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Abstract

Small-angle X-ray scattering is a well-established biophysical technique, whilst micro-
fluidics is proving to be a convenient technology for creating miniaturised multifunc-
tional devices. Both fields are highly versatile and find use in multiple scientific
disciplines. Together, they offer the potential to obtain structural information on
biomacromolecules, nanoparticles and condensed matter, in a high-throughput manner
and with enhanced time-resolution capabilities. This chapter provides practical design
considerations for X-ray-based microfluidic systems and examines some of the existing
microfluidic platforms used in conjunction with small-angle X-ray scattering. As the
exclusive advantages of microfluidics become recognised and accessible, the prevalence
of microfluidic sample environments in X-ray scattering measurements will hopefully
increase.

Keywords: microfluidics, high throughput, time-resolved SAXS, continuous flow,
laminar flow, hydrodynamic focusing, turbulent mixing, structural biology

1. Introduction

1.1. Principles and potential of microfluidics

The interdisciplinary field of microfluidics encompasses the science and technology underly-
ing the development of devices that process and manipulate small volumes of fluids within
micron-scale channels. A microfluidic ‘chip’, so-called because its fabrication method was
adapted from that used to manufacture computer microchips [1], can be designed with
interconnected networks of channels and chambers. These designs can integrate a range of
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functions on a single, microsized ‘lab-on-a-chip” device, also known as a “micro total analysis
system” (UTAS). Along with the ready possibility of automation and potential for high-
throughput screening that microfluidics presents, other general benefits of scaling down
include lower sample consumption and consequently lower cost. In addition, microfluidic
devices offer precise control over fluid flow and mixing, shorter processing times and hence
more rapid results. Accordingly, the technology of microfluidics is influencing many areas of
science, from materials to microbiology.

1.1.1. Physics of fluid flow on the microscale

In contrast to fluids moving in large channels, which mix turbulently, a key property of fluid
flow in microchannels is that it is laminar. Laminar flow occurs in smooth parallel streams with
no significant mixing between streams other than by diffusion [2]. This is a result of the ratio
of inertial to viscous forces, described by the Reynolds number (Re), which for small channel
dimensions is low, meaning that viscous forces dominate. The Reynolds number is defined by

Re= =5 M)

where p is the fluid density, v is the flow velocity, w is the characteristic dimension of the flow
geometry and y is the fluid viscosity [3]. A Re of <1-100 corresponds to pure laminar flow,
whilst a Re of >1000-2000 is approaching turbulent flow. The low Reynolds number flow
property of microchannels can be exploited, but is not ideally suited to all applications.

1.2. The combination of microfluidics and small-angle X-ray scattering

Small-angle X-ray scattering (SAXS) is a valuable and versatile technique. SAXS is utilised by
biochemists and material physicists alike, providing both quantitative and qualitative struc-
tural information about biomacromolecules, nanoparticles and condensed matter [4-13]. In
structural biology, although SAXS is unable to afford atomic resolution, it serves as a comple-
mentary technique to X-ray crystallography and nuclear magnetic resonance (NMR) and
compensates for limitations of these techniques, by enabling structural parameters to be
determined in biologically relevant solutions, without the size restriction typically imposed
by NMR and with no requirement for extrinsic biomolecule labelling or crystals. Further, SAXS
allows the characterisation of conformational changes, dynamics and interactions of biomo-
lecules in response to different experimental conditions, which makes it ideally suited to
monitoring important biochemical events, such as protein folding, ligand binding and
association/dissociation reactions.

1.2.1. Why incorporate microfluidics into SAXS?

SAXS already involves the manipulation of relatively small volumes of fluid; however, the
typical solution sample environment for SAXS is based on thin-walled quartz capillaries. These
offer a convenient method to acquire SAXS data on solutions, but they do have a number of
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restrictions. Microfluidic devices offer the opportunity to develop customised systems with
the flexibility to enable advanced sample handling, such as concentrating, diluting, mixing
and filtering, in line with the SAXS measurement. Unsurprisingly, given its broadly applicable
advantages, microfluidics has been incorporated into several other techniques in assorted
scientific fields and within structural biology, including for screening of protein crystallisation
conditions, for a closely related technique, X-ray crystallography [14], and with few perceivable
disadvantages, the question really becomes, why not SAXS? Indeed, several groups have
already recognised the potential benefits and taken advantage of microfluidics, successfully
demonstrating its use with SAXS for studying a diverse variety of specialised systems [12],
including the assembly of biomacromolecules such as intermediate filaments [15] and silk
fibres [16]; the growth of gold nanoparticles [17]; the rheology of complex fluids, such as liquid
crystals [18, 19] and wormlike micelles [20]; as well as numerous studies on protein [21-29]
and RNA folding [30, 31]. Perhaps the most obvious, more general advantage that microfluidics
can offer SAXS, as it has offered many other techniques, is the potential to provide automated,
high-throughput platforms which minimise sample consumption and shorten measurement
times whilst maintaining a high level of accuracy and reproducibility, and researchers have
begun to lay the groundwork for devices of this type [32-34].

1.2.2. What makes microfluidics particularly well-suited to SAXS?

Several fundamental aspects of these technologies are exceptionally compatible. First, the size
of the X-ray beam relative to the size of the channels within a microfluidic chip is quite
comparable. Thus beam is not being used to measure extraneous material, and conversely, all
of the sample molecules are in the beam interaction volume. Therefore the sample is providing
the optimal amount of signal, without being wasted. Second, the continuous flow typical
within these systems mitigates radiation damage to samples, improving the reliability and
data quality obtainable from SAXS measurements. Moreover, the high-throughput potential
mentioned above is especially important for synchrotron-based techniques such as SAXS,
where the experiment time is often limited, as a microfluidic sample-handling platform could
help to ensure maximum use of the allocated beam time [33, 35]. This is what prompted Lafleur
et al. and, very recently, Schwemmer et al., to develop their respective microfluidic high-
throughput sample-handling environments [33, 34], which will be discussed. Microfluidics
also offers the opportunity to extend the time-resolution capability of SAXS. Various groups
have demonstrated the possibility to study reaction kinetics of protein and RNA folding events
or complex fluids, using alternative microfluidic approaches to prevail over commercially
available stopped-flow devices which fall short of the requisite microsecond time range, and
this will be covered in the latter part of this chapter.

2. Incorporating microfluidics into SAXS

In the first part of this section, some general design considerations for microfluidic systems in
the context of SAXS will be discussed. In subsequent sections, existing examples of microfluidic
chips and how they have been applied using SAXS in order to increase either the throughput
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or the time resolution will be examined. As well as providing some background and giving an
overview of the current status of the field, it is hoped that this chapter will contain practical
information for those looking to realise the benefits of incorporating microfluidic technology
into SAXS.

2.1. Design considerations for SAXS microfluidic systems

Whilst the specifications of the system will differ depending on the particular application, some
generally applicable guidelines are given here, supplemented with specific examples. As for
any analytical microfluidic setup, there are three main aspects of the system which need to be
considered: (i) the design and fabrication of the microfluidic chip itself, (ii) the sample delivery
system and method of fluid control and (iii) integration with the experimental apparatus, in
this case, the SAXS beamline (although the possibility of an on-chip X-ray source has been
envisaged [36]). Each aspect will be discussed separately here whilst bearing in mind that these
aspects are all interrelated and will have certain SAXS-specific requirements that differ from
other light-based detection methods.

2.1.1. Chip design and fabrication

The first key consideration regarding the microfluidic chip is the choice of material, the
properties of which, in this case, must be compatible with X-rays. The possibilities will be
further narrowed down by practical considerations specific to the particular application, e.g.
if high flow rates are required for mixing or time-resolution purposes, the chip material and
bonding must be robust enough to withstand the subsequent high pressure generated, without
deformation of the microchannels [20, 27]. Cost, both in terms of fabrication time and resources,
will also likely factor into material choice, and the type of material will dictate the method of
fabrication, which may be limited by available facilities. Microfabrication does require some
special equipment and sometimes a clean room, commonplace in a nanofabrication facility,
but not found in the average biochemistry lab. If access to the necessary facilities is not
available, there are several microfluidic manufacturing companies offering custom microfab-
rication services.

Microfluidic chips were originally manufactured from silicon using standard photolithogra-
phy and often bonded to glass, which is not an ideal window material for SAXS [36]. The first
microfluidic device used in conjunction with SAXS comprised a silicon chip and silicon nitride
windows [21], but in more recent times, silicon has been exchanged for synthetic polymer
materials, such as thermoplastics, e.g. polymethyl methacrylate (PMMA), or the silicone
elastomer, polydimethylsiloxane (PDMS). The latter is cast from a replication master mould,
which can be fabricated using similar lithographic techniques, whilst the former can be
fabricated by a range of micromachining methods (milling, electric discharge, laser ablation)
and templating techniques (thermoforming, transfer moulding). Both options are cheaper than
silicon chips and highly flexible in terms of the possible channel geometries.

Unfortunately, there are two major limitations of PDMS for microfluidic SAXS devices: its low X-
ray transparency [36] and its low X-ray endurance—continuous X-ray exposure rapidly
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deteriorates this material [20]. Nevertheless, PDMS canbe utilised for channel structures, aslong
as appropriate X-ray compatible material is chosen for sample observation windows, as Dootz
et al. demonstrated [19]. As another example, Stehle et al. used a PDMS chip for a microfluidic
droplet-forming module, separate from the thin-walled glass capillary used for SAXS detection
[12]. The large dead volumes that are introduced via the connecting tubing in this system are the
disadvantageofthisapproach. PDMSalsofindsuseinother constituentsofamicrofluidicsystem,
asits elasticity and adhesive properties render it useful for valves and seals [33].

Kapton (polyimide) has commonly been used for X-ray-related applications due to its high X-
ray resistance and low X-ray absorption [19]. However, in a qualitative assessment of the
suitability of various polymer materials for SAXS microfluidic chips by Toft et al., the SAXS
profile obtained from a 100 um thick Kapton foil revealed a diffuse diffraction peak that occurs
at in the middle of biologically relevant g-ranges [32]. Given that biological scattering is
relatively weak, this feature was suggested to perhaps cause issues with background subtrac-
tion [32]. In spite of this, Barrett et al. have fabricated a microfluidic device out of two 150 pm
thick Kapton films bonded together, using laser ablation techniques to produce the channels,
whilst Graceffa et al. used Kapton windows for their stainless steel turbulent-flow mixing chip
[27], as did Dootz et al. for their PDMS chip [19].

Greaves and Manz deemed polycarbonate (PC) to be the best chip-building material in terms
of X-ray transmission, with PMMA a close second [36]; however, PC and PMMA were rated
poorly by Toft et al., in terms of X-ray endurance and cleaning, and PC was also judged as poor
for bonding and machinability, although both materials display low small-angle X-ray
scattering [32]. Ultimately, polystyrene (PS) was the polymer of choice for Toft et al., meeting
all the criteria for their ‘BioXTAS’ chip [32, 33], whilst Lafleur et al. selected PMMA for a mixing
attachment containing rotary valves by virtue of its superior machinability [33]. Combinations
of different plastics have also been demonstrated successfully by Moller et al., who used a
PMMA substrate with PS windows, developing a strong PS to PMMA bonding procedure for
this design [37].

