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Abstract: Pharmaceutical design has enabled important advances in the prevention, treatment,
and diagnosis of diseases. The use of nanotechnology to optimize the delivery of drugs and
diagnostic molecules is increasingly receiving attention due to the enhanced efficiency provided
by these systems. Understanding the structures of nanocarriers is crucial in elucidating their
physical and chemical properties, which greatly influence their behavior in the body at both
the molecular and systemic levels. This review was conducted to describe the principles and
characteristics of techniques commonly used to elucidate the structures of nanocarriers, with
consideration of their size, morphology, surface charge, porosity, crystalline arrangement, and
phase. These techniques include X-ray diffraction, small-angle X-ray scattering, dynamic light
scattering, zeta potential, polarized light microscopy, transmission electron microscopy, scan-
ning electron microcopy, and porosimetry. Moreover, we describe some of the commonly used
nanocarriers (liquid crystals, metal-organic frameworks, silica nanospheres, liposomes, solid
lipid nanoparticles, and micelles) and the main aspects of their structures.
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Introduction

Recent years have seen increasing research interest in the development of new drug
delivery systems that are based on nanoparticles with dimensions ranging from 1 to
1,000 nm." Compared to conventional drug delivery systems, the use of nanoparticles
for drug delivery offers advantages, including high stability, specificity in relation to the
target, and the capacity to deliver both hydrophilic and hydrophobic drug molecules.
Materials with nanometric dimensions have distinct physicochemical properties in terms
of size, surface properties, shape, composition, molecular weight, purity, stability, and
solubility, which are crucial determinants of their physiological behavior. A rigorous
approach to the characterization of nanomaterials is essential to ensure quality and safety,
and to enable the rational development of nanomedicines. Some examples of nanoma-
terials include liquid crystals, metal-organic frameworks (MOFs), silica nanospheres,
liposomes, solid lipid nanoparticles, and micelles.? Structures of liposomes, micelles,
silica nanoparticles, and MOFs are shown in Figure 1A-D, respectively.

Due to the physicochemical peculiarities of nanometric drug carriers, it is very
important to understand how their characteristics affect their in vivo distribution and
behavior. Therefore, it is necessary to identify suitable reliable and robust techniques
that can be used for this purpose.? Methods most commonly used to evaluate the
structural aspects of nanocarriers are X-ray diffraction (XRD), small-angle X-ray
scattering (SAXS), dynamic light scattering, zeta potential, polarized light microscopy,
transmission electron microscopy, scanning electron microscopy, and porosimetry.
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Figure | Schematic nanocarrier structures: (A) liposome, (B) micelle, (C) silica nanoparticles, and (D) metal-organic framework.

These techniques can be used to determine the size, surface
properties, shape, composition, purity, stability, and disper-
sion state of nanometric systems.

Table 1°*"* summarizes some of the main characteriza-
tion techniques, specific parameters detected by each one,
and nanocarriers that can be characterized by them. In this
review, we briefly describe the principles of some of these
characterization techniques applied to nanocarriers, examin-
ing some of the advantages of different methods.

Physical and chemical techniques
for characterization of drug
nanocarriers

X-ray scattering

X-ray scattering is a powerful technique where by different
structural information can be obtained according to the length scale
used: 1) wide-angle X-ray scattering (WAXS) explores angles

greater than 10° and provides information about the structure at
an atomic scale (from ~1 to 10 A); 2) SAXS detects radiation at
angles between 0.1° and 10° and describes the organization of
the sample in a range from ~10 to 1,000 A; 3) ultra-small-angle
X-ray scattering (USAXS) employs ultra-small angles between
0.001° and 0.1° and probes structures >1,000 A."* XRD is a
type of WAXS, also called wide X-ray diffraction (WXRD),
where Bragg peaks (diffraction peaks) are produced as a func-
tion of the scattering angle (discussed further in the “X-ray
diffraction” section). Figure 2 presents a schematic illustration
of the mechanism of X-ray penetration into the sample and the
scattering regimes (WAXS, SAXS, and USAXS), indicating
the scattering angles employed by each method.

X-ray diffraction
XRD can be used to analyze crystal or polycrystalline materi-
als. In this technique, the sample is exposed to a collimated
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Table | Techniques for assessment of the physicochemical characteristics of some nanocarriers

Characterization technique and parameters analyzed

Nanocarriers assessed

References

X-ray diffraction: crystallite size, crystallinity degree and
orientation, crystalline phase, and chemical composition
Small-angle X-ray scattering: particle size and shape, spatial
distribution of particles in a medium, particle interactions,
inter-atomic distances

Dynamic light scattering: particle size and size distribution
Zeta potential: surface charge

Crossed polarized light microscopy: anisotropy

Scanning electron microscopy: particle size and size
distribution, structure/shape, stability, identification of
elemental composition

Transmission electron microscopy: particle size, size
distribution, structure/shape, stability

Porosimetry: pore size, surface area, pore volume

Crystalline nanocarriers (eg, mesoporous
materials, crystalline lipid nanoparticles)
Liquid crystals, liposomes, micelles,
mesoporous materials

Liposomes, solid lipid nanoparticles, micelles
Liposomes, solid lipid nanoparticles, micelles
Liquid crystals

Micelles, mesoporous materials

Liposomes, solid lipid nanoparticles, micelles,
mesoporous materials
Mesoporous materials

Aznar et al;®> Dong and
Boyd*

Chang et al;> Wen et al;®
Yaghmur and Glatter’

Bae et al;® Liu et al’
Bae et al;® Wen et al®
Gaisin et al'®
Andrade et al;"'

Liu et al;’ Yang et al'?

Bae et al;® Chen and
Zhu;"® Wen et alé
Aznar et al;® Chang
et al;® Yang et al'?

X-ray beam, with detection of the type and intensity of scatter-
ing by stacked parallel atomic planes of the sample, at specific
angles. Characteristics of the scattered X-rays indicate the
arrangement of the crystalline material, using Bragg’s Law:
2d sinf=nA, where n is an integer, 1 is the wavelength, 0is the
scattering angle, and d is the interplanar distance. According to
Bragg’s law, at a determined wavelength, the scattering angle
is inversely proportional to the interplanar distance.*!*

XRD can be used to identify the type of crystalline
phase, crystallinity degree and orientation, chemical nature
of the compound (in comparison to a known standard), and
size of the crystallites. Sharp and broad diffraction peaks
are observed for crystalline and amorphous materials,
respectively, with smaller crystallites producing broader
diffraction peaks.' If it is assumed that peak broadening is
essentially due to size effects, the average nanocrystallite
size can be evaluated using the Debye—Scherrer relation:
D = xkA/Bcos6, where D is the crystallite size, kis a constant
(shape factor), A is the X-ray wavelength, Bis the full-width-
at-half-maximum of a characteristic diffraction peak, and 0
is the diffraction angle."

In the pharmaceutical field, XRD is the principal tech-
nique used to evaluate the crystallinity of drugs, drug carriers,

WAXS (higher than 10°)

~ |SAXS (between 0.1° and 10°)
USAXS (between 0.001° and 0.1°)

Detector

X-ray source

Sample holder

Figure 2 Schematic mechanism of X-ray incidence into the sample and the
classified scattering regimes (WAXS, SAXS, and USAXS), indicating the scattering
angle explored by each one (WAXS: >10°; SAXS: between 0.1° and 10°; USAXS:
between 0.001° and 0.1°).

Abbreviations: SAXS, small-angle X-ray scattering; USAXS, ultra-small-angle X-ray
scattering; WAXS, wide-angle X-ray scattering.

and excipients, as well as to identify the crystalline phases
of contaminants in drug synthesis processes.'*

Small-angle X-ray scattering
Small angle scattering (SAS) has been widely exploited as a
potent technique to investigate the structures of materials on
length scales ranging from 1 to 100 nm. Different methods are
available, depending on the nature of the radiation employed in
this technique: SAXS, small-angle neutron scattering (SANS),
and small-angle light scattering (SALS). The choice of method
depends on the nature of the sample, sample environment,
length scale required, and type of information sought.'

