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Colloids (colloidal particles or nanoparticles) and their in-situ characterizations are important topics in col-
loid and interface science. In-situ visualization of colloids with X-ray microscopy is a growing frontier.
Here, after a brief introduction on the method, we focus on its application for identifying nanoscale wettabil-
ity of colloidal particles at fluid interfaces, which is a critical factor in colloidal self-assembly. We discuss a
quantitative study on colloidal wettability with two microscopic methods: (i) X-ray microscopy by visualiz-
ing natural oil–water interfaces and (ii) confocal microscopy by visualizing fluorescently-labeled interfaces.
Both methods show consistent estimation results in colloid–fluid interfacial tensions. This comparison
strongly suggests a feasibility of X-ray microscopy as a promising in-situ protocol in colloid research, without
fluorescent staining. Finally, we address a prospect of X-ray imaging for colloid and interface science.

© 2012 Elsevier Ltd. All rights reserved.
1. Introduction

X-ray photonics is undergoing a revolution in imaging capabilities
with the use of ultrabright X-ray sources since the discovery of
X-rays by Röntgen over a century ago [1]. X-ray imaging at nano- and
microscale is of great interest for applications in physical and life sci-
ences, including applied physics, materials science, biological imaging,
environmental analysis, archeology, paleontology, and heritage resto-
ration [2,3,4,5,6,7•,8••,9••,10,11•,12•], because it facilitates nondestruc-
tive, direct visualization of internal structures or elements.

In the recent years, there have been significant progress in the field of
soft- and hard-X-ray microscopy, not only “technically”, through the de-
velopments in source, optics, and imaging methodologies, but also
“scientifically”, through a wide range of applications [6,7•,8••,9••,10,11•,
12•,13,14•,15,16,17,18,19,20,21,22,23,24•,25,26•,27••,28•,29,30,31•,32–34].
The associated wavelength range extends from a few nanometers to a
small fraction of a nanometer, offering a potential to image objects at
nanoscale spatial resolution [27••,28•,35••]. Furthermore, the large pene-
tration depth of hard X-rays (wavelengths λ=0.01–0.3 nm) allows rela-
tively thick samples to be visible [28•], which is appropriate for in-situ
visualization of colloids.

A number of powerful new X-ray imaging techniques are now
available for research into colloidal morphologies (see the most recent
comprehensive review [27••]). A series of technical hurdles have been
overcome, allowing us to routinely image colloids with high coherence
X-rays at the 10–50 nm length scale [27••,35••]. New techniques include
X-ray ptychography, X-ray holography, quantitative phase X-ray mi-
croscopy, Talbot phase-contrast X-ray microscopy, and Fresnel-lens
: +82 54 279 2992.
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X-raymicroscopy [27••]. The methods are now competitive with optical
microscopy (OM) [36], holographic microscopy (HM) [37,38•], video
microscopy (VM) [39–41], confocal microscopy (CM) [42•,43,44],
atomic force microscopy (AFM) [45–48], transmission electron micros-
copy (TEM) [49], and scanning electronmicroscopy (SEM) [50•] for im-
aging nanostructured materials.

In contrast to the existing techniques, hard X-ray microscopy has
several advantages including less stringent sample preparation strat-
egies than TEM and SEM, and the capability to study bulk morphol-
ogies unlike AFM and SEM [35••]. Without the need to microtome
samples and stain them with heavy metals as in TEM, X-ray imaging
can be performed for native specimens with reasonably large
amounts of associated water [27••]. Furthermore, samples do not
need to be held at low pressure and the X-ray techniques are sensitive
to sub-surface structures unlike SEM [27••]. Specific advances with
colloidal systems include the ability to measure the structure of col-
loids embedded inside other materials, the morphology of aerosols
suspended in their natural gaseous state, and the strain in a single
crystalline colloid [27••]. X-ray microscopy may be an alternative for
characterizing properties of colloidal particles such as packing frac-
tion [51], microrheology [52], and particle wettability [53].