A second, crucial consideration relating to SAXS chip design concerns the size of the sample
detection compartments versus the size of the X-ray beam. For maximum signal, the depth of
the sample compartment should be as close to the optimal pathlength as practically possible.
The scattering volume and the beam energy both factor into determining the optimum
pathlength. Conversely, using smaller compartments results in lower sample consumption. A
finite constraint is that the dimensions of the beam must be smaller than the dimensions of the
channel or chamber to minimise background intensity resulting from X-ray interaction with
the substrate wall, and the X-ray focusing or slitting down ability and resultant flux of
individual beamlines will set a lower limit on these dimensions. It is important to note that the
beam dimension under consideration is the total beam width, as opposed to the commonly
defined full width at half maximum, as the weak outer beam background will still cause
parasitic scattering from the chip which will affect data quality. Thus the design must be
optimised to the expected beam dimensions and balance signal requirements against sample
consumption.
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2.1.2. Sample input and fluidic control

For continuous flow systems, fluid delivery via pumps would ideally be controlled remotely
by software, so as to facilitate fast sample turnover time and minimise the need to access the
beamline hutch, thereby increasing the efficiency of the experimental procedure. This is
essential for time-resolved measurements, where data acquisition must be initiated immedi-
ately after sample mixing. Toft et al. developed software to couple control of commercial
syringe pumps delivering samples and buffer to the chip with the beamline shutter system,
thereby coordinating sample preparation and data collection [32], whilst Lafleur et al. devel-
oped both the software and hardware, including the individually controlled syringe pumps
used in conjunction with integrated rotary valves, for their next-generation setup [33]. For
stopped-flow systems, sample introduction to the chip and any on-chip processes such as
mixing, diluting could be done prior to chip introduction to the beamline, provided that time-
resolved data are not required. Alternatively, Schwemmer et al. eliminate the need for pumps
and tubing altogether (along with any associated plumbing problems) by depositing samples
directly into reservoirs on their ‘LabDisk’ using regular pipettes. This keeps all fluids confined
entirely to the chip and relies on centrifugal forces to transport fluids through the mixing
channels, though this does require a custom-built processing device to spin the disk at preset
rotational frequencies [34].

2.1.3. Interfacing to a SAXS beamline

Once the chip is fabricated and fluidic control is established, the final considerations to
complete the microfluidic SAXS experimental setup and ensure optimal ease of use involve
appropriate interfacing to the beamline. This may require some adjustments to the conven-
tional beamline setup to accommodate the microfluidic system. At a minimum, a chip holder,
which allows for any necessary inlet and outlet tubing connecting to the fluid delivery system,
is needed for stable attachment to an adjustable stage (ideally motor-controlled) to facilitate
precise alignment with the X-ray beam. More advanced chip holder designs have included a
borescope or camera for sample visualisation and to assist with chip positioning [34, 37]. For
the best-quality data, the beamline setup should ensure a vacuum along the complete X-ray
flight path, from synchrotron to microfluidic sample chip to detector to avoid air scatter, and
contain a minimum of extra window components to reduce background intensity [34].
Temperature control is another important consideration, particularly for unstable biological
samples, and has been achieved via a channel in the chip holder through which a cooled
solution can be passed [37].

2.2. Microfluidics for high-throughput SAXS sample handling

Prior to the development of sample-changing robots at synchrotron SAXS beamlines, loading
samples by hand was a tedious and time-consuming process, especially with the necessary
sample cell cleaning and drying steps between each sample [35]. This motivated Toft et al. to
develop a microfluidic front end, the BioXTAS chip, along with software for external control
of the syringe pumps regulating fluid flow through the chip [32]. At the time, this was a
considerable improvement upon manual sample handling, with the added benefit of elimi-
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nating the inherent human error associated with sample preparation, such as that of a dilution
series, which is generally still a manual task, at present. The first-generation BioXTAS chip
(Figure 1A) contained four fluidic inlets, providing the option to utilise up to three different
solutions that are premixed prior to merging with the sample solution, an extended serpentine
mixing channel in which homogenous mixing of sample and buffer solutions occurs via
diffusion, with the mixing ratio determined by the flow rate, and a 200 nl sample chamber,
where the sample is exposed to the X-ray beam and scattering data is collected whilst flow is
stopped [32]. In this setup, samples are stored in syringes connected to the chip by a 30 cm
length of tubing which requires 150 ul of solution to fill, and following a 15 min pressure-
equilibration period, 6 min is required to fill the sample chamber, at a flow rate of 6 pl/min [32].
Consequently, whilst only 36 ul of sample is consumed per measurement, and reasonable
quality data has been shown from a mere 200 nl sample volume (of 1-10 mg/ml protein),
unfortunately this sample economy is compromised by the dead volume contained in the
syringe and tubing, as well as by the pressure-equilibration time. Although the stopped flow
during data collection strategy contributes to low sample consumption, it does increase the
susceptibility of the sample to radiation damage, particularly with long exposure times.
Nevertheless, this BioXTAS chip represents a respectable first proof of concept of a microfluidic
alternative for SAXS sample handling and has subsequently been utilised for a study on the
oligomeric state of cancer-related protein, as further demonstration of its practicality and
promise [37].
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Figure 1. Microfluidic answers to the demand for automated, high-throughput, low consumption sample-handling
systems for SAXS. (A-C) The BioXTAS chip by Toft et al. [32] and additions by Lafleur et al. [33] and Skou et al. (2014)
[38]. (D and E) The LabDisk for SAXS by Schwemmer et al. [34]. See text for details.
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The first-generation BioXTAS chip was subsequently developed to incorporate an additional
mixing module (Figure 1B), which contains an on-chip sample reservoir and motor-controlled
rotary valves to enable more precise fluidic control, in addition to integrated UV absorbance
detection capabilities by means of optical fibres built into the separate sample detection chip,
enabling UV absorbance measurements to be acquired concurrently with scattering data [33].
The option for data acquisition in continuous flow mode, which would reduce radiation
damage, albeit at the expense of sample consumption, is made available in the custom-
developed control software [33]. With much shorter exposure times on a more powerful X-
ray source and a faster flow rate, the complete experimental cycle time (including cleaning)
was considerably reduced from 28 to 3 min whilst consuming slightly less sample than for the
first-generation chip [32, 33]. The on-chip sample reservoir does enable a reduction in the dead
volume of the system, although external syringe pumps and associated tubing are still
required to supply the buffers and pressure on the protein sample, so in order to take full
advantage of the on-chip reservoir to minimise the sample volume, the suggestion is made to
use an immiscible fluid to supply the necessary volume in the tubing syringe for injecting the
sample [33].

Related to this idea of introducing a second fluid phase is the droplet-based microfluidic
approach, in which discrete droplets of one liquid are generated, dispersed in and carried by
a second, immiscible fluid within a microchannel [12]. These microdroplets can be used to
compartmentalise samples, which can then be manipulated as individual vessels: for sorting,
splitting, merging and even for performing chemical or biological assays [12]. The usefulness
of this approach in association with SAXS was demonstrated by Stehle et al., who used it to
analyse gold nanoparticles encapsulated by water droplets dispersed in oil, with each SAXS
measurement comprising data averaged from ~ 9000 droplets, over a 15 min period [12]. In
view of the available sample-changing robots, which have similar sample requirements and
low dead volumes and perform all of the necessary cleaning in a fully automated fashion,
distinct advantages of microfluidic devices for SAXS may have thus far been unclear, whereas
discrete droplet formation is an example of an exclusive capability of microfluidic approaches
which highlights the versatile possibilities created by this technology and which the standard
SAXS setups lack. Another example is provided by Skou et al., who adjusted the second-
generation BioXTAS design to incorporate a sample dialysis chip, comprising two PDMS
sheets: one which contains channels for a polyethylene glycol (PEG) solution and the other
which contains channels for the protein sample solution and a dialysis membrane sandwiched
in-between (Figure 1C) [38]. When utilised with SAXS, this additional microfluidic module
offers the unique ability to gradually concentrate protein samples as structural information is
continually acquired, to reveal changes in protein oligomeric state and detect concentration-
induced protein aggregation early in the experiment. Alternatively, if a different buffer is used
instead of a PEG solution, the device can be used to monitor the effect of different experimental
conditions, such as a change in ionic strength or pH, during buffer exchange [38]. Further
advanced sample-handling features envisaged for microfluidic SAXS include on-chip size
exclusion chromatography [32].
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Although the BioXTAS chip readily facilitates mixing of multiple solutions with small volumes
of a single sample and prepares dilutions with ease (simply by varying the flow rate), in order
to properly meet the high-throughput objective, the BioXTAS system would require further
development to increase its sample capacity or the means to enable easy and rapid sample
changing, to bring it up to par with current autosampler robots. Schwemmer et al. presented
an innovative centrifugal microfluidic platform, “‘LabDisk for SAXS’, which overcomes some
of the shortcomings of the BioXTAS system by having six sample modules on a single chip
(Figure 1D), each containing on-chip reservoirs for sample, buffer and screening agents and
requiring only 2.5-3.5 pl of solution, with dead volumes of just over 1 ul, which is the allowance
for pipetting errors and guaranteeing complete filling of channels and chambers [34]. The
sophisticated fluidic geometry (Figure 1E) enables aliquoting and mixing of fixed combina-
tions of protein, buffer and screening agents, simultaneously generating 15 different sample
conditions and the five corresponding buffer solutions for background subtraction, with a high
degree of accuracy and precision, in under 5 min [34]. Short (20 x 50 ms) exposures make for
fast readouts, with the experimental time currently limited by manual positioning of the
measurement chambers in the X-ray beam, although this is expected to be automated in due
course [34]. Higher noise in the data collected on the LabDisk than the conventional sample
changer is attributed to factors relating to the air gap in which the LabDisk is operated, which
results in higher background, as well as the shorter pathlength of the measurement chamber
and smaller X-ray beam, which result in lower signal [34]. Owing to the relatively low signal
of biomolecules, composed of light, weakly scattering atoms, the background subtraction,
which accounts for both the solvent and the instrumentation, needs to be carried out as
precisely as practically possible. As such, the use of the same sample compartment for both
sample and background measurements is considered important, to avoid introducing anoma-
lies due to subtle differences in sample cell [35]. However, the LabDisk has separate readout
chambers for samples and buffers, which has potential to cause issues with background
subtraction.

2.3. Microfluidics for time-resolved SAXS

The suitability of microfluidic devices for time-resolved studies was recognised early on in the
rise of microfluidics, and it has played a key role in increasing the time resolution attainable
by SAXS. Whilst stopped-flow techniques have been extensively used for time-resolved SAXS
studies, predominantly of protein folding [39-45], since Moody et al. reported the first device
used in conjunction with SAXS in 1980 [46] and stopped-flow apparatus specifically for SAXS
are commercially available [13], these have only been able to achieve dead times of 0.5 ms at
best. Microfluidics offers the potential to extend the accessible time resolution of SAXS to the
microsecond time range; however, rapid mixing, which is a crucial requirement, is the
challenge, due to the low Reynolds number flow in microchannels.

The two main microfluidic approaches are both continuous flow-based techniques but differ
in their mixing strategy; the turbulent-flow approach aims to generate high Reynolds number
flow in microchannels, whilst the laminar-flow approach utilises the inherent low Reynolds
number flow. The common underlying principle is that data collected at different distance
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points along an observation channel after mixing correspond to different time points over the
course of the reaction, with the flow velocity determining the temporal resolution. This
approach has been coupled with various techniques, such as circular dichroism and fluores-
cence spectroscopy [29], but with SAXS, the radius of gyration represents an easily determined
parameter which can be monitored, whilst the data also provide low-resolution structural
information, making it useful for monitoring structural changes such as folding, oligomeriza-
tion and ligand-induced rearrangements. As previously mentioned, continuous flow offers the
SAXS-specific advantage of lower radiation damage but disadvantage of higher sample
consumption, particularly at the high flow rates required for the turbulent mixing approach.

