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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
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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].

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 µm, 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 � , 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 � �  of the scattered wave in the direction of the

scattering vector �  is represented by the expression:

(1)

where �(� ) is the average electronic density of the system and �  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:

(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:

(3)

Extracting the electronic density of the material from the intensity � �  is not 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.

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 Fe3O4 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. Simões et al. [48]
reported the development of a syringeable hydrogel composed of PL‐F127 and α‐CD for the
delivery of vancomycin. In others reports, the incorporation of α‐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 β‐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.
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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 2��  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 2θ.

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 θ 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.

(4)
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where λ is wavelength of the incident radiation; n is an integer number; d is interplanar distance
to a set of hkl planes of the crystalline structure; θ is X‐ray incident angle, as shown in Figure 5.

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, qith −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
2θ (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 Å 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, β‐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 β‐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 Scattering148



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 2θ. Besides, the time to collect the data must be longer than the frequently

Figure 7. (a) Diffractogram of bupivacaine (BPV); (b) a physical mixture of BPV and HP‐β‐cyclodextrin; (c) complex of
BPV and HP‐β‐cyclodextrin and (d) diffractogram of HP‐β‐cyclodextrin. Observe the amorphous diffractogram of the
drug delivery systems, HP‐β‐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 2θ) 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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