Soft X-ray microscopy allows high-resolution imaging of several-
micron-thick hydrated cells in a near-native state without chemical
fixation, staining, or sectioning [28•]. This technique requires cryo-
preservation of biological samples to avoid radiation damage [54,55]
and utilizes the deep penetration ~10 μm using the natural dif-
ferential absorption contrast between water and carbon (protein,
lipids, etc.) provided by the water-window (λ=2.3–4.4 nm or E=
284–540 eV) [56]. Soft X-ray microscopy within the water window
can be used to study hydrated colloidal systems [57] if the systems
are thinner than ~10 μm that corresponds to the depth of focus of
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soft X-rays [58•]. The highest spatial resolution of 10 nm was
achieved in the soft X-ray range [59] and for hard X-rays, 20 nm res-
olution was recently reached [60].

In-situ visualization of colloids with X-ray microscopy is a grow-
ing frontier and the foreseeable future is positive [27••,35••].
Real-time monitoring of reaction kinetics involved in nanoparticle
growth and transformation in liquid environments is crucial for un-
derstanding the complex chemical and physical events associated
with nanophase evolution [61••]. It is very useful to directly visualize
the nanometric and dynamic behaviors of colloids that are present in-
side or on fluids. After a brief introduction on the X-ray imaging
method (particularly, the X-ray phase-contrast microscopy based on
synchrotron hard X-rays), this review focuses on a promising applica-
tion for the visualization and characterization of colloidal particles at
fluid interfaces, showing a feasibility of X-ray imaging in colloidal
wettability determination.

2. X-ray microscopy

In conventional X-ray radiography, contrast is obtained through
the differences in the absorption cross-section (which is roughly pro-
portional to the density) of the constituents of the object [7•]. The
absorption-based imaging technique yields excellent results where
highly absorbing structures such as bones are embedded in a medium
of relatively weakly absorbing system (e.g., the surrounding tissue of
the human body) [7•,8••]. The radiographic absorption imaging is an
invaluable tool by clearly distinguishing between hard and soft struc-
tures in medical diagnostics and biomedical research [8••]. However,
for biological samples, polymers, or fiber composites where the den-
sity difference is relatively weak, the use of the conventional X-ray ra-
diography is limited due to the poor absorption contrast [7•]. This
limitation is resolved by using a phase-sensitive imaging technique
to improve the contrast, which is achievable at highly brilliant,
coherent synchrotrons or micro-focus X-ray sources [2,3,4,5,6,7•,8••,
9••,10,11•,12•].

The phase-sensitive imaging technique requires a strong phase shift
of X-rays through a sample and relies on the required spatial and
temporal coherence lengths, described as ls=λ(Δα/α)−1 and lt=
λ(ΔE/E)−1, where λ is the wavelength, Δα/α is the angular acceptance,
and ΔE/E is the energy band pass of the crystal optics [7•,8••,9••,10,11•].
With typical values of Δα/α≤10−4 and ΔE/E≤10−4, the coherence
lengths range is in the order of ls≥1 μm and lt≥1 μm [7•,8••,9••,10,11•].
The temporal coherence length can be significantly improved by using
a broad energy spectrum of ΔE/E≥10% (corresponding to lt~1 nm)
and the spatial coherence length of ls≥1 μm is easily available from
synchrotrons or micro-focus X-ray sources [7•].

The behavior of X-rays, as they travel through a sample, can be de-
scribed using a complex index of refraction [8••]. For X-rays, the index
of refraction (n) deviates slightly from unity; it can be written as n=
1−δ− iβ, where β describes the absorption of X-rays and the
phase-shift term δ incorporates the refractive effects [8••,12•]. At typ-
ical hard X-ray energies (>10 keV), the phase-shift terms (~10−7)
can be up to 1000 times greater than the absorption term (~10−10)
[8••,12•]. Thus, it is possible by adopting hard X-rays to effectively ob-
serve the phase contrast although the absorption contrast is
undetectable [8••,12•]. X-rays passing through regions of different δ
values make different phases and produce significant changes of
wave fronts [8••]. These phase differences can be detected by using
various phase-contrast techniques.