Rapid turbulent mixing in a multicapillary device was pioneered by Regenfuss et al. [47], who
credits Moskowitz and Bowman [48], and this idea has since been developed by several groups,
with various devices emerging [49, 50], including microfabricated versions of the original
capillary-based mixer [51, 52]. The “T-mixer” produced by Takahashi et al. [51] (Figure 2A) was
subsequently utilised with SAXS to study the folding dynamics of various proteins [23-26,
31], achieving dead times as low as 160 ps [23]. The T-shaped geometry of this microfluidic
device forces two solutions flowing at high velocities to meet at a junction and change direction,
resulting in rapid mixing, before being transported through to the observation channel, where
measurements are obtained [51]. Bilsel et al. advanced this design by altering the angle of the
input channels such that they form an arrow-shaped junction (Figure 2A inset), which forces
the two fluids to undergo a greater change in momentum, theoretically giving rise to more
efficient mixing [52]. Using a device of this type, with channel widths of 75 um, at a flow rate
of 10 ml/min, the Reynolds number is calculated to be 2000, and the mixing time was demon-
strated to be ~50 us [52]. For time-resolved SAXS studies of protein folding, the dimensions of
the observation channel were increased to 100 um wide by 400 um deep to increase the signal
to noise, whilst the width of the input channels and mixing region was 30 um, resulting in a
dead time of ~100 us at flow rates of 10-20 ml/min [27] (Figure 2B). Whilst these microfluidic
setups are impressive in terms of the time resolution they can achieve, their major drawback
is the large sample quantities necessitated by the high flow rates.

The laminar-flow-based rapid-mixing approach, introduced by Knight et al. in 1998, is referred
to as “hydrodynamic focusing’ [53]. This approach relies solely on diffusive mixing, without
introducing turbulence, taking advantage of the natural mixing process in microfluidic chips
that function at low Reynolds numbers. For the hydrodynamic focusing geometry, two input
fluids approach a central input fluid from either side, squeezing the central fluid into a thin,
focused stream, across which diffusion occurs on a relatively short timescale [21, 53]. SAXS
investigations of protein and RNA folding have subsequently been carried out using this type
of device [21, 22, 30], achieving a minimum dead time of 240 ps [22]. This is a significant
improvement on stopped-flow devices, but has not been improved further to match turbulent-
flow mixers, at least, not in combination with SAXS. The hydrodynamic focusing approach for
time-resolved SAXS is substantially limited by the size of the X-ray beam, as in order to access
shorter timescales, the focused stream must be made even narrower; however, without the
matching ability to adequately focus the X-ray beam, the system will suffer from low signal to
noise. To complicate matters further, even if the beamline optics allow adequate microfocus-
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sing, radiation damage to the slowly flowing sample becomes a particularly severe issue.
Hydrodynamic focusing has been used with alternative detection methods [54], which have
been able to accomplish mixing times as short as 10 ps [55], demonstrating the potential of this
microfluidic approach for time-resolved measurements and providing incentive to work
towards optimising optical designs of future SAXS beamline setups to overcome current
technical barriers and take full advantage of it.

Sample

Mixing region

Buffer Sample

Buffer —>» <—— Buffer

X-ray beam
—t+—— X-ray beam

Figure 2. Two alternative rapid-mixing approaches in microfluidic channels for time-resolved SAXS. (A) Turbulent-
flow mixing using the T-mixer [23] and arrow-shaped geometry [27] (inset). (B) Laminar-flow hydrodynamic focusing
[21].

3. Conclusions and outlook

Over the last two to three decades, since microfluidics arose, various groups have recognised
the advantage offered by this miniaturised technology and have successfully demonstrated its
incorporation with SAXS. In particular, its high-throughput sample-handling potential and
time-resolution—enhancing abilities have begun to be exploited. However this is still an
emerging field, and microfluidic technology continues to push the boundaries and open up
new possibilities, some likely yet to be conceived. With the current technology, 100 ps time
resolution for SAXS studies on protein folding has been achieved. Although the turbulent- and
laminar-flow mixers discussed above have been the most popular microfluidic approaches
thus far, others have been looking to develop new mixing strategies, which could reduce dead
times further, whilst the development of smaller, more highly focussed X-ray beams will be
key to accessing faster timescales.
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Abstract

Size distribution is an important structural aspect in order to rationalize relationship
between structure and property of materials utilizing polydisperse nanoparticles. One
may come to mind the use of dynamic light scattering (DLS) for the characterization of
the size distribution of particles. However, only solution samples can be analyzed and
even for those, the solution should be transparent or translucent because of using visible
light. It is needless to say that solid samples are out of range. Furthermore, the size
distribution only in the range of several tens of nanometers can be characterized, so DLS
is useless for particles in the range of several nanometers. Therefore, the small-angle
X-ray scattering (SAXS) technique is much superior when considering the determination
of the size distribution in several nanometers length scale for opaque solutions and for
solid specimens. Furthermore, the SAXS technique is applicable not only for the spher-
ical particle but also for platelet (lamellar) and rod-like (cylindrical) particles. In this
chapter, we focus on the form factor of a variety of nanostructures (spheres, prolates,
core-shell spheres, core-shell cylinders and lamellae). Also getting started with a mono-
disperse distribution of the size of the nanostructure, to unimodal distribution with a
narrow standard deviation or wide-spreading distribution and finally to the discrete
distribution can be evaluated by the computational parameter fitting to the experimen-
tally obtained SAXS profile. In particular, for systems forming complicated aggrega-
tions, this methodology is useful. Not only the size distribution of ‘a bunch of grapes’
but also the size distribution of all ‘grains of grapes in the bunch’ can be evaluated
according to this methodology. This is very much contrasted to the case of the DLS
technique by which only ‘a bunch of grapes’ is analyzed but ‘grains of grapes in the
bunch’ cannot be. It is because the DLS technique in principle evaluates diffusion
constants of particles and all of the grains in the same bunch of grapes diffuse as a
whole. Thus, the methodology is important to highlight versatility and diversity in real
materials, especially in soft matter, both in the liquid and in the solid states.

Keywords: SAXS, form factor, sphere, cylinder, lamella, prolate, core-shell sphere, core-
shell cylinder, discrete distribution function
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1. Introduction

In recent years, controlling of nanostructures has been more significantly considered in the
field of materials science, especially relating to the soft matter [1]. Versatile properties or
functions can be obtained through designing nanostructures in solid-state materials, as well
as nanomaterials dispersed in liquid-state substance. Even for contradictory properties such as
hard and soft, they may be coexistent in one material when fabricating so-called inclined
nanostructures (for instance, nanoparticle size is gradually changing as a function of the
position in material). This in turn indicates that size distribution of the nanostructures should
be rigorously evaluated for better understanding effects of nanostructure on properties and
functions. For biological systems or supramolecular organizations, situation is very much
contrast to the other ubiquitous materials as described above because they form spontaneously
a regular aggregation. Therefore, the size distribution is narrow and follows a simple mathe-
matical function with a comparatively small standard deviation. By contrast, discrete distribu-
tion of the size is required to determine for the ubiquitous materials. However, even for regular
nanostructures, the determination of the discrete distribution of the nanostructure size is
needed to reveal a transient state upon transition from the state 1 to the state 2, being triggered
by sudden change in temperature, pH, or other external parameters.

It is well known that the size distribution of particles can be evaluated by the use of
dynamic light scattering (DLS). However, only solution samples can be analyzed and even
for those, the solution should be transparent or translucent because of using visible light.
It is needless to say that solid samples are out of range. Furthermore, the size distribution
only in the range of several tens of nanometers can be characterized, so DLS is useless for
particles in the range of several nanometers. Therefore, the small-angle X-ray scattering
(SAXS) technique is much superior when considering the determination of the size distri-
bution in several nanometers length scale for opaque solutions and for solid specimens
[2]. Furthermore, the SAXS technique is applicable, not only for the spherical particle but
also for platelet (lamellar) and rod-like (cylindrical) particles and it enables us to deter-
mine the thickness distribution of lamellae or the cross-sectional radius distribution of
cylinders. Namely, the SAXS technique does not matter types of particle shape even for
hallow cylinders or hollow spheres [3].

The principle is simple. Scattering comprises not only contribution from regularity of
space-filling ordering (the lattice factor) of particles but also from a single particle (the
form factor). The particle scattering can be mathematically formulated depending on the
type of particle shape (lamella, cylinder or sphere). In the block copolymer microdomain
systems, the Gauss distribution of the particle size has been assumed. Only recently, direct
determination of the discrete size distribution has been available by conducting fitting
theoretical scattering function to the experimentally obtained SAXS profile (the plot of the
scattering intensity as a function of the magnitude of the scattering vector, q [= (41t/A) sin
(®/2) with © and A being the scattering angle and the wavelength of X-ray, respectively]
where the abundance of the particle having a given size was treated as a floating param-
eter with a step of 1 nm (the step can be more precise). In this chapter, getting started
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with nanoparticles with a narrow size distribution, we will see characteristic shape of the
form factors for protein self-assembly, block copolymer microdomains and peptide amphi-
phile nanofibers. Then, we shift our target to the evaluation of discrete distribution of size
of nanostructures by SAXS. The examples shown are thickness distribution of the crystal-
line lamellae of polyethylene glycol in polymer blends and thickness distribution of the
hard segment domains for supramolecular elastomers (starblocks of soft polyisobutylene
and hard oligo(f alanine) segments). Other notable examples are sterically stabilized
polypyrrole-palladium (PPy-Pd) nanocomposite particles, hybrid amphiphilic poly(N-
isopropylacrylamide)/metal cyanide complexes and the cobalt(Il) terpyridine complexes
with diblock copolypeptide amphiphiles. For this example, this methodology is useful.
Not only the size distribution of ‘a bunch of grapes’ but also the size distribution of all
‘grains of grapes in the bunch’ can be evaluated according to this methodology. This is
very much contrasted to the case of the DLS technique by which only ‘a bunch of grapes’
is analyzed but ‘grains of grapes in the bunch’ cannot be. It is because the DLS technique
in principle evaluates diffusion constants of particles and all of the grains in the same
bunch of grapes diffuse as a whole. Thus, the methodology is important to highlight
versatility and diversity in real materials, especially in soft matter, both in the liquid and
in the solid states.

2. Nanoparticles with a narrow size distribution

First of all, some typical examples of the experimentally observed form factor are demon-
strated. The samples are self-assembly of proteins, block copolymer microdomains and pep-
tide amphiphiles. Apoferritin is a protein having ability to store iron atoms and it is referred to
as ferritin when iron atoms are bound. Apoferritin forms a spherical shell as a self-assembled
nanostructure with a very uniform size. As indicated in Figure 1 (pH-dependence of SAXS
profiles), its SAXS profiles (apoferritin, 24-mer) exhibit characteristic features with many peaks
due to its uniform shape for pH >3.40 [4]. Dramatic change in the SAXS profile is detected
between pH = 1.90 and 3.40. This means that apoferritin is disassembled for acidic condition.
Time-resolved SAXS measurements have been utilized to study disassembling and
reassembling process upon the change in pH [4, 5]. In Figure 1, the curve shows the result of
the SAXS modeling by the scattering program GNOM [6]. Since protein molecules produce the
typical form factor, it is frequently used to obtain commissioning data for newly launched
SAXS beamline or apparatus [7-9].