SANS has an advantage that the use of deuterium-labeled
components in the sample increases the contrast between the
sample and the medium. In addition, SANS is sensitive to
fluctuations in the nuclei density of the sample. However,
the flux of neutron sources is intrinsically lower, compared
to X-ray sources. Considering the other methods, SAXS is
sensitive to differences in electron density, and SALS is
sensitive to polarizability.'¢

SAXS is based on the elastic scattering of X-rays by
the electron clouds of the atoms present in the sample as
well as on differences in electronic density of the scatter-
ing object and the medium. This technique can provide
information about the shapes and sizes of 1) dispersed
particles, which could be macromolecules (eg, biological
molecules, polymers, or micelles) or nanoparticles (eg,
quantum dots), in a homogeneous medium; 2) a precipitate
present in a matrix; and 3) a magnetic inhomogeneity present
in a non-magnetic matrix.'

Besides the assessment of shape and size, SAXS can
be used to explore the spatial distribution of particles in a
medium, giving details about their interactions and average
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correlation distance. Both structure and interaction within the
system can be investigated by analyzing SAXS patterns using
either model-independent or model-dependent procedures.
A laboratory-based SAXS approach is currently used for
concentrated and stable samples with large differences in
electron densities, which provides slow data acquisition.
For samples that are highly dilute and dispersed, and are
composed of atoms with low scattering density (eg, C,
N, O, H, and P) a synchrotron radiation source is needed
to provide orders of magnitude higher than X-ray flux."”
Benefits provided by the use of synchrotron radiation include
improvement of the data quality (with well-resolved peaks
and low backgrounds),'® dramatic reduction of the acquisition
time (from hours to milliseconds) and provision of tempo-
rally resolved data," the capacity to perform measurements
under physiological conditions and in situ,? and the ability
to monitor the structure while varying the temperature.?!

In general, the SAXS sample is irradiated by a monochro-
matic and collimated X-ray beam, and the X-ray detector
records its scattering pattern. This is usually expressed as a
function of the momentum transfer: ¢ =4 7sin@/A, where A is

the wavelength of the incident beam and 28 is the scattering
angle. The scattering intensity (/) can be 1) isotropic, a
classical behavior of dilute solutions and dependent only on
the scattering angle or 2) anisotropic, a behavior observed for
structures that are more concentrated and ordered. Figure 3
shows some examples of isotropic and anisotropic SAXS
curves. Data correction is needed in the case of dispersed or
diluted samples, with the scattering intensity of the solvent
being subtracted from that of the sample. The corrected scat-
tering profile then provides information about the concentra-
tion of the sample and the orientation of its components.?

Dynamic light scattering

The size of particles such as polymers and colloids is a
crucial factor determining their properties and safety in
biological systems, especially when the suggested use is by
parenteral administration. Dynamic light scattering (DLS),
also known as quasi-elastic light scattering or photon cor-
relation spectroscopy (PCS), is one of the techniques most
widely used to measure particle size in solutions and to per-
form size-distribution studies. DLS is based on fluctuations
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Figure 3 Examples of (A and B) anisotropic and (C) isotropic SAXS curves: hexagonal and lamellar phases of liquid crystalline formulations composed of (A) PPG-5
Ceteth 20, isopropyl palmitate, and water, and (B) oleic acid and water;”*** and (C) shows the curve for a diluted colloidal suspension of ZnO quantum dots.

Abbreviation: SAXS, small-angle X-ray scattering.
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caused by the Brownian diffusion of spherical particles,
where the Brownian movement of the particles is related
to an equivalent hydrodynamic diameter. The equipment
focuses a beam of laser light into the nanoparticle solution,
and a photon detector measures the intensity of the Doppler
shift of the incident radiation, which is time-dependent on the
fluctuations. The Stokes—Einstein equation — which relates
the timescale of particle diffusion to the equivalent sphere
hydrodynamic diameter of the particle — is used to calculate
the particle size. This relation depends on both the viscosity
of the solution and the temperature at which the scattered
light is collected.?%252¢

There are several specific aspects of the DLS technique
related to the equipment, data collection, and treatment.
It is not possible to determine the particle size of samples
that absorb at the same wavelength as that of the laser used
in the equipment. DLS measures the equivalent sphere
hydrodynamic diameter; therefore, 1) unlike SAXS, DLS
provides no information concerning nanoparticle shape
and 2) the actual size of particles in the suspension can be
underestimated. Furthermore, larger particles scatter laser
radiation more efficiently than smaller ones, because the
intensity of light scattered from small spherical particles is
proportional to the sixth power of the particle diameter; thus,
the presence of a dust particle or traces of agglomerates can
interfere in the DLS results. DLS cannot distinguish between
similarly sized populations without coupling to a separation/
fractionation procedure; therefore, it is often necessary to use
complementary size-characterization techniques.>?¢

A drawback of DLS is that nanomaterials tend to aggre-
gate in water, changing their size and surface properties,
thereby leading to different interactions with the water mol-
ecules that surround the nanoparticles. As a result, the size
obtained from DLS may be overestimated and size distribu-
tion may be altered due to environmental dependence. On the
other hand, DLS allows measurements under physiological
conditions, mimicking the in vivo behavior. The size of
dried nanoparticles is likely to differ from that in water,
the stomach, and the intestine, where there may be effects
of pH, and may also differ from their sizes in the presence
of plasma proteins and in ionic media. Therefore, DLS is a
valuable method for determining the hydrodynamic sizes of
nanoparticles in biological fluids.>¢

DLS is typically used 1) to study the stability of formula-
tions according to time and/or variations of temperature, 2) to
identify the presence of aggregates in formulations prepared
by different procedures, and 3) for rapid determination of
the particle size of monodisperse samples.>?

Zeta potential

Zeta potential is a fundamental particle characteristic that can
also be rapidly measured using light-scattering techniques.?
In an ionic solution, an electrical double layer surrounds the
surface of a charged particle. Figure 4 shows a schematic
illustration of the electrical double layer at the surface of
nanoparticles in a solution, together with a graph showing a
typical analytical response. The particle surface is strongly
bound to oppositely charged ions, generating the Stern
layer (a thin liquid layer), where non-hydrated co-ions and
counterions are adsorbed at the surface. The second layer
consists of bound, hydrated, and partially hydrated coun-
terions located between the Stern layer and the slip plane,
as shown in Figure 4. The last layer, known as the diffuse
layer, consists of mobile co-ions and counterions. This layer
is associated with the slip plane, which is an imaginary plane
that separates immobile ions at the surface from mobile ions
in solution. In most cases, the Stern layer and the slip plane
are close to each other; thus, for practical purposes, W8 can
be approximated with the zeta potential.”” Thereby, the zeta
potential is the difference between the electric potential
on the shear surface of the particle and the electric potential
of the solution, which can be determined by evaluation of
the velocity of the charged species moving toward the elec-
trode, in the presence of an external electric field across the
sample solution.?> According to the three-layer model, the
variation of the potential as a function of the distance firstly
shows a linear decrease across the Stern layer and, then, a
second linear decrease until the slip plane; finally, it shows
an exponential decay related to the zeta potential.?’

Zeta-potential measurements provide precise analysis
of the electronic state of the nanoparticle surface, and the
data obtained can be used to predict the stability of formula-
tions containing these nanoparticles.”® Instability can result
from interaction between poorly charged or uncharged
nanoparticles, leading to the formation of aggregates.® The
value of £30 mV is normally used to deduce the stability of
nanoparticles; zeta-potential values greater than +30 mV
and lower than —30 mV are indicative of stable conditions,
whereas values between —30 mV and +30 mV indicate
unstable conditions that favor aggregation, coagulation, and
flocculation.?

Light-scattering techniques such as laser Doppler micro-
electrophoresis, also known as electrophoresis light scattering
(ELS), are currently used for zeta-potential determination,
despite suffering from electroosmotic effects that decrease
precision and reproducibility. Measurements made using
diluted suspended particles favor the penetration of light
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Figure 4 Schematic illustration of the electrical double layer at the surface of solution-phase nanoparticles, and the graphical response produced by this analysis.

into the sample solution. However, zeta potential is highly
sensitive to environmental changes such as alteration of pH
or ionic strength. For this reason, repeatable and precise
measurements of a diluted solution are not able to provide a
true value for a concentrated suspension.?