Fig. 1a illustrates the typical X-ray phase-contrast microscopy,
based on the propagation of the X-ray wavefront in the near field (a
small sample to detector distance, d), where d≪s2/λ (s is the struc-
ture size to resolve) [27••]. The experimental setup is relatively simple
and the method is straightforward, consisting of source, sample, and
detector. The source should provide partial coherent light and there-
fore the high brilliance of synchrotron radiation is very useful
[8••,12•]. For the sample fully illuminated, the edges of the structures
can be enhanced by changing the distance between sample and de-
tector (Fig. 1b). As a detector, a scintillator/mirror converts X-rays
to visible lights and projects an image through an optical lens onto
a CCD chip. Overall the in-line phase-contrast setup is very flexible,
allowing real-time studies in many different types of environments
such as pressure, stress, temperature, or magnetic fields on colloidal
systems [27••].

In the in-line phase-contrast imaging, the detector is placed suffi-
ciently far behind the sample (Fig. 1a). Here, the wavefront distor-
tions generated by the sample produce interference fringes at the
detector. At an appropriate sample-detector distance (d), these
fringes contribute to edge enhancements in the image [8••]. For the
X-ray phase-contrast imaging, the distance optimization is a critical
factor in experiments: the increase in the sample-detector distance
allows interference fringes to develop from the phase distortions in
the X-ray beam wavefronts, improving the edge visibility (see the
air–water interface in the lower panel of Fig. 1b). This phase-
contrast-based technique is now a popular strategy in X-ray imaging
to explore physical and biological sciences.

We have carried out studies on soft matter systems in a unique fash-
ion by using hard X-ray microscopy [12•,13,14•,15–23,24••,25,26••]. A
few recent studies for soft materials or colloids with X-ray (in-line)
phase-contrast [20,21] and transmission X-ray (Zernike phase-
contrast) microscopes (TXM) [24••] show great promise as a power-
ful tool of in-situ visualization for colloid and interface science.
Fig. 1c–e exhibit useful examples of colloidal imaging with the
in-line phase-contrast method (conducted at the 7B2 beamline at
the Pohang Light Source): this method clearly visualizes dynamic be-
haviors during drying-mediated crystallization (Fig. 1c), a compli-
cated colloid structure (Fig. 1d), and the cavities inside a colloidal
packing (Fig. 1e). Interestingly X-rays can trigger dynamic changes
in soft materials during X-ray irradiation [14•,17–19,23,24••]. For in-
stance, hard X-rays can induce the changes in the surface tension of
pure water droplets at the air/water interface [14•] or in the chemical
bonds of polymers or colloidal particles [18,19,24••].

3. Colloidal wettability study

This part shows an application of the X-ray phase-contrast imag-
ing for identifying nanoscale wettability of colloidal particles at fluid
interfaces, which is a critical factor in colloidal self-assembly. We dis-
cuss a comparison between two microscopy methods: (i) X-ray mi-
croscopy by visualizing natural oil–water interfaces and (ii) confocal
microscopy by visualizing fluorescently-labeled interfaces. The result
in estimation of colloid–fluid interfacial tensions from visualization of
wetting angles suggests a feasibility of X-ray microscopy as a promis-
ing in-situ protocol in colloidal wettability determination, without
fluorescent staining.

3.1. Colloidal wettability

Colloidal particles or nanoparticles binding at fluid interfaces, par-
ticularly at oil–water interfaces, are widely studied because of scien-
tific interest and potential applicability in nanotechnology and
biotechnology [50•]. Colloidal particles, similar to surfactant mole-
cules, can spontaneously accumulate at the interface between two
immiscible fluids (liquid–gas or liquid–liquid) [62•]. The first realiza-
tion of particle adsorption at interfaces is the pioneering works of
Ramsden [63] and Pickering [64] a century ago. The strong binding
of colloidal particles to fluid interfaces is evidenced by their ability
to stabilize emulsions and foams [65•,66,67•,68•]. This irreversible ad-
sorption can be a promising method to self-organize colloids or
nanoparticles at interfaces in a well-defined manner [67•].