It is known that block copolymer spontaneously forms a regular nanostructure with a narrow
size distribution. Figure 2 shows examples of the SAXS profiles for sphere-forming block
copolymer (SEBS; polystyrene-block-poly(ethylene-co-butylene)-block-polystyrene triblock
copolymer) having Mn = 6.7 x 10%, Mw/Mn = 1.04, PS volume fraction = 0.084) [10], where
Mn and Mw denote number-average and weight-average molecular weights, respectively. In
Figure 2, the solid curve is the results of the model calculation for the spherical particle, but not
only the form factor, but also the lattice factor of BCC (body-centered cubic) is taken into
account. The full equation is as follows [11-14]:
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log I (a.u.)

apo crystal (3F32)

3 subunit crystal (3F32)

1 10

g (nm')

Figure 1. pH-dependence of SAXS profiles for an apoferritin aqueous solution. The symbols indicate the experimental
data, and the solid lines indicate the fits obtained using the GNOM program. The solid lines without symbols are the
theoretical SAXS curves calculated from the crystal structure of apoferritin and its subunit crystal (PDB code 3F32). For
clarity, each plot is shifted along the log I axis [4].
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Figure 2. SAXS profiles for SEBS-8 specimens (sphere-forming triblock copolymer) annealed at 130 and 150°C for 10 h
[10].
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)= @D-KF @) + 1K (@) *Z(q) ey

where <x> is the average of the quantity of x. f(7) and Z(g) are particle and lattice factor,
respectively, designating the scattering amplitude due to the intraparticle interference and the
scattering intensity due to the interparticle interference, respectively. The form factor f(q) for a
spherical particle with its radius, R, can be given as

3[sin (gR)—gR cos (qR)]
(4R)’

flq) = AdpV (2)

where A, is the scattering amplitude of the Thomson scattering, Ap is the difference in the
electron density between sphere and matrix, V is the volume of the spheres. Here, the Gauss
distribution is used for R with or being the standard deviation. On the other hand, the lattice
factor Z(q) is given by Eq. (3) with Eulerian angles, 0 and ¢, which define orientation of the
unit cell of a given grain with respect to the experimental Cartesian coordinates:

1-F2
Z(9.0,9) = NG
[1—2Fk cos (T qda) + 2
1-F2 1-F; ®
X \/6 X \/6
[1—2Fk cos <T qdﬁ) + F2 [1—2Fk cos (T qu) +F;
with
3
Fr = exp {—Eg2d2q2(a2 +B* + 7/2)} 4)

and g = Ad/ <d> which is the degree of the lattice distortion (Ad denotes the standard deviation
in d due to the paracrystalline distortion). In Eq. (4),

a = sin 0 cos ¢ + sin O sin ¢ + cos 0 ()
B = —sin 0 cos ¢—sin O sin ¢ + cos O (6)
y = —sin O cos ¢ + sin 6O sin ¢p—cos 0 (7)
for the bcc lattice and
a = sin 6 sin ¢ + cos O (8)
B = —sin O cos ¢ + cos O 9)
y = —sin 0 cos ¢ + sin O sin ¢ (10)

for the fcc lattice. In Egs. (3) and (4), d denotes the Bragg spacing. The spacing for {110} and
{111} planes for the bcc and fcc lattices, respectively, gives rise to the first-order peaks. For
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randomly oriented polygrains in actual samples, the scattering is isotropic. Therefore, Z(q,0, ¢)
is averaged with respect to 0 and ¢ to obtain isotropic Z(g):

21 (T
Z(q) = %L L Z(q,0,¢) sin 6d6dd (11)

As clearly observed in Figure 2, the broad peak around g = 0.71 nm™' is due to the form
factor. The model curve is the result of calculation with <R>=7.90 nm for 130°C annealed
specimen and <R> = 8.10 nm for 150°C annealed specimen and the standard deviation of
the size distribution (o) being 1.09 and 1.10 nm, respectively. Thus, evaluated value of
<R> is consistent with the result of transmission electron microscopic observation (as
shown in Figure 3). Note also here that the order-disorder transition temperature locates
between 130 and 150°C, so that bcc ordering is quite regular for the specimen annealed at
130°C, while it is poor for 150°C annealed specimen. The SAXS profile for the 130°C
annealed specimen displays clear lattice peaks at the relative q values of 1:V2:V3, indicat-
ing high regularity of the bcc ordering. The sphere-forming block copolymers exhibit
mostly the bcc ordering due to the entropic profit [14] and the fcc ordering has been
found for some particular case. Comparison between the results shown in Figures 1 and
2 clearly indicates that many peaks for monodisperse particle are easy to collapse to
become more featureless when the size distribution is incorporated even if it is small.
Nevertheless, it is characteristic for the block copolymer microdomains that one peak can
be discernible for the form factor.

Figure 3. TEM micrographs for SEBS-8 specimens annealed at (a) 130 and (b) 150°C for 10 h. The polystyrene
microdomains were stained with ruthenium tetroxide [10].

Very recently, it has been found that PS spherical microdomains were deformed upon the
uniaxial stretching of the SEBS-8 film specimens [15]. Since SEBS triblock copolymer with the
glassy PS spherical microdomains can be used as a thermoplastic elastomer (TPE), the film
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specimen can be stretched. In Figure 4, 2D-SAXS patterns are displayed to recognize the
deformation of the round shape form factor upon the uniaxial stretching. Figure 4a shows the
2D-SAXS pattern for the SEBS-8 film specimen. Here, it is clearly observed that the round
shape form factor appears at g = 0.77 nm™". The round peak of the form factor is deformed to
become an ellipsoid in Figure 4b upon uniaxial stretching of the film specimen up to the strain
of 3.65 (stretching ratio is 4.65) at room temperature. The peak position in the g direction
parallel to the stretching direction (g//SD) is lower than that in the g direction perpendicular
to SD (¢LSD). This means that the size of the particle in the g, direction is bigger than thatin g,
direction, which in turn implies deformation of the spherical particles. Therefore, the model
calculation of the form factor, P(g), for prolate was conducted using the mathematical equation
as follows:

21 (T0/2 oo poo
P@ =[] | 0 R ) 000) ERin) W)W, () sing o dRmin it (12
0 0 J1

3(sinU-U cos U)

f(q’ v, Rmiﬂ) =V u3

(13)

U(q,v, Rmin, @) = qRminy/ sin?¢ +v2cos?¢p forq//SD (14)

U(q, v, Rmin, ¢, 1) = quin\/\/l— sin?¢ cos 2y + v?sin2¢ cos?u  for qLSD (15)

R.. 4 4
. v="tR Rz —Z2Tt,R3

R... 3 maj min 3 min
min

n Stretching
Direction 2

and (volume of the prolate)  (16)

Strain=0 ¢=0.3nm

Figure 4. 2D-SAXS patterns for SEBS-8 specimens (a) unstretched state and (b) being stretched at the strain of 3.65 at
room temperature [15].
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Here, Ry, and Ry, stand for the radius of the longer axis and the radius of the shorter axis
of the prolate, respectively (Figure 5) and ¢ is the angle between the g direction and the long
axis of the prolate. To fit the SAXS profile with the model calculation, the distributions in
Rumin, v and ¢ are required. Note here that the distributions in ¢ and u define the orienta-
tional distribution function: W, (¢) and W, (u), respectively. However, for this particular case,
¢ can be considered to be zero with no distribution, namely perfect orientation of the pro-
lates with their log axes parallel to SD because the uniaxial stretching prolongs spherical
microdomains to result in prolates with their long axes parallel to SD, which in turn enables
us to set W,,(u) = 1 regardless of u. Therefore, due to decreased numbers of the parameters,
the situation became easier to evaluate the average values of R, and v with their distribu-
tions (ERmin and Q(v)).

The results for the 1D-SAXS profiles in g, and in g, directions are shown in Figure 6a and
b, respectively. In the both cases, the 1D-SAXS profile for the unstretched film specimen
(before the stretching) is shown together. It is clearly observed that the peak of the form
factor moved toward lower and higher g range upon the stretching in g, and in g,
directions, respectively. Furthermore, both of the SAXS profiles can be fit by the prolate
model, using Eqgs. (1), (12)—(16) with the bcc lattice factor. Here, the <R;nin> = 6.44 nm and
<y> = 1.20 were used for the model calculation. Note that <R.;,> = 6.85 nm for the
unstretched specimen. Moreover, the distributions in R, and v (2R, and Q(v)) used
for the calculation are plotted in Figure 7a and b, respectively. Such a mathematical
function for the size distribution is enough to explain the experimentally observed SAXS
profile under the stretched state. However, it should be noted that both of the distribu-
tions were required and otherwise, the model SAXS curve did not fit well the experimen-
tal results for both the g, and g, directions. Figure 6a and b also includes the SAXS
profiles measured after complete removal of the stretching force. At a first glance, the
peak positions of the form factor in Figure 6a and b seem to recover its original position
for the unstretched specimens. However, this does not imply the recovery of the original
spherical shape upon the removal of the load because the deformation of the glassy PS
microdomains is permanent. Then, why did the form factor recover its original peak
position? It may be ascribed to randomization of the prolates orientation upon the
removal of the load. To check this speculation, we conducted the SAXS modeling of the
prolate form factor by setting W(¢) = 1 irrespective of ¢ but with keeping the size
distribution Rpyin and v (ERmin and Q(v)) unchanged. The results of the modeling are
shown with the red curves in Figure 6a and b, indicating clearly good agreements with
the experimentally obtained SAXS profiles. This in turn confirms the speculation of ran-
domization of the prolates orientation upon the removal of the load.

Core-shell sphere and cylinder models are significantly important for the amphiphilic self-
assembly. For the core-shell sphere [16, 17], the form factor is formulated as:

3[sin (gRc)—qRc cos (qRc)]
(qRc)’

) 2
N (ps_po)vs3[sm (qRs)—qRs cos (qu)]} (17)

P(q) = {(PC_PS)VC (qu)za
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if the homogeneous densities in the core and in the shell can be assumed with p. and p;,
respectively. Here, V. and V, designate the volume of the core and the shell, respectively.
Moreover, R. and Rs denote the radii of the core and the shell, respectively. py is the electron
density of the matrix. On the other hand, when the shell density changes as a function of r
(the core density is homogeneous) as defined with ps (r), then the form factor is formulated
as [18, 19]:

3[sin (gR¢c)—qgRc cos (qRc)] Rs

(qRc)°

/ 2
(%(f%%)rzmdr} (18)

+ 47TJ
qr

Re

P(q) = {(Pc‘Ps)Vc

As for core-shell cylinders, the form factor is:

, (qH scosf
sin [ ———

/2 { 2 )}2 R sin O
P(q):J0 {(ps—psolv)vs HocosO J1(gRs sin )+

gRs sin 0
2
[sin (qH C COs 6)] ,
. 2 2], (qRcsin 0) } .
(Pc—ps)Ve qHc cos 0 gRcsin 0 sin 6d0 (19)

2

where [1(x) is the first-order Bessel function. 0 is defined as the angle between the cylinder
axis and gq. R¢ and Rg are the core and shell radii, respectively. H- and Hs are the core and
shell lengths, respectively. V- and Vg are the core and shell volumes, respectively
(V= nRin ; x=C, S, or solv; C: core, S: shell, solv: solvent). p, is the electron density of the
core, shell, or solvent.

Matson et al. [20] have reported the SAXS modeling of the form factor of the core-shell cylinder
for self-assembling peptide amphiphiles (PAs) as shown in Figure 8A and B. The molecules
self-assembled into the core-shell cylinder are illustrated in Figure 8C. Such cylinders can be
detected with cryogenic TEM as shown in Figure 9. The SAXS profile is shown in Figure 10
with the model curve, where the size distribution in the core radius is modeled using a log-
normal distribution with the polydispersity being around 27-30% (see Table 1 for the struc-
tural parameter determined by the SAXS modeling), while the radial shell thickness is
assumed to be monodisperse. Although the modeling results explain very well the experimen-
tally obtained SAXS profiles, the fact that the radial shell thickness is assumed to be monodis-
perse means it is difficult to determine individually two distributions in inner and outer
radius. For more detailed structure analyses, more experimental variations are required to
gather information from different kinds of aspects, like the example shown in Figure 6a and
b (parallel and perpendicular to SD).



SAXS Evaluation of Size Distribution for Nanoparticles
http://dx.doi.org/10.5772/105981

Region Il Region Il

Region |

Figure 8. (A) Chemical structure of self-assembling peptide amphiphiles (PA: E2 C16V2A2E2). (B) The different regions
of the PA are highlighted in a space-filling model. (C) Schematic illustration of a self-assembled PA nanofiber [20].

Figure 9. Cryogenic TEM of (A) PA 5, (B) PA 6, (C) PA 7, and (D) PA 8 as 1: 3 w/w mixtures with E2 PA [20].
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Figure 10. ISAXS profiles of PAs 5-8 (A-D) fitted to a polydisperse core-shell cylinder model. The solid red line represents
the best fit to a core-shell cylinder form factor, where the core was allowed to be polydisperse according to a log-normal
distribution. The solid black line represents the portion of the curves where fits were performed [20].

PA 5 6 7 8
Mean core radius (A) 12 12 12 12
Radial shell thickness (A) 29 27 25 25
Total diameter (nm) 8.2 7.8 74 7.4
Radial polydispersity (o) 0.3 2.7 0.3 0.28

NaOH without CaCl, (from Ref. [20]).

