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Abstract Physicochemical properties of the nanoparticles are associated to their
in-vivo behavior including pharmacokinetic, bio-distribution, efficacy, and toxicity
profiles. It is imperative to gain a comprehensive understanding of the nanoparticle
properties through their characterization. Characterization of nanomaterials depends
upon their unique physical and chemical properties with different level of complex-
ity at molecular levels. Distinct properties of nanoparticles often hinder when stan-
dard methods of characterization of particles are used, which compromise the
reliability and reproducibility of the outcome. Nano-therapeutics characterization
depends on various aspects, including the encapsulated drug, delivery vehicles, dis-
ease, route of administration, dosing amount and its application. The precise control
over nanoparticle properties need robust and advanced characterization techniques.
Generally, characterization of nanoparticles is based on the composition, size- dis-
tribution, morphology, surface charge, purity and stability, using sophisticated tech-
niques such as dynamic light scattering (DLS), scanning electron microscopy
(SEM), transmission electron microscopy (TEM), atomic force microscopy (AFM)
etc. Mean particle size, morphology and surface charge of nanoparticles affect their
physical stability, re-dispersibility and in-vivo biodistribution. This chapter sum-
marizes the basic principles, associated challenges and practical concerns in stan-
dard and promising physicochemical techniques used for characterization of
nanoparticles.
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1 Introduction

Nanotechnology has several conceivable benefits to pharmaceutical research by
making medicines more effective and minimizing their side effects. Nanoparticles
have wide ranging implications in diverse field of science and technology including
medicine, biotechnology, material science, etc. [1]. Designing precise drug delivery
systems has long been a major challenge for pharmaceutical researchers. Further,
drug delivery via mucosal sites offers several advantages over the traditional paren-
teral administration. However, it is challenging for several nanoparticulate formula-
tions to cross the mucosal barrier and reach their target site in the deeper tissues or
after subsequent absorption to the systemic circulation. Thus, evolving nano-
formulation technologies explore several strategies that would enhance interaction
with the mucus surface and the epithelial cell layer in order to achieve high drug
levels at the target site [2]. Therefore, comprehensive knowledge about nanoparticle
characterization is essential in order to improve current approaches and to develop
new delivery systems to lower the barrier for improving mucosal delivery. In order
to overcome these barriers, nanoformulations need to have several features like
mucoadhesive properties, membrane permeation, cellular uptake augmenting, and
drug release governing properties.

In order to gain a comprehensive understanding of the composition and nature of
the nanoparticles, researchers first need to have enough information on the available
nanoparticles characterization techniques. Characterization of nanoparticle pro-
posed for therapeutic or diagnostic applications is complicated due to the wide vari-
ability of materials used for their preparation. Further, the multi-functionality and
distinctive surface properties of nanoparticles makes characterization even more
difficult by standardized methods. Several nanoparticles like colloidal gold-
particles, silver—particles, quantum-dots etc. have optical properties which inter-
feres with calorimetric assays and potentially give false positive results [3]. Some
nanoparticles like dendrimers, silicon, cadmium selenide, titanium dioxide etc. can
have catalytic properties that interfere with enzymatic testing of nanoparticles.
Polymeric nano-formulations may contain variable concentrations of surfactants to
improve stability and dispersibility in liquid. The surfactant alters the surface ten-
sion of the medium and hence interferes in their characterization. Nanoparticles
readily absorbs impurities from the medium due to their large surface area and sur-
face charge, which gives inconsistent analytical results. Selectively delivering drugs
to targeted disease site using nanoparticles can help to enhance the therapeutic
effectiveness and reducing adverse effects in normal tissues. Several advanced
nanoparticles are functionalized by specific targeting moieties that facilitate their
precise recognition and effective delivery to target cells. These targeting moieties
includes proteins, antibodies, peptides (arginine-glycine-aspartate; RGD), aptam-
ers, polysaccharides, glycoproteins, folate etc. which are broadly used in develop-
ing multifunctional nanoparticles. However, the complexation of nanoparticles with
targeting moieties further increase the complexity of delivery system and make their
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Table 1 Different methods to characterize nanoparticles