Colloidal self-assembly through suitable particle wettability is
explained and predicted by the binding energy (ΔE) of a solid particle
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Fig. 1. Schematic illustration, principle, and example of X-ray microscopy. (a) Setup: the typical X-ray phase-contrast microscopy consists of source (X-rays from a synchrotron or a
micro-focus source), sample, and detector (scintillator, mirror, CCD, and monitor) systems. This setup is very flexible, allowing real-time studies in many different types of envi-
ronments such as pressure, stress, temperature, or magnetic fields on colloidal systems. (b) Principle: the X-ray wavefront distortions generated by the sample produce interference
fringes at the detector (the upper panel). The increase in the sample-detector distance (d) allows interference fringes to develop from the phase distortions in the X-ray beam
wavefronts, improving the edge visibility (see the air–water interface in the lower panel). (c)–(e) Example: the X-ray phase-contrast imaging (conducted at the 7B2 beamline
at the Pohang Light Source) clearly visualizes dynamic behaviors during drying-mediated crystallization (c), a complicated colloid structure (d), and the cavities inside a colloidal
packing (e). Scale bars: 100 μm.

390 B.M. Weon et al. / Current Opinion in Colloid & Interface Science 17 (2012) 388–395
of radius (r) at the interface between immiscible fluids with fluid–fluid
interfacial tension (e.g., γOW for oil–water) as: ΔE=−πr2γOW(1−
cosθ)2 [69], excluding line-tension or image-charge contributions
[50•,70]. Here a key parameter to control the adsorption of solid parti-
cles at fluid interfaces is the particle three-phase contact angle (θ) for
a given particle size and interfacial tension. The contact angle (through
water) of colloids at oil–water interfaces depends on the interfacial ten-
sions at the particle–water, γPW, particle–oil, γPO, and oil–water, γOW,
interfaces according to Young's equation: cosθ=(γPO–γPW)/γOW

[62•,63,64,65•,66,67•]. Generally, hydrophilic (0°bθb90°) particles
are preferentially wet by water (γPO>γPW) and thus oil-in-water
emulsions are preferred, while hydrophobic (90°bθb180°) particles
are wet by oil (γPObγPW) and water-in-oil emulsions are preferred
[62•,66].

In practice, θ is difficult to measure accurately for colloidal parti-
cles, and it may differ substantially from the contact angle measured
in a macroscopic system of the samematerials [67•]. The current tech-
nologies, for instance, cryo-scanning electron microscopy (cryo-SEM)
[50•] and atomic force microscopy-added gel-trapping technique
(AFM-GTT) [71], usually adopt complicated sample preparations,
which may reduce data precision. Colloidal particles adsorbing at a
planer undeformed oil–water interface are a challenging system, be-
cause the particle surface and the interface are optically unclear
[72]. As illustrated in Fig. 2, particle-stabilized emulsion droplets are
typically visualized by fluorescently-labeled particles with confocal
microscopy. Here the unlabeled oil–water interface is invisible. To
measure the particle contact angle, an in-situ differentiation between
the particle surface and the fluid interface with nanoscale resolution
is required.
An important challenge for colloidal particles is to measure the
particle contact angle of polymethylmethacrylate (PMMA) colloids
that have been studied as a model hard-sphere system for three de-
cades [73–75]. To realize uniform dispersion of colloids in a liquid
medium such as decalin, steric stabilization is usually adopted by
chemically grafting polymer “brushes” onto the surface of colloidal
particles; the brushes provide elastic repulsion when two particles
approach so closely that their brushes are compressed [75]. The
PMMA colloids suspended in decalin are usually stabilized by
poly(12-hydroxystearic acid) (PHSA) chains. Here the PHSA chains
are expected to change the interfacial tension of PMMA from that of
pure PMMA. However the interfacial tensions associated with the
PHSA-grafted PMMA colloids at a decalin–water interface are not
known [76].

For the PHSA-coating PMMA particles at the decalin–water inter-
face, we introduce in-situ visualization methods to measure the col-
loidal wettability (θ) using in-situ X-ray microscopy for natural oil–
water interfaces and confocal microscopy for fluorescently-labeled
interfaces. Using the θ values, we estimate the interfacial tensions of
γPA, γPO, and γPW, based on Fowkes approximation, which is typically
used to estimate interfacial tensions between polar water and apolar
hydrocarbons (or solids) [77,78•]. Both in-situ visualization methods,
using X-ray and confocal microscopies, show consistent results in the
interfacial tension estimation, suggesting feasibility with precision
and simplicity for the wettability determination of colloidal particles.