Table 1. Selected SAXS data from PAs 5-8 at 0.25% in 4 mM.
3. Concept of evaluation of discrete distribution by SAXS

In this section, the concept of evaluation of the discrete distribution of the size of the
nanostructure is explained. As an example, the lamellar model calculations are displayed in
Figure 11, for which the mathematical equation is [21]:

P(q) = g 2L*[{sin (gL /2)}/(qL/2))’ (20)

where L is the lamellar thickness and the prefactor (g7°) is the so-called Lorentz factor which
is required to randomize the orientation of the lamellar particle. Here, it was assumed that
the lamellar particle has infinitely large extent in the direction parallel to the lamellar surface.
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Figure 11a and b shows the calculated profiles when L was set to 10 and 20 nm, respectively.
It can be seen that the characteristics in the shapes of lamellar form factor are similar to the
case of spherical form factor. As a matter of fact, many peaks appear. Summing up these two
profiles gives the one, which is also shown in Figure 11c. This in turn means that the form
factor is as shown in Figure 11c when the lamellar thickness distribution is as shown in the
inset of Figure 11. It is noteworthy that the characteristic shape of the one shown in
Figure 11c (L = 10 nm + L = 20 nm) is similar to the case of Figure 11a (L = 10 nm). When the
distribution is somewhat modified as indicated in Figure 12b, the form factor is dramatically
altered to the one as shown in Figure 12a. This seems to be no more characteristic form
factor. Thus, the experimentally observed form factor can be a fingerprint and the size
distribution may be evaluated as far as the shape of the nanostructure can be uniquely
assumed.
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Figure 11. Calculated SAXS profiles for lamellar particle with (a) L =10 nm, (b) L =20 nm, and (c) L = 10 nm + L = 20 nm.
The inset shows a hypothetical distribution function used for the calculation of the profile shown in Figure 11c.

Figure 12c shows one of the typical results of the SAXS profiles for poly(oxyethylene) (PEG),
which forms lamellar crystallites. The exact sample used for the result of Figure 12¢ was a
polymer blend of PEG with poly (D, L-lactide) (PDLLA), which is a racemic copolymer and
therefore amorphous. The compositions of PEG/PDLLA were 80/20 (DL20) by weight.
Figure 12c shows the result of the SAXS measurement at 64.0°C in the heating process [22].
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At the temperature of 64.0°C slightly below the melting temperature of PEG (64.5°C), the
typical form factor of lamellar particle was observed first time for the crystalline polymer. It
was expected that the thinner lamellar which has a lower melting temperature melted away in
the heating process. The thickest lamellae can only survive at the highest temperature and
therefore, the thickness distribution became sharp. This may be the reason of the observation
of the typical form factor of lamellar particle. As a matter of fact, a very sharp distribution was
evaluated as shown in Figure 12d by the method described below.
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Figure 12. (a) Calculated SAXS profile for lamellar particle with assuming a hypothetical distribution function as shown
in part (b). (c) One of the typical results of the SAXS profiles for PEG/PDLLA 80/20 blend at 64.0°C in the heating process.
Black dots are for the experimentally obtained SAXS profile, and red curves are the calculated SAXS profile. (d) Evaluated
thickness distribution from the result shown in part (c).

Hereafter, the data analysis method for the direct determination of the thickness distribution of
lamellar particle is described. The model particle scattering intensity, I(g), with a distribution of
thicknesses can be given as:

I(q) = kX[n(L)P(q)] 21)
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with P(q) defined by Eq. (20). In Eq. (21), k is a numerical constant and n(L) is the number
fraction of lamella with a thickness of L, providing the thickness distribution of lamellae. A
protocol was employed to directly determine n(L) by fitting the calculated I(g) from Eq. (21) to
the experimentally observed 1D-SAXS profile where the following parameters were being
floated as the fitting parameters: the numerical constant k and n(L = 1 nm), n(L =2 nm), n(L =
3 nm),..., n(L = 40 nm) which are the abundance number of particles having thickness L in a
step of 1 nm. By this protocol, the best fit was successfully performed, which is shown by the
solid curve on the 1D-SAXS profile in Figure 12c. Although most of the features seem to be
well described by the particle scattering, the first-order peak is not. For some SAXS profiles, the
full calculation including the lattice factor Z(q) and the particle scattering can describe the
SAXS profile well. The mathematical formulation of Z(g) is [23]:

2y =— 22)
1-2|F| cos (qD) + |F]|
2D2 2
= e (-S57) (23)

Thus, the thickness distribution as shown in Figure 12d was also evaluated. Although such a
sharp distribution around L = 33.5 nm accounts for the particle scattering dominant SAXS
profile, the presence of thinner lamellae is clearly suggested.

4. Widely spread discrete distribution evaluated by SAXS

4.1. Lamellar case

Tien et al. have reported results of comprehensive studies of the higher-order crystalline
structure of PEG in blends with PDLLA [22, 24, 25]. For several blend compositions, they have
discussed the effects of blending PDLLA on the structural formation of PEG. It is remarkable
that they found more regular higher-order structure for PEG 20 wt % composition (DL20) as
compared to the PEG 100% sample in the as-cast blend sample (cast from a dichloromethane
solution). More interestingly, they reported that the 1D-SAXS profile markedly changed from
lattice peak dominant type to particle scattering dominant type when heating the as-cast
sample, as shown in Figure 13. The compositions of PEG/PDLLA were 100/0, 95/5 (DL5), 90/
10 (DL10) and 80/20 (DL20) by weight. Figure 13 shows the results of the SAXS measurements
in the heating process. Based on the results, we have conducted the evaluation of the lamellar
thickness distribution in the heating process from the as-cast state up to 64°C and succeeded in
showing that the distribution became sharper with the average thickness becoming larger, as
shown in Figure 14. That study is the first showing quantitative evidence of the well-known
concept of ‘lamellar thickening” when a crystalline polymer is thermally annealed just below
its melting temperature. Tien et al. have also conducted the same evaluation under higher
pressure (5 and 50 MPa) [26].
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Figure 13. SAXS profiles for PEG/PDLLA blends with 100/0, 95/5 (DL5), 90/10 (DL10), and 80/20 (DL20) by weight. The
SAXS measurements were conducted in the heating process. Black dots are for the experimentally obtained SAXS profiles,
and red curves are the calculated SAXS profiles [22].
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Figure 14. Evaluated thickness distribution from the result shown in Figure 13 [22].

Jia et al. [27] have recently evaluated thickness distribution of the hard segment domains for
supramolecular elastomers (starblocks of soft polyisobutylene and hard oligo(f alanine) seg-
ments). The molecule is a novel type of supramolecule as schematically shown in Figure 15 where
the green chains are soft polyisobutylene. Due to the formation of the lamellar crystallites of oligo
(B alanine) segments, the specimen has rubber-like elasticity, that is, supramolecular self-assembly
leads the specimen to TPE. Since such lamellar crystallites can be hardly observed by TEM, the
SAXS measurement was conducted. The result is shown in Figure 16 with the evaluated thickness
distribution which is shown in the inset. Almost monodispersed distribution was evaluated with
the peak at L = 2.0 nm (inset of Figure 16), which is in good agreement with the size of the oligo
(p alanine) contour length. This case clearly demonstrates the significance of the SAXS technique.

Amorphous
phase

\\-_-* :._‘- -': ‘-,_: -..- -l T 3

Self-assembly ) 7/ e
Cwstm = !

domain

Figure 15. Schematic illustrations for supramolecular elastomers (starblocks of soft polyisobutylene and hard oligo(s-
alanine) segments) where the green chains are soft polyisobutylene [27].
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Figure 16. SAXS profile for the supramolecular elastomer schematically shown in Figure 15. Black dots are for the
experimentally obtained SAXS profile, and red curve is the calculated SAXS profile. The inset shows the evaluated
thickness distribution [27].

4.2. Spherical case

In this subsection, the size distribution of nanoparticles is described. Fujii et al. [28, 29] have
synthesized novel for sterically stabilized polypyrrole-palladium (PPy-Pd) nanocomposite
particles. Such a characteristic particle containing heavy element has recently been attracting
intensively general interests of researchers in many fields under the name of element-blocks
[30]. Figure 17 shows a TEM image of these particles with a schematic of the structure. The
ordinary 1D-SAXS profiles of 1, 2 and 3% aqueous dispersions of the nanocomposite particles
are shown together in Figure 18a as a plot of log[I(q)] versus log g. This plot clearly shows that
the shapes of the profiles are similar. When the curves are vertically shifted, all of the data
collapse onto a single curve (Figure 18b), suggesting that the nanocomposite particles are
dispersed in the aqueous medium without ordering into a lattice, at least up to a particle
concentration of 3%. Thus, the 1D-SAXS profile can be attributed directly to the particle
scattering (the form factor). Although the TEM results revealed that the nanocomposite parti-
cles are not spherical, a mathematical equation describing particle scattering is not available for
such an unusual shape of particles. Therefore, a spherical shape is assumed for simplicity. The
model particle scattering intensity, I(g), with a distribution of thicknesses can be given as:

I(q) = kZ[n(R)P(q)] (24)

The form factor, P(g), for spherical particles is given as:

P(g) = (4R’ /3)*[@(q)]’ (25)

and
@(q) = 3/(qR)’[sin (7R)—qR cos (R)] (26)
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Figure 17. (a) TEM image of sterically stabilized polypyrrole-palladium (PPy-Pd) nanocomposite particles, and (b) a
schematic of the structure [28].

In Eq. (24), k is a numerical constant and n(R) is the number fraction of spheres with a radius of
R, providing the size distribution of spheres. Attempts to fit a theoretical function given by
Eq. (24) to the measured 1D-SAXS profile assuming a Gauss or Schulz-Zimm-type distribution
for n(R) were unsuccessful. We then employed a protocol in which 7n(R) was directly determined
by fitting the calculated I(g) from Eq. (24) to the experimentally observed 1D-SAXS profile by the
same method as described above for the lamellar case. The best fit is shown in Figure 18a with
the dotted black curve for the 1D-SAXS profile (3% aqueous solution). The reason of using this
profile is because of being most intense and therefore the most reliable. Thus, the obtained
particle size distribution is shown in Figure 19, where the abundance is shown in the units of
vol%, which was calculated by the following equation from the number fraction n(R):
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Figure 18. (a) SAXS profiles of 1, 2, and 3% aqueous dispersions of the PPy-Pd nanocomposite particles as a plot of log
[1(9)] versus log gq. The best-fit curve is shown as a dotted black curve on the 1D-SAXS profile for the 3% aqueous solution
(most intense and therefore most reliable). (b) Master curve for the SAXS profile obtained by vertically shifting the three
1D-SAXS profiles in (a) (not shifted in g-axis direction) [28].

abundance (v0l%) = n(R)R®/Z[n(R)R%] x 100 (27)

Bimodal size distribution was clearly obtained with two peaks at approximately R =2.5 and 11.5
nm. It is recognized that smaller particles (assuming #n(R) with a single peak at approximately R =
2.5 nm) could explain the shape of the SAXS profile in the higher g range (see the broken curve in
Figure 18a), whereas larger ones (assuming n(R) with a single peak at approximately R = 11.5
nm) characterized the SAXS profile in the lower g range (see the dotted and broken curve). This
result does not indicate the real distribution of the PPy-Pd nanocomposite particles themselves,
but the additional abundance of tiny Pd nanoparticles existing in the nanocomposite particles.
These speculations are confirmed by TEM observations (Figure 17), indicating that the average
radius was approximately 16 nm with a unimodal distribution and by close examination of the
high-resolution TEM image (R = 2.7 nm; Figure 17). Thus, it was possible to evaluate not only the
size of “a bunch of grapes’ but also the size of all ‘grains of grapes in the bunch.’
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Figure 19. Evaluated particle size distribution based on the result shown in Figure 18 [28].