Parameters Techniques
Particle size Dynamic light scattering (DLS), photon correlation spectroscopy (PCS),
distribution scanning electron microscopy, transmission electron microscopy, atomic

force microscopy

Surface charge (zeta | Laser doppler anemometry, Zeta potentiometer

potential)

Shape Scanning electron microscopy, transmission electron microscopy, Atomic
force microscopy, Coulter counter

Surface X-ray photoelectron spectroscopy, water contact angle measurement

hydrophobicity Hydrophobic interaction chromatography

Surface properties Static secondary-ion mass spectrometry

Surface area Brunauer—-Emmett—teller (BET) Analyzer

Crystallinity X-ray diffraction, Small angle X-ray scattering (SAXS), differential
scanning calorimetry thermal analysis (DSC-TGA)

Density Helium compression pycnometry

Drug loading and Dialysis membrane in-vitro drug release assay using analytical

release techniques, such as HPLC, UV, etc

characterization more challenging. These complications therefore tend to impede
the development of standard characterization methods for nanoparticles.

For nanomaterials, unfortunately there is a lack of known regulatory protocol
and standardized set of detection and characterization methods [4]. Nanoparticle
researchers usually establish their own characterization and quality control methods
for their nanoparticles. Regulatory authorities therefore face various issues in inter-
preting and evaluation of characterization data without any substantial reference to
published literature. These issues further complicate the approval process for nano-
formulation for diagnostics and therapeutics.

Physicochemical characterization of nanoparticles such as shape, size, surface
area, chemical composition, aggregation, surface functionality, stability etc. can
provide better understanding of structure—activity relationships and biological
activity in vivo. In this chapter, we will provide a comprehensive description of vari-
ous nanoparticle characterization technique and are out lined in Table 1 [2, 5, 6].

2 Nanoparticle Characterization Parameters

The basic of nanotechnology lies in the fact that properties of materials change
significantly when particle size is reduced to nanoscale range. The behavior of
nanoparticles is fundamentally different from their bulk counterparts due to the
change in surface-to-volume ratio and enhancement of quantum properties.
However, measuring this aspect is difficult and pose challenges to researchers.
Physicochemical properties, like particle size, surface zeta potential, shape, surface
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properties, adsorption potential, molecular weight, composition, solubility, stability,
purity, identity, aggregation, wettability, porosity, distribution of conjugated moi-
eties, and impurities are critically relevant to physiological interaction in biological
systems. It is therefore crucial to understand various nanoparticle properties based
on their different features by reliable and robust characterization techniques: as in-
vivo physiological interaction behavior of particles may influence the therapeutic
efficacy and diagnostic accuracy in medical applications.

2.1 Particle Size Distribution

Most of the unique properties of nanoparticles are size-dependent which do not
exist unless the size of the particle is decreased to nano-dimensions. The surface-to-
volume ratio along with quantum effects of nanomaterials exhibits several size-
dependent phenomena like optical, electronic, magnetic and mechanical properties.
The particle size plays an important role in inherent nanoparticle properties and
hence it is an essential task in the characterization of nanoparticles. The particle size
distribution (PSD) of the nanoparticle governs biological fate that could affect phys-
iological processes including deposition, distribution, targeting, metabolism and
toxicity. For the development of drug delivery systems, the size of nanoparticles
plays a major role as particle has to navigate from the administration site to the
targeted site via various biological barriers. Subsequently, after administration of
the nanoparticle formulation, it undergoes a biodistribution step and reaches the dif-
ferent organs or target site according to their size. To achieve better biodistribution
of drug encapsulated in nanoparticles via crossing epithelial barriers to the target
site, nanoparticles <l pm are preferred. Depending upon their size, nanoparticles
could escape from the systemic circulation through openings of endothelial barrier
called as fenestrations. It has also been demonstrated that nanoparticles 200 nm or
larger could activate the lymphatic system and are cleared from circulation faster.
Micron sized particles (1-5 pm) are majorly cleared through mononuclear phago-
cytic system cells, whereas 150-300 nm sized particles could be found in liver and
spleen. Nanoparticles of 30—-150 nm may also accumulate in the heart, kidney, and
bone marrow. Smaller nanoparticles (5—10 nm) are rapidly cleared from systemic
circulation while 10-70 nm diameter nanoparticles may penetrate capillary walls
throughout the body [7]. In order to cross the endothelial barrier, nanoparticles
should have size smaller than 150 nm. Desai et al. 1997 reported that nanoparticles
of size 100 nm demonstrated a 2.5-fold more cellular uptake as compared to a 1 pm
particle, and 6-times greater uptake than a 10 pm particles [8]. In various pathologi-
cal conditions, vasculature structure undergoes several modifications, as in tumor
grows where neo-vascularisation occurs and endothelium structure becomes dis-
continuous resulting in passage of larger nanoparticles (200-780 nm) accross the
barrier [9, 10]. Therefore the nanoparticles need to have an optimum size which can
deliver sufficient drug and further evade the immediate clearance by the lym-
phatic system.
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Fig. 1 Translocation permeability of nanoparticulate drug delivery systems across mucosal
barriers