Microscopy

Scanning electron microscopy

Scanning electron microscopy (SEM) uses electrons for
imaging, in much the same way that a light microscope uses
visible light, with the main improvements including greater
depth of field and higher magnification (>100,000x). SEM
uses a focused beam of high-energy electrons to generate a
variety of signals at the surface of solid samples. The incident
electron beam is scanned in a raster pattern across the surface
of the sample, and the electrons emitted are detected by an
electron detector for each position in the scanned area. The
intensity of the emitted electron signal is displayed as bright-
ness on a display monitor and is stored in a digital image file
that represents the morphology of the sample surface.?

The sample electron emission can include elastic and
inelastic scattering events. Electron backscattering occurs
when high-energy electrons are ejected following elastic
collision of incident electrons with sample atom nuclei.
Lower energy eclectrons emitted as a result of inelastic
scattering are called secondary electrons. These are pro-
duced following collisions with the sample nuclei in which
substantial energy loss occurs by the ejection of loosely
bound electrons from the sample atoms. Consideration of
the type of electron emitted is important for adjusting SEM
measurements and optimizing the analysis.*

SEM analyses require simple sample preparation and
can only be used for certain biological materials, due to
degradation caused by the electron beam. However, the
topography of nanomaterials can be preserved using new
microscopy techniques that do not require drying of the
sample (environmental or wet SEM), or by careful freezing
of the sample (cryo-SEM). The environmental SEM tech-
nique allows analyses of hydrated materials to be performed
without fixing, drying, freezing, or coating the specimen.*
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The use of wet SEM is, as yet, mainly restricted to the
characterization of microspheres and microcapsules,* while
cryo-SEM has been used for the characterization of micro-
spheres®? and nanoemulsions.* The main limitation of SEM
is the resolution of the images, which restricts its applica-
tion to samples ~200 nm in size.”’ Figure 5 shows an SEM
micrograph of an MOF.

Transmission electron microscopy

Transmission electron microscopy (TEM) is one of the most
effective tools for the characterization of nanomaterials at
spatial scales ranging from the atomic level (from <1 to
100 nm) up to the micrometer level, which enables novel
applications. TEM uses more powerful electron beams
than SEM, thereby providing higher resolution and greater
detail, such as information about the crystalline structure
and granularity of a particle.>* An image is formed from
electrons transmitted through the sample and focused by an
objective lens, which is detected by a camera and displayed
on a screen.

TEM is an indispensable tool for use in many fields of
nanotechnology research and development, including the
investigation of drug nanocarriers. Furthermore, the use of
TEM enables the detection of alterations in nanoparticle
morphology after the incorporation of drugs at different
concentrations.*

In order to be viewed using TEM, biological samples
that contain large quantities of water need to be dehydrated
and then collected on a metal mesh and treated with electron
stains. Each sample type has specific requirements, according
to its composition. As in the case of SEM, it is possible to

Figure 5 Scanning electron micrograph of a metal-organic framework (MOF) based
on cyclodextrin and potassium. Magnified 300x.

prepare the sample by careful freezing (cryo-TEM), which
preserves its morphology.>

All of the above advantages of TEM are accompanied
by a number of limitations. First, the price one pays in any
high-resolution imaging technique is that it is only possible
to view a small section of the sample. Another drawback of
TEM is that it provides 2D images of 3D specimens (known
as projection-limitation), which has led to the invention of
the electron tomography technique, which uses a sequence
of images taken at different angles in order to create a
3D image. This is identical, in principle, to the more familiar
medical computerized axial tomography (CAT) scans using
X-rays.**

Polarized light microscopy

Polarized light microscopy (PLM) can be used for the pre-
liminary identification of lyotropic liquid crystalline struc-
tures (except cubic mesophases).'” Anisotropic systems
cause a deviation in the plane of polarized light (birefrin-
gence, similar to real crystals), resulting in typical black
and white images, or colored textures when using an
additional A-plate. They can be classified according to their
texture as: 1) lamellar liquid crystalline phase, with the
micrograph showing oily streaks with “Maltese crosses”
and 2) hexagonal liquid crystalline structure, indicated by a
fan-like texture.’ Figure 6 presents a photomicrograph of a
hexagonal liquid crystal in which fan-like textures can be
clearly observed.

Figure 6 Photomicrograph of a hexagonal liquid crystal prepared with Ceteth 10,
isopropyl palmitate, and water. Magnified 20x. Journal of Sol-Gel Science and
Technology. Manaia EB, Kaminski RCK, Soares CP, Meneau F, Pulcinelli SH, Santilli CV,
Chiavacci LA. Liquid crystalline formulations containing modified surface TiO,
nanoparticles obtained by sol-gel process. 63, 2012, 251-257 (© Springer Science +
Business Media, LLC 2012). With the permission of Springer.?
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Figure 7 Photomicrograph of a lamellar liquid crystal (containing 10% C12-25 acid
PEG-8 ester as emulsyfing agent), with the presence of a Maltese cross. Magnified 40x.

In the case of the lamellar phase, the Maltese crosses
result from concentric rearrangement of plane layers and
are the dominant texture. Figure 7 shows a photomicro-
graph of a lamellar liquid crystal, where numerous Maltese
crosses can be seen (white color). In the case of isotropic
systems, a dark field is observed because there is no devia-
tion of the light.?3738

PLM can be used in the micron or submicron ranges. For
liquid crystal particles with smaller dimensions, TEM can
be used to provide adequate resolution.’’

Porosimetry

Porosimetry is a useful technique for the characterization
of porous materials, providing a wide range of informa-
tion including the pore size, pore volume, and surface area
of a sample.* The experimental methodology is based on
determination of the mass of a specific substance adsorbed
at a given pressure. A microbalance is used for this purpose,
weighing the sample before and after the adsorption of an
adsorbate such as N, or Hg.

Application of the Brunauer, Emmett and Teller (BET)
equation and construction of isotherm curves are used to
classify pores as micropores (pore size <2 nm), mesopo-
res (pore size >5 nm to <50 nm), and macropores (pore
size >50 nm). The adsorption isotherms can be classified
according to their forms, as types I-VI (Figure 8). Type |
isotherms are usually observed for microporous materials.
Types II and III are found for macroporous materials with
high and low affinity for the adsorbate, respectively. Types
IV and V isotherms characterize mesoporous materials with
high and low interaction with the adsorbate, respectively.

Specific amount adsorbed n

Relative pressure (P/Po)

Figure 8 The six types of adsorption isotherm: (I) microporous; (Il and )
macroporous; (IV and V) mesoporous; and (VI) non-porous materials.

Type VI isotherms are observed for non-porous materials
with almost uniform surfaces. An optimal porous material
is one that adsorbs the largest amount of adsorbate gas at the
lowest possible gas pressure, and the type I isotherm is the
one that best describes this substrate, with its higher adsorp-
tion curve indicating adsorption at a lower pressure.*°

One of the most important limitations of porosimetry is
that it measures the entrance toward a pore, but not the actual
inner size of a pore. In addition, porosimetry is unable to
analyze closed pores, because the gas has no way of enter-
ing the pores.*

Determination of the surface area and porosity of porous
drug carriers is very important for drug-loading and -release
processes. The information obtained by porosimetry is used
to establish the drug-storage capacity, which is associated
with the pore size and volume.*!