Kuroiwa et al. [31, 32] have synthesized novel amphiphilic N-isopropylacrylamide (NIPPAm)
oligomers with dodecyl groups and carboxyl groups, as shown in Figure 20a, by the RAFT
polymerization of NIPPAm with S-1-dodecyl-S’-(a,a’-dimethyl-a”- acetic acid) trithiocarbonate
(DTC). It was interestingly found that the DTC-NIPPAm oligomers form network aggregation
upon addition of Cu* ion in an aqueous solution, as revealed by TEM (Figure 20b for the dried
specimen from an aqueous solution of DTS-NIPPAm35 with Cu®* ions). It seems that the
network diameter is somewhat 30 nm or above. There is a possibility to consider that the
constitutive unit of the network should be a micelle as schematically illustrated in Figure 20c.
Since the TEM observation can be only conducted for the dried specimen, the resultant TEM
image might be quite different from the real structure in the aqueous media. In order to reveal
real structure in the aqueous media, the in situ SAXS measurement was performed at room
temperature. Then, the spherical model fitting was applied to the resultant SAXS profile. Fig-
ure 21 shows the SAXS profile with the model form factor. The experimentally obtained SAXS
curve (black curve) is available for 4 >0.06 nm™ and characteristic dent and hump are observed
around ¢ = 0.15 and 0.50 nm™, respectively. By assuming the spherical model, the calculated
SAXS profile (red curve) can perfectly fit to the experimental one as displayed in Figure 21. Thus,
evaluated discrete distribution of the radius is shown in Figure 22. Here, the main distribution is
found around 2-7 nm, implying the cores of the micelles. Because the core contains sulfur atoms,
the contrast is considered to be highest and therefore, the core can be the most intense scatterer.
This is the reason of observing majority in 2-7 nm in the distribution. This in turn implies that the
network aggregation comprises micelles, which can never be detected by TEM. Close examina-
tion of the resultant distribution revealed minor abundance around 17 and 21 nm. This agrees
well with the least radius of the network aggregation in the TEM observation, as mentioned
above. The same distribution is shown in the inset of Figure? with the logarithmic axis for the
abundance. Then, it is clear that not only the minor abundance around 17 and 21 nm, but many
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minor ones are discernible in the wide range from 17 to 58 nm. As a matter of fact, such big
spheres can be occasionally seen in the TEM image (Figure 20b). Thus, once again for this kind of
complicated aggregation, the method of evaluation of the discrete distribution of size from the
SAXS result is approved to be quite effective [33].

Figure 20. (a) Novel amphiphilic N-isopropylacrylamide (NIPPAm) oligomers with dodecyl groups and carboxyl groups.
(b) TEM micrograph for the dried specimen from an aqueous solution of DTS-NIPPAm35 with Cu®" ions. (c) Schematic
illustration of the micelle network [31, 32].

5. Concluding remarks

In this chapter, we focused on the form factor of a variety of nanostructures (spheres, prolates,
core-shell spheres, core-shell cylinders and lamellae). Also getting started with a mono-disperse
distribution of the size of the nanostructure, to unimodal distribution with a narrow standard
deviation or wide-spreading distribution and finally to the discrete distribution can be evaluated
by the computational parameter fitting to the experimentally obtained SAXS profile. In particu-
lar, for systems forming complicated aggregations, this methodology is useful. Not only the size
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Figure 21. SAXS profile for an aqueous solution of DTS-NIPPAm35 with Cu* ions with the model form factor. The black
curve is the experimentally obtained SAXS profile, and the red curve is the calculated SAXS profile [31, 32].
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Figure 22. Evaluated size distribution based on the result shown in Figure 21 [31, 32].

distribution of ‘a bunch of grapes” but also the size distribution of all ‘grains of grapes in the
bunch’ can be evaluated according to this methodology. This is very much contrasted to the case
of the DLS technique by which only ‘a bunch of grapes’ is analyzed but ‘grains of grapes in the
bunch’ cannot be. It is because the DLS technique in principle evaluates diffusion constants of
particles and all of the grains in the same bunch of grapes diffuse as a whole. Thus, the method-
ology is important to highlight versatility and diversity in real materials, especially in soft matter,
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both in the liquid and in the solid states. At present, however, the shape of the nanostructure is
limited in spherical or lamellar. On extending the methodology to the complicated structures
such as cylinder, prolate, oblate, or core-shell type, there are tremendous difficulties. For cylinder,
prolate, or oblate, difference in the degree of orientation of such particles spoils the methodology
such that the size distributions for two principal directions (height and radius for the cylinder
case/long axis radius and short axis radius for the prolate and oblate cases) cannot be uniquely
evaluated. As for core-shell type particles, the inner and outer radii couple to alter its form factor,
so that the size distributions for them cannot be uniquely evaluated either. As a matter of fact, the
size distribution is introduced with keeping constant of the ratio of the inner and outer radii for
the core-shell spheres [16]. Similarly, for the core-shell cylinders [20], the size distribution in the
core radius is incorporated, while the radial shell thickness is assumed to be monodisperse. For
more detailed structure analyses, more experimental variations are required to gather informa-
tion from different kinds of aspects, like the example shown in Figure 6a and b (parallel and
perpendicular to SD). These difficulties should be overcome.
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Abstract

The advances in nanotechnology have found application in different fields, such as food,
agriculture, materials, chemistry, and medicine. However, one of the most important
approaches is the development of nanocarriers and, in order to understand their
structural organization, different physicochemical techniques have been used. In
particular, small angle X-ray scattering (SAXS) and X-ray diffraction (XRD) have given
important contribution to the study of organization phase of nanocarriers such as
organic/inorganic nanoparticles, micelles, liposomes, cyclodextrins, polymers, and their
interaction with drugs and other bioactive molecules. In this chapter, we will present
theoretical aspects, experimental design, and the applications of both techniques for the
development of delivery systems for bioactive molecules.

Keywords: drug delivery, diffraction, small angle X-ray scattering

1. Introduction

The term nanocarriers have been used to describe colloidal systems (emulsions, nano-
spheres, nanoparticles, nanocapsules, liposomes, and micelles) and other compounds such
as natural, synthetic, organic, or inorganic materials (ceramic, bioglasses, organometallic
compounds, carbon or peptide nanotubes etc.) with dimensions smaller than 500 nm for
use as biomaterials, depots, implants, biosensors, vaccines, and biomarkers, in chromatog-
raphy separation, diagnosis or imaging, and drug delivery systems (DDS) for bioactive

I NT E C H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and reproduction in any medium, provided the original work is properly cited.
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compounds such as peptides, proteins, oligonucleotides, nucleic acids, etc., as shown in
Figure 1. Those carrier systems can be formulated into various preparations including
suspensions, emulsions, capsules, tablets, gels, creams, and ointments for parenteral, oral,
or topical use [1].

Ceramic Cerasomes
Canine parvovirus Carbon magnetic nanoparticles

nanoparticles !
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Low-density nanoparticles iy
lipoprotein Rz o
e LD === 5 .k 4\\
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it droplet
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Membrane

Nanotubes Nanovesicles

Figure 1. Examples of several drug delivery systems [2-20].

The development of new biomaterials, drug delivery systems (DDS), and modified release
pharmaceutical formulations have allowed the modulation of physicochemical and biophar-
maceutical properties of the several molecules, enhancing their therapeutic effects and
promoting their clinical use. The different drug carriers described in the literature presented
results specifically for molecules with limited aqueous or lipid solubility, low bioavailability,
low stability, and high local or systemic toxicity [21].

The aim is the encapsulation of the bioactive molecule on a specific carrier destined to deliver
it at a controlled rate over a prolonged period. The advantages of some DDS, such as nano-
particles, are their high circulation-residence time and drug bioavailability with enhanced
therapeutic efficiency.

Despite several studies that report the physicochemical and biological applications of these
nanocarriers, few studies have presented a relationship between their applications and
structural aspects. In this chapter, our aim is to describe the basic concepts about X-ray
scattering and its application for structural analysis of drug delivery systems.
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This chapter explains the basic concepts of X-ray scattering and its applications in drug delivery
systems. The basic equations for converting information obtained during the measurements
in structural parameters of the object are also presented. We shall restrict ourselves to coherent
and elastic small-angle X-ray scattering (SAXS), which is used in structural studies of soft
condensed matter and in the X-ray diffraction (XRD) technique.

2. SAXS: small angle scattering technique

2.1. Introduction

Among drug delivery systems (DDS), carriers such as liposomes, micelles, hydrogels, and
several kinds of hybrid organic-inorganic nanoparticles [22] can be found. For an effective or
stable carrier, the colloidal size, which goes approximately from 1 nm to 1 pm, is an important
criterion to select the delivery system that can permeate tissues, circulate with body fluids, or
interact with cell membranes. Therefore, the structure is directly correlated with each function
and the structural characterization of colloidal systems is in the range of the electron micro-
scopy and X-ray scattering. In this study, we are going to discuss about small angle X-ray
scattering (SAXS).

Unlike many other characterization techniques, the success of the SAXS study will highly
depend on the prior knowledge available about the system. It means that one has to study
thoroughly the sample preparation history, particle morphology, size distribution, aging
stability, etc., before proposing SAXS method. The size distribution in the range of some
hundreds of nm can be characterized by dynamic light scattering (DLS) [23] and the results
can give a hint about agglomeration of the colloidal system that can favor polydispersity, which
causes trouble in the resolution of the scattering signal in some cases. Mapping the aging
stability is a crucial task in colloidal studies in order to have a fair referential for comparing a
series of samples. Aging of colloidal systems can promote agglomeration or crystallization or
even degradation and for each case, there will be a different scattering pattern. Morphology,
studied using electron microscopy, prior to SAXS measurements, promotes an easier startup
on the SAXS modeling and simulation. Fragile organic colloidal systems are better visualized
through cryo-TEM (transmission electron microscopy) or cryofracture microscopy [24]. It is
also import to know about the surface electric charges of the particles, through Zeta potential
measurements [25], prior to SAXS measurements in order to facilitate the understanding of
the interaction among all the sample constituents, which helps to build the most likely model
structure to simulate the scattering intensity.

The SAXS technique is a nondestructive method and the experiment of scattering is relatively
simple and fast. All the hard work will be charged on the treatment and analysis of the acquired
data. Measurements taken for few days in a synchrotron lab will be enough for one whole year
of analyzing data. Thus, the more you know about the system prior to the measurements, the
more precise will be the experiment and the earlier you will be compensated by the information
that can be determined through SAXS study.
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2.2. Elements of SAXS theory

There are several good references for studying basic SAXS theory; the most popular is the book
of Glatter and Kratky [26]. For amphiphilic systems, it is worth to check the article, also from
Glatter, published in 1991 [27]; the work from Kratky on biological macromolecules, including
some aspects from neutron scattering [28]; and more recent studies from our collaborators
Trevisan et al. [29], showing the SAXS analysis for an example of modified liposomes after
shearing preparation process, published in 2011; and the article of Oliveira et al. showing an
efficient method to model and simulate SAXS intensity from unilamellar and multilamellar
liposomes [30].

The SAXS technique comes from the fact that X-rays can interact with the electrons of the
materials. When X-rays strike any matter, part of the energy is absorbed or transmitted.
However, the part of the energy that is interesting for this technique is the one that scatters
elastically (conserving the original frequency) depending on the structure of the material. The
word “scattering” is already explaining everything about the method: instead of passing
through the material, some photons are deviated (scattered) after the interaction with the
electrons. The angle between the original direction of the photons and the deviation is called
the scattering angle. The structure dimensions of the colloids are in the very size limits of the
SAXS technique. The bigger the scattering objects, the smaller will be the scattering angle; this
is the reason for calling this technique “small angle” scattering in contrast with the “wide
angle” scattering used to study atomic distances.

The aim of the method is to study the scattering angle, or the scattering vector g, in order to
learn the characteristics of the object that caused the scattering. In this technique, the object is
just a bunch of electrons with some structure. SAXS will give knowledge of the electronic
density of the material and its spatial organization.