For mucosal delivery, particulate delivery systems could be trapped in mucus
layers (lung airways, gastrointestinal tract, vagina, eye etc) by steric barrier or adhe-
sion. The thickness of the mucus layer in humans could vary depending on its site:
for instance stomach has 50-600 pm and 15-450 pm in intestine [11]. These parti-
cles are normally removed quickly from the mucosal tissue and hence prevent deliv-
ery of drugs in these areas. Mucus is a dense porous structure composed of cross
linked mucin fibers by hydrophobic interactions. Mucus show diverse pore size
ranging from ~10 to 1800 nm depending on its site in the body, for example, the
mean mesh pore size of human intestinal mucus pore size ~200 nm, human vaginal
mucus ~350 nm, cystic fibrosis lung mucus ~140 nm, bovine vitreous ~500 nm.
Hence, in order to penetrate and infiltrate mucus, particles need to have an optimum
size to evade any obstruction [5, 12] (Fig. 1).

2.2 Surface Area

Surface area is another important parameter for therapeutic nanoparticles as it
affects reactivity and surface interactions with ligands. A decrease in particle-size
leads to an exponential increase in surface area, and an increase in the availability
of reactive surface. The high surface area of drug delivery systems can be achieved
either by making small particles where the surface-to-volume ratio of particle is
high or by developing materials with large number of voids compared to bulk mate-
rial. Nanoparticles having high surface-to-volume ratio results in augmented sur-
face reactivity, enhanced rate of dissolution, improved bioavailability and altered
pharmacokinetic and toxicity profile. The interactions of nanoparticles with cells or
microorganisms generally take place at the particle’s surface, so the surface area is
a major factor for possible therapeutic effects of nanoparticles. The larger surface
area of nanoparticles dramatically enhances the equilibrium solubility, the rate of
dissolution and generation of reactive oxygen species [13]. Further, the large surface
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area allows for outer surface functionalization and can be done specifically for a
particular receptor.

2.3 Shape

The shape of the nanoparticles is also an important design parameter that affects
various biological phenomenon like movement of particles in systemic circulation,
internalization by cells, physiological efficacy and degradation. Furthermore, the
in-vivo circulation of nanomedicine can be altered by modifying the shape of drug
loaded nanoparticles. Most of the nanoformulations are prepared in spherical shapes
but advanced fabrication approaches have permitted the manufacture of wide-
ranging shapes of nanocarriers with high precision. These shapes include rods,
cubes, disks, ellipsoids, cylinders, hemispheres, cones, chains, biconcave discoids,
dendrites etc. Irregular shapes show noteworthy influence on their transport through
systemic circulation, their half-lives, cellular uptake and following intracellular tar-
geting. Recent literature demonstrates the significance of shape of nanocarrier on
many biological processes. Though, spherical structure is the most common shape
in use, asymmetrical shapes could also be favorable in several occasion to enhance
circulation time of the particles in vessels with decreased collisions against the ves-
sel walls [14]. Asymmetric nanoparticles show different hydrodynamic behavior
compared to spherical particles and are less susceptible to phagocytic clearance by
the macrophages, which ease better sustained delivery of drugs [14].

Non-spherical systems demostrated varied biodistribution profiles compared to
their spherical counterpart, providing a different approach for targeting specific
sites. Yu et al. 2016 demonstrated that the nanoparticle shape can have significant
role in the mucus-penetrating abilities. They showed nanorods penetrates faster in
GIT mucus of rat as compared to spherical nanoparticles of equivalent size. This
phenomenon was attributed to rotational movement enabled by the flow and the
mesh size of mucus [15].