As model colloids, we use ~2-μm-diameter, monodispersed PMMA
spheres with a thin (10–20 nm) grafted layer of PHSA (PHSA-g-PMMA),
synthesized by Andrew Schofield [79]. The particles have diameters of
2.2 μm for X-ray imaging and 2.0 μm for confocal imaging with ~5%
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Fig. 2. Colloids on oil–water interfaces. (a) and (b) Confocal imaging for particle-stabilized emulsions droplets, where ~2-μm-diameter, fluorescently-labeled PHSA-g-PMMA col-
loids are visible between decalin and water but the unlabeled (natural) decalin–water interfaces are invisible. The particle three-phase contact angle (θ) is inaccessible with this
imaging. (c) Thermodynamic geometry of a single colloid adsorbing at an oil–water interface. The contact angle (through water) depends on the interfacial tensions at the parti-
cle–water, γPW, particle–oil, γPO, and oil–water, γOW, interfaces according to Young's equation: cosθ=(γPO−γPW)/γOW, excluding line-tension and image-charge contributions.
The contact angle and the particle radius (r) determine the immersion depth into oil, h=r(1−cosθ). The key quantities of θ, γPO, and γPW are typically unknown for colloidal
particles.
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polydispersity in size (determined by dynamic light scattering; ALV
5000, 532 nm laser, 90° scattering angle). The PHSA-g-PMMA particles
(density ρPMMA=1.19 g/cm3; refractive index nPMMA=1.49) are
suspended in decalin (decahydronaphthalene; mixture of cis- and
trans-decalin; ρdec=0.897 g/cm3 and ndec=1.48) [25,80,81].

3.2. X-ray microscopy of colloids

To directly obtain the θ value from an oil–water interface, we ap-
plied the full-field transmission X-ray microscopy (TXM), as illustrated
in Fig. 3a, at a photon energy of 8 keV on the 32-ID beamline of the Ad-
vanced Photon Source at the Argonne National Laboratory [24••]. This
approach offered the simplest way to visualize colloidal particles that
irreversibly adsorb and bind at a natural oil–water interface (here ‘nat-
ural’ means no addition of fluorescent dyes or surfactants). For X-ray
imaging, we made stable oil–water emulsion drops using the colloids,
decalin, and ultrapure water (18 MΩ, Millipore) (see Fig. 2), and then
insert the drops in decalin within a 10-μm-thick microcapillary tube.
In-situ X-ray imaging could clearly visualize the natural oil–water in-
terface and the colloid surface, as illustrated in Fig. 3b. To reduce possi-
ble sample deterioration by chain scission with a long (>30 s) X-ray
exposure [24••], we adopted a very short (~1 ms) exposure to take im-
ages. As a result, image contrast was slightly decreased but sufficient to
differentiate the colloid surface from the oil–water interface. The im-
mersion depth of the particle in oil is given as: h=r(1−cosθ) by the
geometry in Fig. 2c. The geometric relation is used to obtain the particle
contact angle at the natural oil–water interface as: θ=acos(1−h/r).
The contact angle is θ=167.4°±12.0°, coming from the measured
values for h and 2r (Fig. 3b, the inset), where the error bar means a
standard deviation from ten data.
3.3. Confocal microscopy of colloids

To identify the oil–water interface with confocal imaging, we
used a labeled water (with rhodamine-B of ~0.01 wt.%) and
fluorescently-labeled colloids of ~0.001% volume fraction suspended
in non-labeled decalin (as “oil” phase). The labeled interfacewas placed
between two parallel cover glasses (VWR, 22×30 mm2) separated by
~1 mm to reduce wall effects. The colloidal particles instantly bound
to the oil–water interface. The adsorbed single particle and the interface
were visualized in different colors using a confocal microscope (Leica
TCS SP5) with oil immersion objective (100×1.4 numerical aperture),
Ar+ laser excitation (488 nm excitation), and multichannel detector
(TD488/543/633; PMT1, 500–570 nm for PHSA-g-PMMA and PMT2,
580–600 nm for water). The best image size was 512×512 pixels
(14.83×14.83 μm2). To distinguish the particle from the interface, we
adopt different dyes for the particle and the water phase (Fig. 4a),
allowing us to directly determine the particle contact angle for the
labeled water–oil interface. The measured contact angle is θ=170°±
10° from five data.