Trends in the use of pharmaceutical

nanocarriers

Liquid crystals

Liquid crystalline formulations can be found as lamellar,
hexagonal, and cubic phases, according to the arrangement
of the surfactant molecules. The phase formed can be deter-
mined from the geometric packing of the lipid/surfactant,
defined by the critical packing parameter (CPP), which is
the ratio of the hydrophobic chain volume to the surface area
of the hydrophilic head group and the hydrocarbon chain.
Factors such as the presence of additives, pH, temperature,
and pressure can influence the CPP.*

There are two general classes of liquid crystals: 1) thermo-
tropic materials whose formation is temperature dependent
and 2) lyotropic materials, which are influenced by the type
and concentration of a solvent — usually water.*4
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These nanostructured systems offer advantages such
as low cost, simple preparation, and the possibility of
incorporation of hydrophilic/hydrophobic components due
to the amphiphilic character of the surfactant molecules.®
Lipid-based liquid crystalline systems are attracting attention
because they can improve the bioavailability of drugs that
have low solubility in water, and can also control the release
of macromolecular drugs.*¥7

The liquid crystalline phases that are usually employed
in drug delivery systems are the reverse bicontinuous
cubic phase (V,) and the reverse hexagonal phase (H,)."*
The hexagonal phase consists of long cylinders, with
rod-shaped micelles being surrounded by a continuous
water region. Thus, hydrophilic molecules can be embedded
within the aqueous domains, and hydrophobic molecules
can be embedded by direct interaction within the hydro-
phobic compartments.* The reverse bicontinuous cubic
phase consists of a lipid bilayer separating two continuous
water channels,” with three main variants: gyroid (Ia,d),
diamond (Pn,m), and primitive (Im,m)."?

Investigations of the behavior of liquid crystal phases
have been performed by combining PLM, for preliminary
identification of the nanostructure, and SAXS measurements,
to confirm the liquid crystalline phase and obtain a better
understanding of the spacing ratio.”'**¢ SAXS is considered
the “gold standard” technique for determination of the inter-
nal symmetry (or mesophase) of liquid crystal systems.!”

The mesophase of liquid crystalline structures can be
determined according to relationships among the distances
of the Bragg peaks on the scattering vector (¢).>° Moreover,
it is possible to calculate structural parameters (eg, crystal
lattice size) related to the peak positions.!” The equation
d=2myq
can be used to calculate the correlation distance between

a0 Where g is the g value at peak intensity /(g),
the scattering objects.!” The relation among the distances
d calculated for each peak must be in accordance with the
specific relations described in Table 2, enabling identification
of the type of phase.

Table 3 provides some examples of liquid crystalline
formulations, their compositions, the drug or active ingredi-
ent used, and the information obtained from the SAXS and
PLM analyses used in the studies.

Zeng et al*® prepared self-assembled liquid crystalline
nanoparticles for the oral delivery of paclitaxel — a drug
that has low solubility in water. According to the SAXS
and PLM results, there was no phase conversion after load-
ing of the drug. The SAXS data were not sufficiently clear
to distinguish the spatial pattern of the coexisting H, and I,
phases, although they showed crystallization of the liquid
crystalline matrix phase.

Lipid-based liquid crystalline formulations were devel-
oped by Bisset et al,*” enabling pH-triggered control of
matrix swelling and shrinking. It was proposed that this could
allow the incorporation of macromolecules, which is usually
hindered by the small size of the water channels, limiting
control over diffusion behavior. Calculations were made
of the radii of the water channels of the systems, using the
lattice parameter, as well as the dimensions of the repeating
cell units, which were obtained from scattering data. The
channel radius was calculated using the following equations
based on geometric considerations:

(Pn,m) r=0.391a -1 (1)
(Imym) r=0.305a - 1 )
(H) r=(a-20)/2 3)

where r is the radius of the water channel (in nm), a is the
lattice parameter (in nm) determined by SAXS, and / is the
lipid chain length (in nm).’!

Negrini and Mezzenga®? developed an efficient controlled-
release vehicle that was pH-responsive. SAXS analyses iden-
tified different mesophases of the system, according to the pH.
Figure 9 shows SAXS curves for the system, where the red
and green curves correspond to pH 2 and 7, respectively.
These curves confirmed the existence of reversible changes

Table 2 Lyotropic liquid crystalline mesophases and their dimensionality, descriptor, and the ratios of spacings between lattice Bragg

reflections (peak intensity ratios)

Mesophase Dimensionality (D) Descriptor Peak intensity ratios
Lamellar ID Lo, LB 1:2:3:4
Hexagonal (H,, H,) 2D pém V347412
Bicontinuous cubic (V,, V,) 3D Im3m V246810

Pn3m V2:V3:4:\6:\8

la3d V6:V8:14:V16:V18:20
Discrete cubic (1, 1,) 3D Body-centred cubic Im3m V2:\4:6:N8:4 10

Face-centred cubic Fm3m V348N 1V 12
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Table 3 Liquid crystalline formulations, their composition, the drug or active ingredient used, and the information obtained from SAXS

and PLM analyses

Composition Drug/active ingredient SAXS PLM Mesophase References
PPG-5 Ceteth 20, Terpinen-4-ol (TP), an Relative spacing ratios of the Fanlike Hexagonal phase Manaia et al'?
isopropyl palmitate and  antioxidant, and p-toluene peaks (\1:V3:V4) texture
water sulfonic acid modified titanium

dioxide nanoparticles, an

inorganic sunscreen
Two surfactants of Relative spacing ratios of the peaks ~ Dark field Rissi et al*
different degrees of and shape of the peaks (the higher  and Maltese
lipophilicity and two oil the organization of the structure, crosses
phases the narrower and better defined

are the SAXS peaks)

Soy phosphatidylcholine  Paclitaxel Three diffraction peaks with Birefringent ~ Coexistence of Zeng et al*

and glycerol dioleate

Oleic acid-based
formulation

Macromolecules, such as
antibodies

almost the same spacing ratio

Indexing Bragg peaks to
known relative intensity

fanlike reversed cubic and
texture hexagonal phases
(H,and )
Cubic and Bisset et al*’

hexagonal phases

ratios (mesophase) and lattice

dimensions (internal structure)

Food-grade lyotropic
liquid crystal

Phloroglucinol (model
hydrophilic drug)

Reflections spaced at \/2, \/4, \/6,
V8, V10, V12, and V14 (Im3m

Negrini and
Mezzenga®?

Im,m cubic and
H, phase

phase) at pH 7, and reflections
spaced at VI, V3, and 4 (H2

phase) at pH 2

Abbreviations: PLM, polarized light microscopy; SAXS, small-angle X-ray scattering.

in the mesophase symmetry when the pH was changed from
7 to 2 or from 2 to 7.

Liposomes

Liposomes are spherical lipid vesicles composed of one
or more phospholipid bilayers and an aqueous internal
cavity (Figure 1A). They can be classified as uni-, oligo-,

ber’

0.05

010 015 020 025
a(1/A)

Figure 9 SAXS curves of the systems developed by Negrini et al,*> showing the
reversibility of the mesophase following pH changes (pH 7 [lower curve] — pH 2
[middle curve] — pH 7 [upper curve]). Adapted with permission, from: Negrini R,
Mezzenga R, pH-responsive lyotropic liquid crystals for controlled drug delivery.
Langmuir 27(9), 201 1, 5296-5303. Copyright 2017 American Chemical Society.*

0.30 0.35

or multilamellar vesicles, depending on the number of
membrane bilayers, and are formed by the self-assembling
of phospholipids in contact with a hydrophilic medium.
This behavior increases their solubility in the medium and
decreases their surface-to-volume ratio.>>*

There are several methods that can be used to prepare
liposomes, including the reverse-phase evaporation tech-
nique, injection of phospholipids dissolved in an organic
phase into a drug-containing aqueous phase, detergent dialy-
sis, microfluidic hydrodynamic focusing (MHF), supercritical
reverse-phase evaporation (SRPE), electroformation,*
microfluid liposome formation,* and thin lipid film hydration
(the Bangham method). The last was the first conventional
method described for the preparation of liposomes, based
on rehydration, in an aqueous solvent, of a thin lipid film
formed by evaporating the organic solvent used to solubilize
the lipid. The rehydration step can be performed by 1) vigor-
ous shaking to generate multilamellar vesicles (MLVs)
measuring >500 nm; 2) gentle hydration to generate giant
unilamellar vesicles (GUVs) with size >1,000 nm; and
3) sonication to generate small unilamellar vesicles (SUVs)
measuring ~20—100 nm.*” Therefore, the type of liposome
produced is determined by the preparation process employed,
in addition to the nature and concentration of the lipid.*

The lipids used to prepare liposomes should have a
hydrophilic head and a hydrophobic tail, thereby enabling
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the resulting liposomes to be loaded with drugs that pos-
sess either characteristic.”** Commercially available lipids
with different functional groups include cholesterol, egg
phosphatidylcholine, phosphatidylethanolamine, and phos-
phatidylserine, enabling the properties of liposomes to be
easily tuned.”’

