011; Darrow et al. 2016). In SXT, this
process is based on the measured linear absorption coefficient (LAC) and guided by
structural cues and subcellular location.

As many cellular structures differ in their protein density, the voxel intensity is
often an effective parameter to identify boundaries of features and many organelles.
For example, nucleus, nucleolus, mitochondria, and lipids can be readily identified
from the reconstructed volume (Uchida et al. 2011). Presently, however, image
segmentation is a time-consuming, largely manual process (Parkinson et al. 2013),
as the detection of these features requires expertise and biological knowledge. This
manual segmentation may be assisted by commercially available software such
as Amira or Avizo,* or specifically designed workbenches (Luengo et al. 2017);
however these programs still require significant input from the user. There are also
efforts to distribute the manual labor, using crowdsourcing (Good and Su 2013),
such as “etch a cell”.

4FEI Software: https://www.fei.com/software/
Shttps://www.zooniverse.org/projects/h-spiers/etch-a-cell
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Fig. 6 Example of a trained multi-class labeling using SlideCAM® environment to apply the
algorithm presented by Pelt and Sethian (2018) on an SXT image of a human T cell

Automatic segmentation of SXT data remains the most desirable, however
challenging, way. Over the past years, Convolution Neural Networks (CNNs) have
become an area of very active research and have been successfully applied to various
segmentation problems (Roth et al. 2014; Ciompi et al. 2015; Shkolyar et al. 2015;
Zhang et al. 2015; Cicek et al. 2016; Pelt and Sethian 2018). One such example is
shown in Fig. 6.

Many subcellular features cannot be distinguished on the basis of LAC values
alone, as their protein content is similar to their surroundings (such as secretory
vesicles or the Golgi apparatus) or because of similar shape (various protein
aggregations cannot be distinguished from other organelles with similar density).
In these cases, their identities are to be confirmed by correlation with fluorescence
imaging (Cinquin et al. 2014; Gros et al. 2012; Parkinson et al. 2013; Smith et al.
2013; McDermott et al. 2012a).

Examples

A number of recently published SXT reconstructions are shown in Figs.7, 8, 9,
and 10. SXT can be applied to a wide range of specimen types, from small bacterial
cells to large, extended cells or tissue sections. In all cases the information is
generated from specimens that have been maintained true to their in vivo, functional
state. It bears repeating one more time that imaging biological specimens at high
resolution only makes sense when the specimen is near native state. Otherwise it is
akin to imaging beef jerky and drawing highly detailed conclusions about muscle
structure in a live cattle. The scientific merit of any tomographic reconstruction is
not a function of spatial resolution but primarily dependent on the fidelity of the
specimen and the information obtained.

Shttps://slidecam-camera.lbl.gov/
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Neuronal

Multipotent stem cell progenitor Mature neuron HP1p KO

Heterochromatin

Euchromatin

Fig. 7 Soft x-ray analysis of chromatin masses in the nuclei of three types of olfactory epithelium
cells, namely, multipotent stem cells, neuronal progenitors, and terminally differentiated neurons,
together with similar data from HP1P knockout cells. This morphological study revealed that a
surprising degree of connectivity exists between chromatin, which persists throughout development
and differentiation. Scale bar = 2 um. (Taken from Le Gros et al. 2016)

Correlated Light Microscopy

Fluorescence microscopy locates intracellular structures or molecules tagged with
fluorescent protein labels (Tsien 2005). A notable disadvantage of this technique is
the near-invisibility of the intracellular contents surrounding the fluorescent labels.
A way to overcome this disadvantage is to combine fluorescence imaging with a
complementary modality that does not suffer from the same disadvantage.