3.4. Estimation of interfacial tensions

The particle contact angles, obtained by in-situ visualization
methods with X-ray and confocal microscopies, are essential to esti-
mate the colloid–fluid interfacial tensions. Notably, the contact
angle of the PHSA-g-PMMA colloids in decalin at the decalin–air
interface is almost zero (ψ=0) or cosψ=(γPA−γPO)/γOA=1 [81],
because no adsorption at the interface is found with X-ray imaging
(data not shown). From Young's equations for the particle contact
angles (θ and ψ at oil–water and oil–air interfaces, respectively), we
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derive a relation: γOA+γOWcosθ=−(γPW−γPA). Here the fluid–
fluid interfacial tensions (γOA and γOW) are well known and the par-
ticle contact angles (θ and ψ) can be measured with the in-situ
methods, whereas the colloid–fluid interfacial tensions (γPW and
γPA) are unknown.

To determine the quantity of (γPW−γPA), we adopt the simplest
theoretical approach, which was developed by Fowkes to determine
the interfacial tensions between polar water (W) and apolar solids
(P) [77,78•]. According to the so-called Fowkes equation, the interfacial
tension for a particle–water system by London dispersion forces for
particle (γP

d) and for water (γW
d ) can be given as: γPW=γPA+γWA−

2(γPd γW
d )1/2. Here the water–air interfacial tension is γWA=72.8 mN/m

(at 20 °C), the particle dispersion force component is γP
d=γPA (assumed

for apolar solids), and the water dispersion force component is γWd =
21.8 mN/m [77,78•]. The oil–water interfacial tension can be precisely
estimated from the Fowkes equation by replacing particle (P) with oil
(O). For example, γOW=51.8 mN/m is estimated for the decalin–water
interface using the decalin–air interfacial tension γOA=31.0 mN/m
[25,81]. By combining the Young and the Fowkes equations, we obtain
the following expression of the particle–air interfacial tension as γPA=
(γOWcosθ+γOA+γWA)2/(4γWd ), called the Fowkes approximation.
Here the values of γOW, γOA, γWA, and γWd are known, and the value of
cosθ can be determined by the visualizationmethods. As a result, the par-
ticle–air interfacial tension is finally measured as γPA≈32.5 mN/m,
resulting in the particle–oil and particle–water interfacial tensions as
γPO≈1.5 mN/m and γPW≈52.1 mN/m from the Young equations for θ
and ψ using X-ray imaging.

In confocal imaging, the estimation approach is identical with
X-ray imaging, except for the fluorescently-labeled water (V): one
needs to replace W with V. The labeling of water by rhodamine-B
significantly changes the oil–water interfacial tension as γOV=
49.0 mN/m [82], which modifies the dispersion force component of
the labeled water, γV

d. We note that the dispersion force component
has a quadratic relation with the interfacial tension component:
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γd=−23.0207+2.8297γ−0.0298γ2 (estimated from literature
[77,78•]; the coefficient of determination is high as R2=0.9175;
Fig. 4b). This relation can be used to estimate the dispersion force
component of the rhodamine-labeled water as γV

d=44.1 mN/m.
This result leads to the interfacial tensions γOV=6.1 mN/m
for the labeled water–oil interface and finally γPA≈31.1 mN/m,
γPO≈0.1 mN/m, and γPV≈6.0 mN/m for the colloid–fluid interfaces,
based on the particle contact angle (≈170°) using confocal imaging.

Most importantly, both the methods, based on in-situ X-ray or
confocal imaging, show consistent estimates of the colloid–fluid
interfacial tensions of γPA and γPO, regardless of the labeling of
water. This result thus suggests that the X-ray imaging methods can
be feasible protocols in the colloidal wettability determination.