These substances are especially attractive as nanocarri-
ers because they are nontoxic and their similarity to various
cell structures favors their internalization into cells and
the transport of drugs across membranes.® Additionally,
liposomes present large internal volumes and high surface
areas, enabling them to efficiently convey large amounts of
drugs to receptors, and they can also be loaded with targeting
molecules.*®* Consequently, liposomes can be employed as
drug nanocarriers,’® chemiluminescence biosensors,” and
theranostic devices,® among other uses.

Liposomes and other nanocarriers can be classified
according to their surface properties. The “classical”
(first-generation) liposomes have sizes up to 500 nm and
disadvantageous surface properties (charge and hydrophilic-
ity) that lead to their rapid clearance from blood circulation
by the mononuclear phagocyte system (MPS), mainly in
the liver and spleen, which can substantially decrease their
distribution in other body tissues. This behavior is only
beneficial for the treatment of MPS diseases. Therefore,
alterations of the classical surface of liposomes have been
used in order to avoid this premature clearance. Reduction

in vesicle size, addition of cholesterol to provide membrane
rigidity, and increased surface hydrophilicity using polymers
such as polyethylene glycol (PEG) are strategies that have
been employed to extend the circulation half-life of second-
generation liposomes.® Finally, third-generation liposomes
have been developed with targeting molecules (antibodies
and peptides) on their surfaces in order to provide receptor
recognition and active targeting of the drug.®!

The structures of liposomes can be characterized by ana-
lyzing their size, polydispersity, zeta potential, and lamellar
arrangement. Size is critical for parenteral administration, and
is mainly measured using DLS, TEM, cryogenic TEM (cryo-
TEM), and atomic force microscopy (AFM). Moreover,
cryo-TEM analysis can be used together with SAXS to
study the morphology and lamellar structure of liposomes.
Measurements of zeta potential, which is related to the
presence of surface charge, provides information about
the stability of liposomes, as repulsive charges (positive or
negative) can prevent their aggregation.”’

Table 4 lists liposome formulations, the drug or active
ingredient used, and structural information obtained from
DLS, zeta potential, TEM/cryo-TEM, and SAXS/WAXS
analyses employed in the different studies.

Wen et al® developed liposomes to prevent premature
drug uptake and enhance brain targeting. Quantum dots
(QDs) were located at the bilayer membrane, with the drug
in the aqueous cavity. In vivo bioimaging studies of brain

Table 4 Liposome formulations using different drugs or active ingredients, and structural information obtained from DLS, zeta

potential, TEM/cryo-TEM, and SAXS/WAXS analyses

Drug/active ingredient Size of Zeta TEM*/cryo-TEM** SAXS/WAXS References
vesicles (DLS) potential
siRNA 110-230 nm +50 to -45 mV ~ **Condensed oligolamellar Unilamellar vesicles bilayer to Nascimento
vesicles more dense multilamellar and et al'®
organized structures; bilayer
thickness and water thickness
S12363 anticancer drug **Spherical morphology and  Time-resolved measurements: ~ Chemin
size uniformity supramolecular organization et al’!
and membrane thickness
Quantum dots (QDs) and 140 nm Positive *Spherical shape and the Wen et al®
apomorphine charges presence of QDs on the
surface (1% phosphotungstic
acid as negative stain)
Carboxyl-coated CdTe QDs ~ 150-250 nm —40 to +60 mV  *Presence of liposomes Lira et al®?
with fusogenic properties containing QDs, from the
presence of electron-dense
nanoparticles
Resveratrol and paclitaxel ~50 nm (range *Moderately uniform and Meng et al®

25-102 nm)

spherical in shape; average

size ~50 nm (1% sodium
phosphotungstate solution
as negative stain)

Abbreviations: DLS, dynamic light scattering; SAXS, small-angle X-ray scattering; TEM, transmission electron microscopy; XRD, X-ray diffraction; WAXS, wide-angle X-ray

diffraction.
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endothelial cell uptake of the system revealed higher fluo-
rescence in mouse brains treated with liposomes, compared
to the use of free QDs.

Chemin et al*! studied the loading of the S12363 anti-
cancer drug into liposomes, in an attempt to increase its
therapeutic efficacy. Information was obtained about the
long-range organization of the lipid assemblies at small
angles (SAXS) and the packing of the phospholipid hydro-
carbon chains at wide angles (WAXS). These measurements
allowed the retrieval of structural information for all types of
lamellar aggregation (uni-, oligo-, and multilamellar vesicles)
using a single description of electron density profile of the
bilayer. The membrane thickness was calculated using the
equation: d, =2(z,+20,), where d, is the bilayer thickness,
7,,is the position of the headgroup in the Gaussian model of
the electron density profile, and o}, is its width. The bilayer
separation was then given by: d,, = d—d,, where d,, is the
water layer thickness. The results showed that the drug was
encapsulated into the aqueous cavity, but interacted strongly
with the lipid membrane.

Nascimento et al'* studied the supramolecular orga-
nization of siRNA lipoplexes coated with hyaluronic
acid (HA). Figure 10 shows cryo-TEM images of HA-
liposomes (Figure 10A) and HA-liposomes containing
siRNA (Figure 10B), and SAXS curves of liposomes and
HA-liposomes with different HA percentages (Figure 10C).
The HA-liposomes (Figure 10A) showed the coexistence of
uni- and oligolamellar vesicles. The same behavior can be seen
in Figure 10B, although the addition of siRNA to the liposomes
caused changes in their morphology, with the particles appear-
ing less spherical and homogeneous, compared to liposomes
without siRNA. The SAXS curve for the unmodified liposomes
(Figure 10C, top) was characteristic of a bilayer form factor of
unilamellar vesicles. A higher HA content of the formulations
resulted in diffraction peaks that were more intense, suggest-
ing that the structure changed from unilamellar liposomes to
an oligolamellar form. Besides the structural organization of
the liposomes, the positioning of HA on the lipoplex surface
and its ability to bind specifically to the CD44 receptors was
investigated using surface plasmon resonance analysis.

Lira et al®? developed liposomes loaded with carboxyl-
coated CdTe QDs with fusogenic properties in order to study
intracellular molecules and their roles in biological functions.
In terms of size, different values were found by the TEM,
DLS, and conventional optical microscopy techniques. In
the case of TEM, consecutive centrifugation steps led to
the selection of larger liposomes, with a few of the smaller
liposomes found using DLS analysis. Very small vesicles
were visible on optical microscopy, although the larger ones

were easier to observe due to their Brownian motion and
the resolution of the technique. The use of complementary
techniques to determine liposome size was crucial to avoid
values that were under- or overestimated. It was possible
to observe the fusion of labeled liposomes with live human
stem cells and red blood cells in an endocytic-independent
way. The formulation protocol was proposed as a general
route for the encapsulation and delivery of any membrane-
impermeable material into living cells.

Solid lipid nanoparticles

Another type of lipid-based nanocarriers that has been
explored since the beginning of the 1990s are solid lipid
nanoparticles (SLNs).% Their use —instead of liquid oils — can
be an attractive way of controlling drug release, because
SLNs decrease drug mobility.5 Solid lipid nanoparticles with
average sizes in the range 50—1,000 nm can be used as colloidal
matrix nanocarriers for intravascular administration. These
particles consist of a solid hydrophobic core of biocompatible
lipids (eg, highly purified triglycerides, complex glyceride
mixtures, or waxes) that are solid at room temperature.
Drugs can be readily dissolved or dispersed into them, and
they typically present high drug-loading efficiencies.