After X-rays strike the sample, the amplitude A(E)) of the scattered wave in the direction of the

scattering vector q is represented by the expression:
A@) = p(Pe~'1" (1)

where p(7) is the average electronic density of the system and 7 is the position of one atom
of the material. The total amplitude scattered by all atoms of the material will be represented
by the following expression:

F(q) = J p(@e 4T dr 2

which one can recognize as the Fourier transformation of the electronic density. The inverse
Fourier transformation would yield the electronic density of the material, which is the very
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subject of the study. But the SAXS experiment provides only the intensity of the scattered wave,
which is the square modulus of the amplitude of the wave:

I1(@) = IF@I* ©
Extracting the electronic density of the material from the intensity I (?) isnot a straight forward
task like the inverse Fourier transformation; it does not give a unique solution because we lost
information of the phase of the wave when we squared the modulus; and that is why we need
the support of the complementary techniques to find a reasonable model for the electronic
density of the material.

On calculating the square modulus of the wave amplitude of Eq. (3), it could be understood
that the expression of the intensity will be dependent not only on the electronic density of one
point of the structure, but there will be a crossing term indicating that the intensity is the sum
over the pair distance distribution function (PDDF) of the system, which expresses a contrast
of the electronic density. This aspect is better explained with some examples of colloidal
systems that naturally have this contrast of electronic density, for example, the contrast of
electrons in proteins and the solution in which they are embedded; or liposomes and the buffer
where they are dispersed; or even the contrast between the hydrogels and the pores that they
form.

As the interaction with electrons is the origin of the phenomenon, the more electrons the
materials have, the higher will be the intensity of the SAXS signal. Organic molecules have low
electronic density compared to inorganic materials, so the signal is weak and the experiment
need high brilliance sources like synchrotron facilities or lab equipment with enhanced optics
for the best performance.

2.3. Experiment
The routine of the experiment is as follows:

Data acquirement: a sample is kept in front of the X-ray source and the scattering intensity
at all angles is collected by a detector. Several facilities are prepared with special sample
holders, environment conditions, in situ parallel techniques, and efficient detectors, as shown
in Figure 2.

Data treatment: the scattering curve is recovered after data treatment which removes the
background scattering caused by possible air gaps, windows, slits, or other parts of the
instrumentation. Vacuum chambers are strategically placed to remove air gaps and light
materials as beryllium, mica, and polymer films are used as windows to minimize spurious
scattering.

Modeling: from the results of complementary techniques the parameters such as particle size,
interaction among compounds, crystallization, polydispersity, etc., will help to build a model
for the scattering object. For example, one can take a vesicle as a core of water surrounded by
lipid bilayers and this model is known as core-shell structure. The size of the core and shell,
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as well as the shape of objects interacting with this core-shell phase or the particles that can
exist dissolved or crystallized in water, will all be a part of the model. There are several known
models to start the approach of the scattering object, for instance, hard or hollow spheres,
cylinders or other shapes, and also combined models for polydispersed systems. The scattering
of these objects are called form factor scattering in contrast with structure factor, which is
related to the periodicity of the shapes that can exist in some systems, for example, in multi-
layered liposomes.

Laboratoy SAXS equipment Synchrotron beamlines

= T -

" | "
= o1 K ——
- B0

1_.“
I

Sample holder

Figure 2. (a) Laboratory SAXS equipment or Synchrotron SAXS beamline can be used to characterize drug delivery
systems. (b) Sample holder pictures; (c) some results from poloxamer systems used as drug delivery systems obtained
using the SAXS technique [31].

Simulation: after having a model one can calculate the scattering intensity of the model, which
is easier if done by computing programs. There are several software tools on the market for
SAXS analysis that offer ready-to-use form factors like the ones that we commented before:
hard spheres, core-shell, etc. Some software tools even offer possibilities to build your own
form factor, considering more complex models.

Fitting: the final step is to compare the simulated scattering intensity with the experimental
data. If they fit together, this is the end of the process and one can assume that the chosen
model is a reasonable structure supported by all experimental results, not only SAXS, but
everything else that helped to build the model. If the simulation does not fit the experimental
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data, one can make adjustments on the model, make another simulation and compare again
until it fits as good as they want.

In the study of Brzustowicz and Brunger [32], they used a model of hard spheres to fit the
dispersion of stearoyloleoyl phosphatidylserine (SOPS) micelles in buffer. This study used a
monodisperse micelle sample with the main purpose to propose a different approach for
analyzing lipid bilayer SAXS data. The graph of Figure 3 of that paper shows a perfect fitting
between calculated and experimental data. The results were good to determine the size of the
inner core of the liposome and the electronic density profile across the membrane.

A successful SAXS analysis was reported in the work of some collaborators Gasperini et al. [33]
after Balbino et al. [34]. In both cases, a biopolymer was inserted in liposome dispersions,
hyaluronic acid (HA), and DNA, respectively. The results indicate that there are similarities at
low concentration of incorporation of polymer inside the liposome dispersion. The negatively
charged polymers bonded together neighbor unilamellar cationic liposomes like an electro-
static plastic glue. At higher concentrations of polymer, one can observe distinct behavior for
these two biopolymers: DNA succeeded to disrupt the lipid membrane promoting the
organization of multilamellar liposomes; and HA was able to coat individual unilamellar
liposomes stabilizing the dispersion.

The SAXS analysis of these two studies, together with the results of the complementary
techniques, was able to reveal all these details. For this, the liposome preparation was carefully
controlled to have minimum polydispersity and the systems were studied strictly under the
aging stability period. Several methods were used as complementary techniques such as DLS,
zeta potential, TEM, cryo-TEM, and chromatography to help build the structure model to
calculate the simulated scattering to be compared to the SAXS experimental data. Reasoning
aspects were considered to minimize fitting parameters to increase the reliability of the results.

For other nanocarriers, such as thermosensitive poloxamer (or Pluronics® -PL)-based micelles
and hydrogels (see Figure 3), SAXS technique have presented important contributions for
understanding the structural changes after the incorporation of drugs/carriers or the formation
of systems composed of PL with different hydrophilic-lipophilic balance (HLB).

SAXS studies have reported the formation of wormlike micelles for PL-P84 [35]; the gelation
mechanisms and micelle packing under hexagonal and body-centered cubic phases for PL-P85
and PL-F88, respectively. However, for the PL-F88/PL-P85 mixture, the destabilization of the
hexagonal phase after PL-F88 addition [36], a PL with higher HLB (28) compared to PL-P85
(16) was observed [37]. Other authors also reported SAXS analysis for PL-based binary
hydrogels (PL concentrations ranging from 20 to 30% m/v) with different HLB values, such as
PL-F127/PL-F68 [38] and PL-F127/PL-L81 [39], being observed in the formation of a hexagonal
phase at physiological temperature and their purpose as sumatriptan and ropivacaine delivery
systems for application by infiltrative routes. However, for fluid systems (with PL concentra-
tions lower than 18% m/v) the binary micelles composed of PL-F127/PL-L81 presented a
lamellar phase structural organization, even after the incorporation of the drug chlorproma-
zine [40].
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Figure 3. Example of successful SAXS analysis of a drug delivery system based on poloxamers (a) poloxamer without
drug; (b) poloxamer with sumatriptane (SMT).

In fact, the drug incorporation of PL-based systems, studied by SAXS, has been highlighted in
the literature. In a recent work, Avachat and Parpani [41] described the formulation of liquid
crystal nanoparticles for efavirenz oral delivery. The study showed the formation of cubos-
somes after the incorporation of PL-F127 and phytantriol, a cosmetic ingredient. Chen et al.
[42] studied the acetaminophen and bifonazole crystallization mechanism within polyethylene
glycol (PEG), polypropylene glycol (PPG), and PL-F127 matrices, observing an improvement
of crystallization rate for both drugs.

Another innovative approach relates to the combination of different carrier systems (natural
and synthetic, for example) that perform different functions, usually synergistic, in the same
pharmaceutical formulation. These new carriers, hybrid systems, can provide (in combination)
levels of structural organization and different biopharmaceutical properties of the individual
carriers, being used as a strategy to overcome limitations in relation to the physicochemical
properties (such as aqueous solubility), pharmacokinetic (control local absorption and/or
uptake to the bloodstream), pharmacodynamic (increased drug duration of action) or toxico-
logical properties (improvement in biocompatibility, reduced local and systemic toxicity) [43,
44]. In this sense, the interactions and the structural patterns formed between PL and cyclo-
dextrins, inorganic nanoparticles, and natural or synthetic polymers have been described in
the literature.
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SAXS studies revealed a face-centered cubic phase for PL-F127 hydrogels (30 wt%) after
interaction with PEG 6000 or PEG 35000 and polyvinylpirrolidone [45]. On the other hand, the
PL supramolecular structure was destabilized after incorporation of Fe;O, nanoparticles into
PL-F108 hydrogels, showing that the thermogelation is due to the clustering of nanoparticles
into a fractal network [46]. In a different manner, a cubic symmetry was observed by SAXS
characterization of the systems composed of ordered mesoporous silica nanoparticles in PL-
F127 hydrogels [47].

For other nanocarriers, such as cyclodextrins (CD), different structural arrangements have
been described, being also related to the delivery capability of those systems. Simdes et al. [48]
reported the development of a syringeable hydrogel composed of PL-F127 and «-CD for the
delivery of vancomycin. In others reports, the incorporation of a-CD, studied by SAXS, showed
a significant change on gelation behavior of PL-F68 and PL-F127 due to the formation of
polypseudorotaxane (interaction of the hydrophobic PL unimers with the hydrophobic cavity
of CDs, stabilized by noncovalent bonds, van der Waals forces, and interactions between the
hydroxyl groups of adjacent CDs and hydrophilic polyethylene glycol polymer unimers)
supramolecular complexes, in a similar manner observed in the interaction between 3-CD and
PL-F108 [49, 50].

3. X-ray diffraction

3.1. Introduction

One of the biggest challenges of the pharmaceutical science is to understand how the drugs
interact with the cells in the body. This study is directly linked to physical and chemical
properties of the drugs and the drug delivery systems. Therefore, it is important and necessary
to use appropriate techniques for characterization, suitable for the development and improve-
ment of the efficacy of the drugs.

For this reason, X-ray diffraction techniques stands out amongst several characterization
techniques to distinguish the solid forms, like salt, polymorphs, solvates and cocrystal, and
amorphous forms. X-ray diffraction provides information about the long ordering crystalline
samples and also short ordering in vitreous or amorphous materials. This technique helps to
relate the X-ray diffraction patterns with the structural ordering or disordering in materials
science. It is worth to note that there is a clear difference between the crystalline materials, and
amorphous and vitreous materials when observed via X-ray diffractometer. In the X-ray
diffraction pattern for crystalline materials, several sharp peaks can be observed. On the other
hand, for vitreous or amorphous materials the diffraction pattern display typically three or
less halos (large peaks).

In 1999, Wunderlich [51] proposed a classification system based on the structural ordering and
molecular packing present in the organic forms using three ordering parameters: translation,
orientation, and conformation, as summarized in Table 1.

143



144 X-ray Scattering

Solid form Translation Conformation Orientation
Crystal Long order Long order Long order
Condis Crystal Long order Short order Long order
Plastic Crystal Long order Short order Short order
Liquid Crystal Short order Short order Long order
Vitreous or amorphous Short order Short order Short order

Table 1. Classification system of solid forms as described by Wunderlich [51].

Solid-form crystals with a long ordering structure can be indexed characterized using X-ray
powder diffraction technique (XRPD) due to its unique combination of order parameters.
Although the solid forms of amorphous and vitreous materials do not exhibit any long
ordering structure, they can be identified and characterized by their local molecular (short)
ordering.