2.4 Zeta Potential

Dispersed nanoparticles in solution are located at different locations in the diffuse
layer of liquid due to the electric potential difference, so the movement of particles
in this layer of liquid is called slipping and shear plane. The measurement of poten-
tial at this plane is called zeta potential [16]. The zeta potential of the nanoparticles
is an important factor as it affects the particle dispersion characteristics and influ-
ences the adsorption of ions and biomolecules. The surface charge of nanoparticles
is approximated by zeta potential measurements which is the function of surface
charge of nanoparticle, adsorbed molecules on its surface, and the ionic strength and
composition of the surrounding solutions. Therefore, the storage stability of
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colloidal nanoparticles dispersion is mainly dependent on its zeta potential.
Electrostatic interaction of nanocarriers is controlled by modification in their sur-
face charges, that is analyzed by measuring the zeta potential of nanoparticles [17].
To achieve higher stability and to avoid aggregation of nanoparticles, higher value
of zeta potential (either negative or positive) is preferred. The measured value of
zeta potential indicates the surface hydrophobicity, the nature of the material encap-
sulated in nanoparticles and coating properties of the surface [13, 18]. Surface of
nanocarrier is an important concern in targeting drug delivery systems.
Un-functionalized nanoparticles having neutral or negative charge are swiftly opso-
nized and cleared by macrophages. Surface functionalization of nano-formulations
is a common practice to evade the opsonization phenomenon and to maintain sus-
tained drug delivery in systemic circulation. Appropriate zeta potential can enhance
the drug targeting, its release profiles and stability of the nano-particulate formula-
tions. It is demonstrated that nanoparticle with high surface charge and large parti-
cle size are engulfed more efficiently by macrophage. Small difference in surface
charge and size has significant effect on cellular uptake. Nanoparticles with ade-
quate hydrophilicity and uncharged surface can efficiently diminish the positive
interactions between mucus and particles by decreasing electrostatic interactions.

2.5 Surface Properties

The surface properties of nanoparticles are functions of molecular or atomic com-
positions, charge and functional groups present on the surface which are responsible
for the interaction with the surrounding environment. The surface properties of
nanoparticles are intrinsically relevant to the superficial layer, but not to the overall
bulk material. Surface properties of nanoparticles have potential effects on physio-
logical barrier penetration, receptor binding, dispersion stability and aggregation.
The manipulation of surface properties of nanoparticles is another prospect to
design superior nanocarrier systems. To design an ideal nanocarrier system, the
functionalization of particle surface with suitable targeting moieties, modification
of surface hydrophobicity and reactivity can be useful to address aggregation, sta-
bility, and receptor binding. In multifunctional nanoparticles, functional moieties
are conjugated with the surface to bind to target receptor in specific tissues/organs.
The selection of materials and their surface properties like hydrophobicity or cross-
linking density can be important factors for the designing of a mucus penetrating
particles. Pharmaceutical scientists have developed several surface engineering
strategies to generate hydrophilic coating and lessen the particle adhesion with
mucus. Despite having negative charge on ther surface, hydrophobic nanoparticles
like polystyrene particles diffuse into mucin hydrogel by hydrophobic interactions.
Researchers have proposed various active targeting strategies to increase nanopar-
ticle penetration through mucus, mucoadhesion and cellular uptake by covalently
functionalizing specific targeting moieties on the surface of the nanocarriers [2, 12].
Lectins are commonly used ligands for enhanced mucoadhesion and cell
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internalization via specific cell interactions [19]. Another promising strategy to
increase nanoparticle penetration through mucus is the incorporation of mucolytic-
enzymes on the surface of the particles [20]. The characteristic ability of multifunc-
tional nanoparticles to combine therapeutic, targeting and imaging modalities is a
key aspect of their versatility and anticipated specific clinical impact [15].