The preparation techniques used for SLNs include hot
and cold homogenization, high-pressure homogenization,
microemulsion, and nanoprecipitation methods. The last of
these presents a number of advantages: 1) it does not use high
temperatures to melt the solid lipid, thereby avoiding drug
deterioration; 2) it has low energy and time requirements; 3) it
does not use a large amount of surfactants; and 4) it is a simple,
fast technique, with potential for scaling-up. In this method,
the solid lipid is dissolved in a water-miscible organic solvent
(eg, ethanol, acetone, or tetrahydrofuran), and the resulting
solution is subsequently mixed with water. This results in high
supersaturation of lipids in the solvent/water system, with solid
lipids precipitating as nanoparticles. Smaller and more uniform
nanoparticles can be obtained by diffusing the solvent into the
water in an instantaneous and homogeneous manner.>*%

Advantages of SLNs for drug release and targeting
include high drug loading and stability, incorporation of both
hydrophilic and hydrophobic drugs, absence of toxicity of
the carrier (as the lipids used are physiological compounds),
minimization of organic solvent use, and the ability to be
produced on a large scale.®

The characterization of this type of nanocarrier can be
challenging, due to the small size and high degree of com-
plexity of the particles. The characterization of SLNs includes
analyses of size and polydispersity using AFM, DLS, TEM,
and cryo-TEM (which allows visualization of the sample in
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Figure 10 Cryo-TEM images of HA-liposomes (A) and HA-liposomes containing siRNA (B) developed by Nascimento et al'® (scale bars: 200 nm). (C) SAXS curves of
liposomes and HA-liposomes with different percentages of HA. Adapted with permission, from: Nascimento TL, Hillaireau H, Noiray M, et al. Supramolecular organization
and siRNA binding of hyaluronic acid-coated lipoplexes for targeted delivery to the CD44 receptor. Langmuir 31(41), 2015, 1 1 186—11194. Copyright 2017 American Chemical

Society.'®

Abbreviation: HA-DOPE, hyaluronic acid inserted in dioleylphosphatidylethanolamine.

its unmodified state), zeta potential, lipid crystallinity (using
WAXS and differential scanning calorimetry [DSC]), and
lipid structure (using infrared and Raman spectroscopy).
These parameters can be used to predict the stability of for-
mulations and the nature of drug incorporation and release.
DLS provides a rapid means of measuring particle size,
whereas AFM does not require complex sample preparation
(although the sample must not be conductive). WAXS can
be used to evaluate the length of the long and short spacings
of the lipid lattice, and DSC can provide information on the
dynamic melting points and melting enthalpies associated
with different lipid compositions.*®>¢7

Table 5 lists SLN formulations, the drugs or active ingre-
dients used, and structural details obtained from DLS, zeta
potential, and TEM/cryo-TEM analyses.

Bae et al® incorporated a QDs and paclitaxel-siRNA
combination in cationic SLNs for anticancer theranostic
applications. Use of the TEM technique for analysis of SLNs

can result in melting of the lipids or generate unclear images
due to low electron density; in this study, the outer boundaries
of the SLNs could not be clearly observed.

Liu et al®® developed SLNs loaded with diclofenac sodium
(DS), using the phospholipid complexes (PCs) technology
to improve the liposolubility of DS. Decreased drug release
from the SLNs was attributed to the presence of phospho-
lipid multilayers around the solid lipid core of the SLNs.
XRD results showed the presence of DS in the PCs (either
molecularly dispersed or in an amorphous form).

Dong et al* studied the development of continuous and
scalable SLNs using the nanoprecipitation method. It was
possible to obtain nanoparticles <200 nm, and the lipid
concentration was identified as the primary factor that influ-
enced SLN size, with a higher lipid concentration resulting
in larger particles.

Sarmento et al’® developed cetyl palmitate-based SLNs
loaded with insulin for oral administration. The size of the
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Table 5 SLN formulations containing different drugs or active ingredients, and their structural details characterized by DLS, zeta

potential, and TEM/cryo-TEM

Composition Drug/active ingredient DLS Zeta potential TEM%*/cryo-TEM** References
Gelucire 44/14®, d-alpha Fenofibrate, a model <200 nm **Primarily spherical in Dong et al®
tocopheryl polyethylene drug with low solubility shape and the majority
glycol 1000 succinate in water below 200 nm
Natural components of Paclitaxel-siRNA 113—130 nm; stability study ~+30 mV *Formation of well- Bae et al®
a low-density lipoprotein in physiological environments dispersed SLNs containing
to mimic a natural multiple QDs in individual
apolipoprotein E-free LDL nanoparticles
Phospholipid complexes Diclofenac sodium Smaller particles with narrow Different in the ~ *Morphology and core- Liu et al*®
(PCs) polydispersity indexes with presence of PCs  shell structure
the addition of PCs

Negatively charged Doxorubicin (DOX) ~300 nm Battaglia
surfactants, as etal®
counterions
Cetyl palmitate Insulin ~350 nm —8.0x1.2 and *Samples treated with Sarmento

—3.4+0.2 mV uranyl acetate. Spherical etal”®

shape without aggregates

Abbreviations: DLS, dynamic light scattering; LDL, low-density lipoprotein; TEM, transmission electron microscopy.

SLNs was suitable for enabling gastrointestinal absorption by
M cells of Peyer’s patches. Evaluation of the insulin associa-
tion efficiency, together with the results of in vivo studies,
indicated that the SLNs protected insulin against degradation
and enhanced its intestinal absorption.

Micelles
Micelles are self-assembling spherical colloidal struc-
tures, <100 nm and with a narrow size distribution, which
can be composed of phospholipids and polymers. They
are spontaneously formed in aqueous conditions when the
critical micellar concentration (CMC) is reached, obtain-
ing a hydrophobic core and a hydrophilic shell. Figure 1B
illustrates a micelle. Micelle formation results from two
forces: 1) an attractive force, leading to the association of
molecules; and 2) a repulsive force, preventing the unlim-
ited growth of micelles to produce a distinct macroscopic
phase. The association of polymers/phospholipids due to
these forces occurs when the molecules reach a threshold
concentration (CMC) in solution. Below the CMC, single
chains are found in a molecular dispersion. Therefore, the
CMC can be defined as the concentration of surfactant
(polymers/phospholipids) at which the first micelle begins
to be created, at a given temperature. Methods that have
been proposed for determination of the CMC include surface
tension, dye solubilization, light scattering, and fluorescence
techniques.**’"73

Besides conventional micelles, reverse micelles (RMs)
have been explored due to their simplicity and a structure
that allows the easy solubilization of water-soluble drugs
in oily phases. RMs comprise multi-molecular surfactant

components that become spontaneously associated in a non-
polar medium. Hydrophobic molecules can be incorporated
in the oily core of the nano-droplets, enabling hydrophilic
and hydrophobic drugs to be encapsulated and stabilized
in the same core. A disadvantage of this system is that the
continuous oily phase does not meet requisite specifications
for targeted drug delivery.”

Characteristics of micelles that make them suitable for
drug delivery include their unique nanoscopic architecture,
small size, stability, and ability to be adapted for compat-
ibility with different drugs. They are used for parenteral drug
administration, especially of drugs that present low solubility
(including anticancer drugs), and are generally considered
a safe and biocompatible long-circulating drug delivery
system when covered with a hydrophilic polymer shell.
PEG is widely used as hydrophilic raw material for micelles
(molecular weight 2—15 kDa) due to its high water solubility,
non-toxicity, and neutral charge. The hydrophilic corona
formed by PEG on the micelle surface decreases nonspe-
cific interaction with blood proteins, thereby increasing the
circulation time. The morphology of the micelles (spheres,
rods, vesicles, tubules, and lamellae) can significantly affect
their pharmacokinetic properties, changing their time of cir-
culation in the body. Micelles are easily prepared by methods
involving direct dissolution and organic solvents, and present
good long-term stability.”

Various methods are available to characterize micelle mor-
phology. TEM has been used since the early 1980s, whereas
cryo-TEM optimizes visualization of the size and shape of
micelles, because the sample can be analyzed in solution, avoid-
ing drying and dehydration of the sample. AFM and SEM can
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also be used to distinguish micelle shape, with sample prepara-
tion being simpler for AFM, as SEM requires the deposition of a
conductive coating onto the sample. DLS is the technique most
widely used to directly determine the size and polydispersity
index (PDI) of micelles in water or in an isotonic buffer.”7¢-78
In addition, microscopic images can provide an indication of
micelle size, although the method used to prepare the sample
must be taken into account in evaluating the results.” Fur-
thermore, SAXS has been used to provide information about
micelle size, shape, aggregation, and the characteristic inter-
headgroup spacing across the micelle core.*

Table 6 presents details of micelle composition, the drug
or active ingredient used, and the structural information
obtained from DLS, zeta potential, and TEM/cryo-TEM
analyses in different studies.