An example of this is correlated light and electron microscopy (CLEM) which
has been under development for more than 40 years (Ellisman et al. 2012). While
astonishing progress has been made (Kopek et al. 2012), the physical characteristics
of EM and the light microscopes used in this work have proved to be limited.
In particular, the specimen thickness limit of 500nm for EM restricts the total
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2 ym I \‘*"I

Fig. 8 The morphology of the green algae C. zofingiensis imaged by soft x-ray tomography. (a)
Representative orthoslice of the reconstructed cell. (b) Three-dimensional segmentation overlaid
with two orthogonal orthoslices. (¢) Segmented chloroplast and nucleus. (d) Fully segmented cell.
Color key: nucleus (purple), chloroplast (green), mitochondria (red), lipids (yellow), and starch
granules within the chloroplast (blue). (Image from Roth et al. 2017)

I um

Stage None Mild 1 Moderate Severe

| D
# of
Protrusions O ! 8,9, 10+ 56,7 2,3,4

Fig. 9 Morphological study of the four stages of sickle cell anemia in red blood cells carried
out by soft x-ray tomography. Following volumetric analysis to correlate protrusion number with
density, a hallmark of sickle cell disease, data were binned into four categories. The none category
is composed of red blood cells (RBCs) with zero or one protrusion; the mild category is composed
of RBCs with eight, nine, ten, or greater protrusions; the moderate category is composed of RBCs
with five, six, or seven protrusions; and finally, the severe category is composed of RBCs with two,
three, or four protrusions. (From Darrow et al. 2016)

field of view that can be imaged in a reasonable time frame (Leis et al. 2009).
Moreover, light microscopes used in most of this work have typically been equipped
with low numerical aperture lenses, resulting in relatively low-resolution molecular
localization information.
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Fig. 10 Soft x-ray tomographic study of the subcellular changes associated with herpes simplex
virus infection. Low-LAC regions of the nucleoplasm with (a) and without (b) viral replication
compartments (VRCs) adjacent to the nuclear envelope. A computationally reduced skeletonized
structure of the low-LAC regions in the um-thick layer of host chromatin close to the nuclear
envelope, which shows channels across the peripheral heterochromatin in infected (c¢) as well
as non-infected (d) cells. Pseudo-color indicates (increasing from red to blue) the distance from
the nuclear envelope. These results demonstrated that HSV-1 infection induces the formation of
channels penetrating the compacted layer of cellular chromatin and allowing for the passage of
progeny viruses to the nuclear envelope, their site of nuclear egress. (Image taken from Myllys
et al. 2016)

SXT overcomes the specimen thickness constraint, and the development of a
high-numerical aperture (NA) confocal cryogenic light microscope (CLM) over-
comes the limitation on the spatial resolution with which molecules can be localized
(Le Gros et al. 2009; McDermott et al. 2009). This microscope incorporates a
custom specimen-imaging compartment that is filled with a cryogenic immersion
fluid, typically liquid propane (refractive index = ~1.33) which is well-matched
to the 1.3-NA lens of the CLM (Le Gros et al. 2009). As a result the refractive
index mismatch between the specimen and lens is minimized, leading to more
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efficient light collection (Le Gros et al. 2009; Smith et al. 2014a). Most importantly
the immersion fluid increases the NA of the microscope, thereby increasing the
maximum attainable spatial resolution. The resolution for this high-NA CLM is
~250nm (Le Gros et al. 2009), while that of a standard CLM is 400 nm to 500 nm
(Kaufmann et al. 2014b).

This CLM was equipped with a specimen rotation stage, similar to the one used in
the soft x-ray microscope, to allow tomographic data collection (cryogenic confocal
fluorescence tomography, CFT) (Smith et al. 2013, 2014a; Cinquin et al. 2014).
As a result two separate 3D data sets (SXT and CFT) from the same specimen
can be calculated and then combined and correlated. Combining data with similar
dimensionality and spatial resolution is the optimal correlated imaging experiment
(Fig. 11).