Some applications of X-ray diffraction techniques used to analyze the properties of the solid
state of the drugs are: (1) characterizing the ordering in the active pharmacological ingredient
(API); (2) identifying the existence forms in the API; (3) determining the solid form of API in
the final drug product; (4) determining the physical and chemical stabilities; (5) identifying
the components existing in the drug product; (6) detecting impurities or contaminants in the
drug product; (7) monitoring changes in the sold form of the drug due to the fabrication; and
(8) analyzing quantitatively and qualitatively the final drug product.

Based on the sensitivity of the technique to the ordering of structure, with appropriate data
obtained from XRPD, it is possible to determine the structure of the solid forms and also the
packing of the molecules in the solid. This information contributes significantly in the under-
standing of the chemical content in the solid state of the drug. Moreover, it is also important
from the regulatory perspective.

3.2. Elements of diffraction theory

The X-ray diffraction technique measures the X-ray photons after the collision with the
electronic cloud of the sample that changes the photon trajectory, though keeping the same
phase and energy of the incoming photon. This is the key concept of the coherent elastic
scattering process.

In organic samples, there are some specific facts that must be considered:

1. The application of a mathematical simplification known as first Born approximation is
important and useful in the explanation of the X-ray diffraction process.

2. As expected, the interaction of the solid forms in the organic samples with incoming X-
ray beam is weak and the amplitude of the multiple radiation scattering is almost
negligible when compared to the simple radiation scattering.
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3. In the presence of crystal defects, grain boundary or disordering systems, the multiple
radiation scattering become even less significant.

Based on these considerations and their limits, we can model the process of diffraction as a
Fourier transform of the electronic density inside the sample.

While each atom is considered a specific source of scattering process, the molecules can also
be reduced to specific sources of scattering, considering that the distribution of the electronic
density of a collective set of atoms is the sum of electronic density distribution attributed to
centralized atoms individually.

Although the atoms in a molecule are not necessary the same as the free atoms, they are
frequently considered as being free atoms. In this way, the ordering of the specific centers of
scattering in the real space produces a group of diffraction events in the reciprocal space that
corresponds to the intensity of the peaks.

A d spacing between the punctual centers (molecules) in the real space corresponds to a peak

of the %r spacing in the reciprocal space (also called Q-space).

As the Fourier transform can be applied in any molecular translational ordering that exists
inside a solid form, the diffracted peak positions can be expressed in terms of d-space, Q-space
or, more common, in 26.

In order to cause a constructive interference of the scattered waves, it is necessary that the
Bragg's law be obeyed. The Bragg's law relates the X-ray scattering angle 0 with the d -spacing
parameter, as shown in Figure 4.

Figure 4. Representation of a simple periodic array of an organic molecule with a single orientation and conformation.
The molecules are periodic, separated by a constant spacing d.

nA = 2dsin@ 4)
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where A is wavelength of the incident radiation; n is an integer number; d is interplanar distance
to a set of hikl planes of the crystalline structure; 0 is X-ray incident angle, as shown in Figure 5.
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Figure 5. Schematic representaion of the Bragg's law for the X-ray diffraction.

The samples analyzed by the X-ray diffraction technique can be in the powder form or solid
with plane surfaces.

Analyzing the diffractogram of a polycrystalline sample, we verify that the peaks related to
different set of planes show different intensities. If we build a diffractogram using just
geometric aspects (Bragg's law), we will expect that all the peaks display the same intensity
since all of them are subjected to constructive interference.

However, there are several physical aspects that influence the intensity of the peaks in a
diffractogram, such as:

* Atomic scattering factor (this value indicates how an atom can scatter to a certain angle in
a certain wavelength).

* Structure factor (quotient of amplitudes of scattered waves by all the atoms in a unit cell and
the amplitude of the scattered wave by on electron).

* Multiplicity factor (there are planes that, for having the same interplanar distance, scatter
to the same peak. This is the case, for instance, of 100, 010, and 001 planes in a cubic cell.
Adding also the planes, gith -1 instead of 1, we have in total six planes contributing to the
same peak, implying in a factor of multiplicity 6).
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In order to get the expression for the intensity, we need three more correction factors: (a)
Lorentz factor, (b) polarization factor, and (c) temperature factor. The first two are related to
the geometric corrections that affect the diffracted intensity. Finally, the last one is related to
temperature process that can cause shift in the position of the peaks, decreasing the intensity
of the peaks and increasing the background.

A more complete explanation of the expression for the intensity and the factor that affects the
intensity can be found in the reference of this chapter [52-57].

3.3. Experiment

The optics and the instrumentation used in the X-ray diffraction technique are directly related
to the type of the X-ray source. However, we can define three generic elements: X-ray source,
sample (including here the sample holder and sample environment, such as furnaces and
cryostat), and detector.

An optimized experiment has as premise the following three conditions:
* Suitable X-ray source with efficient beam conditioning.

* A sample properly prepared, an optimized sample holder with low background and
minimum influence in the measurement, and an appropriated sample environment that
allows a stabilization of the sample in certain conditions as for example, temperature.

* Optimized detection systems (with or without optics to reduce background and to focus the
scattered beam in order to improve the signal to noise ratio).

3.3.1. Experimental procedures of X-ray diffraction

The diffractograms show the diffracted intensities as a function of experimental parameter
20 (angle between the diffracted and undeviated X-ray waves). The intensity is typically
expressed in counts or counts per seconds while the peaks are listed as positions in degrees or
in d -spacing (measured in A or nm).

3.4. Crystalline materials

For materials with long ordering structure (crystalline materials) the diffractograms show
sharp peaks, which the shape and the width depend on the instrument geometry where the
data were collected. In Figure 6, we display an example of a diffractogram of a drug delivery
system, [3-cyclodextrin. The measurements were performed in a conventional diffractometer
with Cu radiation, and, it was possible to perform a Rietveld refinement to obtain the final
structure (as shown in the insert of Figure 6).

The range of the measurement for crystalline materials depends on the aim of the study. For
example, when we study big molecules (for instance, biological samples), it is beneficial to
measure at low angles, allowed by the geometry of the instrument (approximately 0.5° can be
reached in a typical laboratory configuration in modern instruments or less than 0.5° using
synchrotron sources).
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Figure 6. Diffractogram of crystalline B-cyclodextrin measured in a conventional diffractometer using Cu radiation. Al-
so, Rietveld refinement was performed in order to obtain the crystal structure.

The time for collecting the data varies according to the application, for example, to study
polymorphism in drugs. Good diffraction patterns of the crystalline material, using conven-
tional X-ray instruments can be obtained in the range of 2-10 min per step. In configurations
that use high efficiency X-ray sources (synchrotron) to samples mounted in a planar configu-
ration, the collected time can be less than 1 min. The X-ray diffraction technique that is typically
nondestructive (if the flux of X-ray is too high, we can observe the radiation damage effect that
can affect the sample), needs 2-20 mg of sample, depending on the configuration geometry of
the instrument and the application.

The quality of the sample and its correct preparation in order to perform the XRPD experiment
influences significantly in the characterization or identification of the crystalline material. We
can cite two factors related to the preparation of the sample that can affect the results:

1. Orientation of the crystallites: ideal sample has a big number of random oriented crystal-
lites.

2. Statistics of particles orientation: the reproducibility of an X-ray pattern depends on the
statistic of the particles orientation when the preferred orientation limits the degree in
which the pattern represents the structure.

For these reasons, one must evaluate the statistics of the particle orientation and the degree of
the preferred orientation before starting the identification and analysis.

The effect of the preferred orientation of the crystallites in a sample can be observed as the
increase in the intensity on some of the peaks and the decrease in the intensity on others. The



X-Ray Scattering Techniques Applied in the Development of Drug Delivery Systems
http://dx.doi.org/10.5772/65326

variation of the intensity is proportional to the degree of preferred orientation. In some cases,
the sample holder geometries of the diffractometer can also generate different set of relative
intensities.

Using samples that show a relatively small number of crystallites results in a diffractogram
with poor statistics. If the small population of the big crystallites does not represent all the
possible orientations, the relative intensities will not be reproducible.

The effect of the preferred orientation on the particle orientation can be minimized by spinning
the sample holder.

3.5. Amorphous materials

Amorphous materials (disorder, vitreous or amorphous materials) have characteristic
diffractograms with large halos and do not show sharp peaks in the XRPD patterns. Figure 7(c)
and (d) displays examples of a typical diffractogram of an amorphous material.

However, using suitable computational methods it is possible to extract structural information
from this X-ray diffraction patterns. In this case, it is necessary a large angular range, typically
from 1 to 100° in 20. Besides, the time to collect the data must be longer than the frequently
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Figure 7. (a) Diffractogram of bupivacaine (BPV); (b) a physical mixture of BPV and HP-f-cyclodextrin; (c) complex of
BPV and HP-B-cyclodextrin and (d) diffractogram of HP-B-cyclodextrin. Observe the amorphous diffractogram of the
drug delivery systems, HP-f3-cyclodextrin and the complex (drug delivery with drug).
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used in conventional diffraction, due to the signal-noise ratio in an amorphous X-ray pattern
be typically poor.

In order to obtain a good diffractogram through the X-ray diffraction technique for amorphous
samples, usually one needs 5-100 mg of the samples, depending on the geometry of the
instrument.

XRPD patterns, for crystalline materials or for amorphous materials, contain artifacts from the
instrument, for example, background functions from the instrument, fingerprints from the
sample holder, incoherent scattering (Compton), polarization and Lorenz effects, and air
scattering. A relatively small pattern generated from the samples means that these artifacts
represent a portion bigger of the overall diffracted intensity. Therefore, computational methods
used to analyze amorphous materials are more sensitive to experimental artifacts.

3.6. Instrumentation

X-ray diffraction instrument used typically in conventional laboratories consists in three parts:
(1) X-ray source; (2) sample holder, and (3) detector system.

There are several X-ray sources that it can be possible to use in a conventional laboratory, but
the most common is the copper source (Cu). Slits and optics are used to focus the X-ray incident
beam in the sample and also, the X-ray diffracted waves scattered from the sample into the X-
ray detector. In order to minimize artifacts from the sample (mentioned before), usually, the
sample holder is spinning. The X-ray detectors can be punctual, linear or area. The detector
area has the advantage of being fast in the data acquisition and also makes it possible to
evaluate the statistics of the particle orientation and preferred orientation of the samples,
through the analysis of the Debye rings in the detector.

Synchrotron sources can be used to measure special systems in order to collect high quality
data.

Diffractometers can be operated typically in reflection (Bragg-Brentano) or transmission
(Debye-Scherrer). In the reflection setup, the incident beam is reflected from the surface of the
sample and the scattered beam is focused into the detector.

The X-ray penetrates several layers below the surface in organic samples. This means that the
average diffracted surface is located below the surface of the sample. This penetration effect
can yield to an error of a displacement of the peak positions in the diffraction pattern of the
tenth of a degree

Errors caused by the displacement of the peaks happen due to the difficulty in the preparation
of the sample in the sample holder (Figure 8(b)). The surface of the sample must be leveled
with the surface of the flat sample holder (where the instrument is focused). Although
computational methods can be used to correct the position of the peaks, the proper preparation
of the sample is the only solution to solve this problem.
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Figure 8. (a) Laboratory XRPD equipment or Synchrotron XRPD beamline can be used to characterize drug delivery
systems and drugs; (b) preparation of samples; (c) some results from a biological material, L-methionine, measured at
XRPD synchrotron beamline. Also observed the Rietveld refinement and the possible structure of the sample.

Usually measurement at low angles (below 2.5° in 20) is not appropriate due to the limitation
of the instrument used mainly for big molecules, where it is expected to find reflections in the
range from 0 to 2.5°. Measurements using the transmission setup can solve this limitation,
when the instrument is properly set. In the transmission setup the X-ray incident beam pass
through the sample. This configuration is possible for organic samples due to its relative
transparence for X-rays. In this case, the sample does not need to be leveled with the sample
holder surface, but the thickness of the sample is important and can cause errors in the
displacement of the peaks. Besides, it is essential in this configuration that the sample holder
is transparent to X-rays. In the case of amorphous materials, it is necessary an extra effort to
operate the instrument in order to improve the quality of the data.
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