The encapsulation and release of the hydrophilic anti-
cancer drugs DOX and/or docetaxel (DOCE) by oil-based
RM nanocarriers were elucidated by Vrignaud et al,”* who
solubilized hydrophilic drugs in the oily core of the micelles,
together with lipophilic content. The morphology of the
samples was investigated by TEM, with and without a 4%
osmium tetroxide solution stain, which specifically links with
the double bonds of unsaturated lipids. Among the lipid con-
tents used in the formulations, only the emulsifier Span 80%
presented unsaturation; therefore, the stain was used only as
an RM marker. Samples prepared without the staining agent

showed greater detail due to the ability to observe different
contrast along the nanoparticle. The characterization of the
RM structure could explain the diffusion-based behavior of
the DOX release profile, which appeared to be closely related
to the morphology of the particles.

Wu et al®® developed an interesting gel-based dual-drug
delivery system by combining a cisplatin-containing thermo-
sensitive hydrogel and paclitaxel-loaded polymeric micelles.
In this study, the size distribution of the micelles loaded
with paclitaxel was characterized by DLS and AFM. The
AFM images showed spherical, monodispersed, and well-
distributed micelles, in agreement with the DLS results.

It can be seen that, in most cases, the size of the nanocar-
riers was determined by DLS and confirmed by microscopy,
which provided information concerning morphological
aspects of the samples.

Mesoporous materials
Mesoporous materials have been widely used for drug
delivery, due to their highly ordered structure and large pore
size. They are usually prepared from supramolecular assem-
blies composed of inorganic components (eg, silica nanopar-
ticles) or organic and inorganic components (MOFs).8!
The pore structure®? and pore size®* of mesoporous
materials influence their pharmaceutical potential in terms
of loading capacity and drug release.®*#* The incorporation

Table 6 Micelles composition, drugs or active ingredients used, and the results of their characterization using DLS, zeta potential, and

TEM/cryo-TEM analyses

Composition Drug/active DLS Zeta potential TEM#*/cryo-TEM** References
ingredient (ELS)

Caprylic-capric acid triglycerides Hydrophilic anticancer ~30 nm —120 nm 3.1 to —13.7 mV **Quite spherical and Vrignaud
(labrafac WL 1349®); mixture of drugs (DOX and/or with increase of homogeneous structures; size et al’
polymers (solutol HS 15¢); Span  docetaxel (DOCE)) the amount of oil in agreement with DLS results
80° as emulsifier used
PEGylated bioactive lipids DOX 15 nm ~—7 mV with DOX Wang et al”®
and short chain ceramide and ~—20 mV for
(Cé-ceramide) free DOX micelles
Amphiphilic polymers Insulin <300 nm Around zero: Andrade
(Soluplus®, Pluronic® Fé8, advantages of evasion etal'
Pluronic® F108, and Pluronic® of macrophages and
F127) mucus penetration
Cholesterol—poly(ethylene Paclitaxel 202 nm average 12.6+3.4 mV *Spherical in shape with a Chen et al”
glycol)-DUPI (peptide) size of paclitaxel- diameter of about 200 nm;
copolymers (Chol-PEG-DUPI) loaded micelles; homogeneous and stable

PDI ~0.218+0.032 formulation (negative staining

by phosphotungstic acid)

Monomethoxy poly(ethylene Paclitaxel Average particle Wu et al®
glycol)-poly(e-caprolactone) size ~20.1 nm

and very narrow

particle size

distribution
Abbreviations: DLS, dynamic light scattering; ELS, electrophoretic light scattering; TEM, transmission electron microscopy; PDI, polydispersity index.
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of a drug is normally achieved by soaking the matrix in a
highly concentrated drug solution and subsequent drying. The
process is based on the adsorptive properties of the mesopo-
rous material, with the pore size determining the size of the
molecule that can be adsorbed within the mesopores.

The pore diameter can typically be altered in the range
from 2 to 50 nm by changing the components of these
materials, enabling the production of various mesoporous
materials that are able to host small drug molecules or mac-
romolecules.® Other factors that affect porosity and release
kinetics include the influence of the pore connectivity,
geometry, and degradation of the matrix in aqueous media.*
The stability of the pore structure also provides prolonged
control of the drug-release kinetics.*

Mesoporous materials can provide drug delivery followed
by alteration of the pore structure, such as increase in its size
or its closure. These changes, which affect drug release, can
be detected by XRD, SAXS, and porosimetry.>>!128

Mesoporous silica nanoparticles
Most of the reported studies have been based on organic
nanocarriers such as liposomes, polymers, and micelles, which
have provided excellent systems for the release of therapeutic
agents.®* More recently, discoveries based on inorganic nano-
particles, such as mesoporous silica nanoparticles (MSNs),
have opened up exciting new possibilities in this area.”
MSNs are solid materials that exhibit biocompatibility at
concentrations suitable for pharmacological applications.”
Figure 1C illustrates mesoporous silica nanoparticles.
These materials offer several advantageous structural prop-
erties, such as high surface area, a stable structure, and modifi-
able morphology (controllable particle shape and size). The
large surface area and pore volume of MSNs allow high drug
loading, while the highly ordered structure provides diffusion-
controlled drug release. Furthermore, these materials have the
capacity to protect the pharmaceutical content (eg, drugs and
imaging agents) from premature release and undesired degra-
dation in inhospitable environments (eg, the stomach) before
reaching the designated target. No functional groups act as gates
to control the release of the loaded substances; therefore, the
release is controlled by the size and/or the morphology of the
pores.”? However, the ability to modify the surface of silica-
based nanocarriers with nanoparticles, polymers, and proteins,
which act as shells, can also promote the controlled release of
drugs. Exciting results have been reported in the literature,
highlighting the potential of MSNs as promising platforms.”
Table 7 shows some examples of mesoporous silica nano-
particles, their composition, the drug or other active ingredient

used, and the information obtained from DLS, porosimetry,
and microscopy analyses in the different studies.

Chen and Zhu" developed interesting pH-responsive
mesoporous silica nanoparticles that showed promising
controlled-release characteristics suitable for achieving good
therapeutic effects in localized drug delivery. The mes-
oporous silica nanoparticles were prepared using cetyl-
trimethyl ammonium bromide (CTAB) as a template in
the base-catalyzed condensation reaction of tetraethyl
orthosilicate (TEOS). Ibuprofen was incorporated and the
MSNs were coated with chitosan, and the release of the
drug was evaluated at pH 6.8 and 7.4. TEM images showed
uniform nanospheres with regular arrays of channels with
diameters of 90—-140 nm, before and after ibuprofen incor-
poration. Small-angle XRD (SAXRD) analyses showed
three peaks that indicated a hexagonal unit cell measuring
48.5 A. The N, adsorption—desorption isotherm technique
was used to characterize the effects of chitosan coating and
the incorporation of ibuprofen molecules in MSN struc-
tures. The type IV isotherm curves obtained indicated that
the MSN had a mesoporous structure, while loading with
ibuprofen molecules resulted in reduced N, adsorption, thus
revealing that a large quantity of drug molecules had been
loaded in the mesoporous channels. Samples coated with
chitosan showed decreased nitrogen adsorption, due to the
sealing effect of the outer chitosan layer. It was concluded
that the chitosan layer was retained by hydrogen bonding to
the mesoporous silica nanoparticles. In addition, the in vitro
ibuprofen release was sensitive to the pH of the medium,
with maximum release of the drug at pH 6.8, which is close
to the pH found in the vicinity of certain tumor cells and
inflammatory tissues.