Co-alignment

To generate an accurate, faithful representation of the specimen in terms of both
types of data, CFT and SXT data must be aligned to each other with high accuracy.
The best co-alignment strategies are clearly objective, robust, and highly repro-
ducible. Ideally, positional errors in aligning the two data sets will be considerably
less than the resolution of the higher-resolution modality.

In CLEM, these criteria have been met most effectively by using fiducial markers
that are visible in both modalities (Giepmans et al. 2005; Hagen et al. 2014; Martone
et al. 2000; Schellenberger et al. 2014; Van Rijnsoever et al. 2008; Zeev-Ben-
Mordehai et al. 2014). For CFT-SXT fluorescent polystyrene microspheres can be
used for this purpose, as can surface-functionalized fluorescent gold nanoparticles

Fig. 11 Correlated CFT-SXT imaging of female v-abl macroH2A-EGFP transformed thymic
lymphoma cells. (a) A 2D projection of the inactivated X chromosome (Xi) CFT reconstruction.
(b) Cutaway of a volume-rendered SXT reconstruction. The surface of the cell is colored light
blue. LAC values are represented in gray scale, ranging from high (dark) to low (light). (¢) The
CFT reconstruction shown in (a) overlaid into the volume-rendered SXT reconstruction shown in
(b). (d) Surface rendering of Xi segmented from the SXT reconstruction after identification by
macroH2A-EGFP CFT. The deep blue-shaded areas are regions of high x-ray linear absorption
coefficient (LAC) that make contact with the nuclear envelope. (Image adapted from Smith et al.
2014b)



1634 A.Ekman et al.

(Smith et al. 2013, 2014a). The general workflow for a CFT-SXT-correlated
imaging study is described in Cinquin et al. (2014).

The 2D image data taken from SXT and CFT, respectively, can be processed
independently of one another to generate two separate 3D reconstructions. Though
the spatial resolutions of the two techniques are not yet optimally comparable,
the information attained from each has been correlated successfully. The 100 nm
gold nanoparticles bound to the exterior of the capillary act as fiducial markers for
individual alignment of the two tomographic data sets. Due to high electron density
and light absorption, gold beads are easily distinguished from their surroundings in
CFT and SXT projections (Baev et al. 2002; Smith et al. 2013).

Excluding one fiducial marker from the transform calculation that co-aligns the
two reconstructions and predicting the location of that fiducial is a straightforward
means of estimating the accuracy of the correlation. Comparison of calculated
positions with the actual positions gives an estimate of the error (Cinquin et al.
2014). Repeating these steps for each fiducial across all tomograms in the data
set can provide a direct readout of the correlation accuracy (Cinquin et al. 2014;
Kukulski et al. 2011). Figure 11 shows a recent result of correlated CFT-SXT
imaging.

Toward Super-Resolution

Imaging fluorescent specimens at cryogenic temperature offers many positives
over room temperature imaging. Cryogenic temperatures significantly increase the
working life of the fluorescent labels, therefore overcoming the issue of signal loss
due to the fluorescent label being photo-bleached by the illumination (Le Gros et al.
2009). Irreversible photo-bleaching is also less dependent on the local chemical
environment at colder temperatures, making it possible to more accurately quantify
the local concentration of a labeled protein.

The development of super-resolution fluorescence techniques pushed the reso-
lution beyond the long-existing diffraction limit and is emerging also for cryo-
immobilized specimens (Kaufmann et al. 2014a). Techniques such as structured
illumination microscopy (SIM) (Gustafsson 2000; Gustafsson et al. 2008; Scher-
melleh et al. 2008) also benefit from the increased working life of the fluorescent
labels and appear well-suited to being used in tandem with SXT, particularly in
terms of spatial resolution.