The current state-of-the-art techniques, for instance, cryo-SEM
and AFM-GTT, show high accuracy but no information about data
precision. For 2-μm-diameter PMMA colloids at n-decane/water
interfaces [50•], the Fowkes equation suggests the n-decane/water in-
terface to have γOW=51.0 mN/m from γOA=23.9 mN/m [77]. From
the Fowkes approximation, we estimate the particle contact angle
as θ≈148.3°–151.0°, based on γPA≈31.1–32.5 mN/m (our result).
We believe that this estimate (148.3°–151.0°) is more precise than
those by AFM-GTT (157.4°±5.3°) and cryo-SEM (129.8°±11.8°)
[50•]. It is well known that a spreading solvent in AFM-GTT makes
the particle more hydrophobic [83]. On the other hand, the deposition
process in cryo-SEM [50•] may make the particle more hydrophilic by
gravity effect because the gravity force (mg) is almost twice than the
thermal force (kBT/r) for 2-μm-diameter PMMA particles [84] (where
m is the buoyant weight, g is the gravity acceleration, kB is the
Boltzmann constant, and T is the temperature). In our methods, the
gravity effect is minimized by using particle-stabilized emulsions
and by inducing the particle adsorption regardless of the gravity.

This application study shows a feasibility of X-ray microscopy for
visualization and characterization of colloidal particles. Nanoscale
wettability of colloidal particles at fluid interfaces is an essential fac-
tor in colloidal self-assembly [85,86]. The X-ray imaging methods
for colloids deserve further studies in different colloid and fluid
systems.

4. Outlook

The current state of the art methods for direct visualization of col-
loidal particles with X-ray microscopy typically provide the practical
resolution in the range of 10–50 nm [27••,35••]. Many scientists are
racing to harness billion-dollar synchrotron facilities to generate
and use ever-smaller hard X-ray microbeams and nanobeams (5 to
100 keV) [35••]. This race toward smaller X-ray beams is driven by
three factors: (i) the fundamental interactions of X-rays with matter
that allow for powerful characterization methods; (ii) the inhomoge-
neous nature of natural and human-made materials; and (iii) the
emergence of ultrabrilliant synchrotron sources and efficient X-ray
focusing optics. X-ray nanobeams as small as 7 nm are now available,
and the practical limit for hard X-ray beam size, the limit to
trace-element sensitivity, and the ultimate limitations associated
with near-atomic structure determinations are the subject of ongoing
research [35••]. The achievable spot size for 10 keV X-rays has been
revolutionized by major advances in precision fabrication of mirrors
and zone plates and by new concepts [35••]. As the X-ray beam spatial
resolution improves, the kind of science that is possible has begun to
overlap the domain of electron microscopy methods, including elec-
tron holography, transmission electronmicroscopy, and quantitative
scanning electron microscopy [35••]. The main advantage of X-rays
over more readily available electron methods is their ability to
probe samples buried in hostile environments, underwater, and/or
through layered structures, and the tremendous quantitative sensitiv-
ity of X-rays to trace elements and structures [27••]. When combined,
the emerging suite of electron and X-ray structural probes may
enable us to characterize colloidal particles over all hierarchical
length scales ranging from atomic to macroscopic [35••].

Three-dimensional (3D) imaging can be achieved through se-
quential two-dimensional (2D) imaging of rotated samples, followed
by computed tomography image-reconstruction techniques, and can
be performed in several minutes [28•]. During recent years, 3D
X-ray imaging methods have advanced tremendously [87–90]. The
high penetration power of X-rays provides the ability to see inside
macroscopic objects in a non-invasive way [87,88]. The high-
resolution X-ray micro-tomography techniques at brilliant synchro-
tron sources may allow 3D imaging of colloidal samples at resolutions
better than 100 nm. The possibility for 3D visualization of colloids
with X-rays may open up new research topics on colloids and
interfaces.

Consequently, to advance our understanding of colloidal particles,
X-ray microscopy is highly competitive with other microscopies in
visualizing colloidal particles [91•,92•,93–102].
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