Nanoscale metal-organic frameworks
MOFs constitute a class of porous materials that has increas-
ingly attracted research interest in recent years. These
substances include thousands of different hybrid structures
consisting of coordination centers (metal ions) and organic
linker agents (also known as spacers).”’ Figure 1D illustrates
an MOF. A solid can be considered an MOF if the links
between the metal ions and linker agents are strong and pro-
vide robustness to the material. In addition, these materials
must have high crystallinity and must exhibit porosity.”®
MOFs are promising for numerous applications, includ-
ing the loading and controlled release of drugs, because
this material can exhibit an exceptionally high surface area,
with large pore size.” '°! However, MOFs need to be scaled
down to nanoscale metal-organic frameworks (NMOFs) in

submit your manuscript

5006

Dove

International Journal of Nanomedicine 2017:12


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Characterization of drug nanocarriers

Table 7 Mesoporous silica nanoparticles using different drugs or active ingredients, and structural information obtained from DLS,

porosimetry, and SEM/TEM

Composition Drug/active DLS Porosimetry SEM*/TEM** References
ingredient

Tetraethyl orthosilicate (TEOS),  Cyclosporin A 50-300 nm, low  Pore diameters: 2—6 nm; *Formation of well-dispersed Lodha et al™

cetyl trimethyl ammonium polydispersity pore surface area: MSNs and no change in

bromide (CTAB) 900 m? g morphology after drug loading

TEOS, CTAB, Triton-100, SDBS ~ DOX Almost Pore diameters: 2.1-8 nm  **Size around 150 nm, with He et al®
monodispersed ordered mesoporous channels

Silica (MCM-41), trimethyl ICG Pore diameter: 2.7 nm; **Size 50—100 nm, hexagonal Lee et al’®

ammonium groups (TA)

pore surface area:
1,026 m? g~!

shape

Abbreviations: DLS, dynamic light scattering; DOX, Doxorrubicin; ICG, indocyanine green; SDBS, sodium dodecylbenzenesulfonate; SEM, scanning electron microscopy;

TEM, transmission electron microscopy.

order to be used as drug carriers within blood vessels.!%%1%
The interest in NMOFs stems from their suitability for use
in biomedical and pharmaceutical applications and to enable
controlled release of drugs administered intravenously.'%
Compared with conventional porous materials, advantages
of NMOFs include the ability to incorporate large amounts of
drugs as well as their adjustable composition and structure.
Due to this versatility, NMOFs are promising platforms for
both drug delivery (therapeutic function) and molecular
imaging (diagnostic function), either separately or in the
same system (known as theranostics).!%

Synthesis of NMOFs can be achieved at relatively mod-
erate temperatures, using diffusion, solvent evaporation,
solvothermal, microwave, and ultrasound techniques. After
the synthesis, an extremely important step is activation of
the material, in order to unclog pores and remove guest mol-
ecules (eg, solvent remnants). Activation can be performed
by exchanging solvents, lyophilization, and treatment with
supercritical CO,.""!

The characterization techniques applied to NMOFs are
very similar to those used for porous materials in general.
The stability of NMOFs is a very important feature, and
characterization is often used after synthesis or after heating
in order to demonstrate the properties of the material after
removal of the guest molecules.

The successful synthesis of NMOFs can be confirmed
by analysis of crystallinity using XRD, with the product
being in the form of either powder or monocrystals, and
the analysis also enables evaluation of the purity of the
material. XRD has also been used to characterize changes
in the framework following drug/nanoparticle incorpo-
ration.!®® Microscopy techniques such as SEM and TEM
provide information about the structure, morphology, and
possible presence of defects.!”””! The porosity of the
material can be determined by the adsorption/desorption

technique, usually employing the adsorption of N, at 77 K.
The BET and Langmuir equations are typically employed
to determine textural properties, such as surface area and
pore volume.

In pioneering research, synthesis was performed of the
MOFs denoted MIL 100 and MIL 101 (where MIL stands
for “Materials of Institut Lavosier”). Mercury porosimetry
analysis showed that these materials have surface areas 3 and
5 times larger, respectively, compared to the values obtained
for MCM-41 mesoporous silica nanoparticles (where MCM
stands for Mobil Crystalline Material), showing the great
advantage of this new material.®

Table 8 shows some examples of NMOFs, their composi-
tion, the drug or active ingredient used, and the information
obtained from analyses using XRD, microscopy, DLS, and
porosimetry.

Zhao et al''? developed novel MOF-based theranostic
core-shell composites, comprising a UiO-66 MOF shell on
aFe O, core, for simultaneous drug delivery and magnetic
resonance imaging. TEM images showed uniform core-
shell morphology and a 25 nm-thick UiO-66 shell. X-ray
diffractograms indicated the existence of a shell on the
surface of the iron nanoparticles, with the simultaneous
presence of the characteristic peaks of Fe,O, and UiO-66.
The drug-loading capacity was analyzed in terms of the
porosity of the shells, using N, adsorption—desorption
isotherms. The resulting curves showed that the total pore
volume (V) and the BET surface (S_,) of the Fe,O,@-
Ui0-66 particles were 0.21 cm® g! and 149.75 m? g,
respectively. These are high values, in terms of drug-
loading capacity, but are lower than for the pure UiO-66
MOF, due to the presence of the inner nonporous iron core.
Tests using doxorubicin showed a high drug-loading capac-
ity and sustained drug release, making Fe O,@-UiO-66 an
excellent drug delivery carrier.
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Table 8 Nano metal-organic frameworks with different drugs or active ingredients, and structural information obtained from DLS,

XRD, SEM/TEM, DLS, and porosimetry

MOF Composition Drug XRD SEM*/TEM** DLS Porosimetry References
MIL-53 Terephthalic acid Ibuprofen Crystalline Pore surface Horcajada
and iron structure area: 1,500 m* g™ etal'”
MIL-88, MIL-89, FeCl,-6H,O, fumaric Bussulfan, Crystalline *Homogeneous 834 nm (PDI 0.32) Pore size: Horcajada
MIL-100, MIL-101 acid, iron acetate, azidothymidine structure and non-aggregated for MIL-88, 205 nm 1A (MIL-89), etal'™
muconic acid, 1,3,5- triphosphate, NMOFs (PDI1 0.86) for MIL-89, 6 A (MIL-88),
benzenetricarboxylic cidofovir, 315 nm (PDI 0.378) for 25 A (MIL-100),
acid doxorubicin MIL-100, 231 nm (PDI 29 A (MIL-101)
0.136) for MIL-101
Heparin surface  FeCl,-6H,0, trimesic Crystalline **Low-contrast phase 173 nm (PDI <0.2) Pore surface Bellido
modified MIL-100 acid, heparin structure  resembling a thin film area: 1,250 m* g™ etal'®
y-Fe,O, -MIL-53  Aluminum, zinc, ¥-Fe,O, Crystalline **Fe map shows Pore surface Wau et al'!

and y-Fe,O, carboxylate ligands, structure, successful loading of area: Fe,O, -MIL-

—ZIF-8 imidazolate successful Fe and homogeneous 53:875m* g
loading of  distribution of Fe Fe,O, ~ZIF-8:
v-Fe,O,  species in crystals 955 m? g

Abbreviations: DLS, dynamic light scattering; MIL, Materials of Institut Lavosier; PDI, polydispersity index; SEM, scanning electron microscopy; TEM, transmission electron

microscopy; XRD, X-ray diffraction.

Conclusion

Nanomaterials have considerable potential for use in phar-
maceutical and biomedical applications, due to their novel
chemical and physical characteristics. In recent years, there
has been rapid development of nanomaterials suitable
for transporting drugs, with the aims of optimizing drug
treatment and decreasing side effects. It has, therefore,
become crucial to understand the characteristics of these
materials in order to ensure their safe use. This review
describes the different methods that are commonly used
to characterize nanocarriers, and outlines their essential
physicochemical properties. A brief description of each
technique is provided, together with their relative merits
for use with different nanocarrier systems. This informa-
tion is important for selection of appropriate techniques
for the characterization of a potential nanocarrier under
development. The appropriate combinations of these tech-
niques can provide the information required to understand
their pharmacokinetics and drug-release profiles, and
can also lead to new ideas for the improvement of drug
delivery systems.
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