Combining imaging techniques compensates for the inherent insufficiencies of
individual microscopes, thus improving the completeness of experimental data
and widening visualization capabilities. There are many available methods (Huang
2010) to choose from in terms of super-resolution. One such example is shown
on Fig. 12 where stochastic optical reconstruction microscopy (STORM) was com-
bined prior to the vitrification, to obtain similar resolution in both the volumetric
image of LAC from SXT and the localization of fluorescent particles.
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STORM Overlay of the data- In 3 dimensions

Fig. 12 Correlated cryo-soft x-ray tomography (cryo-SXT) and stochastic optical reconstruction
microscopy (STORM) by Varsano et al. (2016), showing co-localization of cholesterol crystals in
macrophage-like RAW 264.7 cells. (Image from Varsano et al. 2016)

Summary of Current Capabilities and Future Outlook

SXT and correlated CFT-SXT are exhilarating new additions to the portfolio
of biological research tools available at synchrotron light sources. In the
future, these modalities will contribute significantly to community-wide
efforts aimed at generating cell models that range in scale from atomic to
cellular levels.

Soft x-ray tomography is now recognized as a valuable modality for imaging
biology. SXT is an effective way to visualize and quantify the subcellular structure
of cells maintained in a near-native state. Soft x-ray microscopes are currently
capable of generating 3D cellular reconstructions that have a spatial resolution
of 35nm to 50nm. In the near future, the achievable resolution will increase as
higher-resolution zone plates become available. This enhancement will require the
development of new data collection strategies and data processing methods that take
account of the decreased depth of field (DOF). As usage of high-resolution optics
results in a DOF shallower than most cells, work toward overcoming this challenge
is ongoing.

In the coming decade we envision SXT will be available at most synchrotron
facilities. In addition, there has been much progress in the development of “tabletop”
sources for SXT (Legall et al. 2012). These compact x-ray sources have improved
enormously in terms of soft x-ray flux. This remains a very active research area,
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Fig. 13 The array of methods and disparate data types needed to build models of human
pancreatic f cells that range in scale from atomic to cellular level. Fluorescent imaging (super-
resolution imaging, live cell imaging), x-ray tomography, cryo-electron tomography, genome
architecture mapping (Hi-C maps, fluorescent in situ hybridization, etc.), integrative structure
modeling, protein structure determination (x-ray crystallography, electron microscopy, nuclear
magnetic resonance spectroscopy), -omics (proteomics, transcriptomics, metabolomics, genomics,
lipidomics), computational systems biology, and molecular graphics and packing tools. (Image
taken from Singla et al. 2018)

with the promise that SXT could soon translate into technology well accessible to a
laboratory or clinic.

Finally, correlated CFT-SXT has matured beyond the proof of concept stage
(McDermott et al. 2009, 2012a, b; Schellenberger et al. 2014; Hagen et al. 2012;
Cinquin et al. 2014; Duke et al. 2014; Hagen et al. 2014; Smith et al. 2013, 2014a, b;
Zeev-Ben-Mordehai et al. 2014). The ability to localize molecules in the context of
a high-resolution 3D reconstruction has captured the imagination of the cell biology
community, making this combination of modalities a technique in high demand.
The high-numerical aperture cryogenic light microscope used in proof of principle
experiments by Larabell and colleagues was a low-budget instrument; while capable
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of generating isotropic localization data, it was limited to a spatial resolution of
several hundred nanometers. Consequently, this group (and presumably others) is
now building next-generation high-numerical aperture cryogenic microscopes. This
new instrument will be capable of combining tomographic methods with “super-
resolution” techniques such as structured illumination microscopy (SIM) (Gustafs-
son 2000; Gustafsson et al. 2008; Schermelleh et al. 2008). The net output will be
molecular localization information with very high, isotropic precision. The combi-
nation of this type of light microscopy with SXT is immensely powerful and capable
of revealing if co-localization occurs within a single voxel in the reconstruction.

Modeling cells from the atomic to cellular scales remains a major challenge
in biology and medicine. In this regard, CFT-SXT can play a significant role,
by contributing to community-wide collaborations, such as the one dedicated to
modeling human pancreatic § cells, as shown in Fig. 13.
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