2.6 Composition and Purity

A vast variety of nanomaterials are being used to design and develop nanoformula-
tions for therapeutic purpose. These nanomaterials includes polymers, lipids, pro-
teins, DNA, metal and metal oxides, inorganic minerals or other organic compounds.
The composition and purity of nanoparticles majorly influences the transport, deliv-
ery, pharmacokinetics and biodistribution. In therapeutic applications of nanoparti-
cles, it is common to combine two or more types of materials to form a complex or
conjugant. Each ingredient exhibits their own inherent physicochemical properties
including solubility, size, shape, surface charge, hydrophobicity and aggregation
tendencies which are designed for different therapeutic response. The potential
interaction of these materials with biological systems like cell and tissues is rela-
tively different from each other depending upon the nature of material. Hence effi-
cacy and toxicity significantly depends on the actual composition of the nanoparticle
formulation. The measurement of chemical composition of multifunctional nano-
carriers is more complicated compared to single entities. The occurrence of impuri-
ties in nanoformulations may considerably affect efficacy or introduce adverse
effects. In accordance, the purity analysis of nanoparticles through their chemical
composition is necessary. Prior to nanoparticle formulation synthesis, proper purifi-
cation processes must be performed to remove side products, residual manufactur-
ing components and endotoxin contamination. The purity analysis of nanoparticles
must be carried out to check the presence of solvents, chelates and free metals,
precursors, dimers, unconjugated therapeutics or other agents. Appropriate methods
and techniques to detect the presence of such unwanted entities are required to
ensure the quality and purity of the nanoparticle preparations [4, 10].

2.7 Stability

Pharmaceutical stability refers to the retaining of the bio-physico-chemical proper-
ties for a stated period of time after its manufacturing. Various factors affecting the
conventional single molecule pharmaceuticals stability are similar for the conven-
tional nanoparticles, including moisture, temperature, particle/molecular size, pH,
solvents, enzymatic degradation, exposure to different types of ionizing and non-
ionizing radiation, and presence of other excipients and impurities [4]. The multi-
functional nanoparticles have complex compositions, so the stability of all the
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components included in nanoparticles is essential to achieve its potential biological
function. If any of the components of the complex will prematurely release, then it
will compromise the efficiency of the nanoparticles activity. Therefore, it is neces-
sary to evaluate the in vitro stability of functional components in various physiologi-
cal conditions including pH, temperature and ionic strength. Further, stability
evaluation in non-physiological conditions is also important to check the effects of
short term and long term storage, ultrafiltration, lyophilization, freeze-thawing, pH
variation, thermal and light exposure [10].

2.8 Drug Release

Drug loading is the amount of drug bound or encapsulated per total mass of poly-
mer. Drug loading capacity of nanoparticles and its release influences the dose of
the drug. The drug release from the nano-formulation depends upon several aspects
of the material including matrix, porosity, matrix degradation, pH, temperature etc.
Further, drug release rate from nano-formulations depends on the solubility of drug,
desorption of the adsorbed drug, diffusion via matrix, degradation and diffusion
process. Determination of extent of drug release from nanoparticles and subsequent
biodegradation of the matrix is very essential for development of successful nano-
formulations. The amount of drug is quantified by the use of UV-Vis spectroscopy,
high performance liquid chromatography (HPLC), or liquid chromatography mass
spectrometry (LC-MS) [18]. The in vitro drug release from nanoparticles is deter-
mined by various methods like dialysis bag diffusion technique, side-by-side diffu-
sion cells with biological or artificial membranes, reverse dialysis sac technique,
ultrafiltration, ultracentrifugation, and centrifugal ultrafiltration. The release profile
of drugs from nanoparticles depends upon the nature and type of the drug delivery
system [21, 22]. When the drug is uniformly dissolved or distributed in the polymer
matrix (e.g nano-spheres), the release majorly occurs by erosion or diffusion of the
matrix. The adsorbed or weakly bound drugs on the large surface area of nanopar-
ticles are rapidly released (burst released) compared to the incorporated drug. In
heterogeneous systems (e.g nanocapsules), the release of drug is mainly governed
by diffusion over the polymeric degradation mechanism. The rate of diffusion of
drug is faster as compared to matrix degradation, and is less dependent on the type
of polymer.

3 Methods of Characterization of Nanoparticles

The characterization of nanoparticles is mainly performed for the measurement of
their size distribution, shape, morphology, average particle diameter, charge affects,
surface and elemental analysis, thermal stability and optical properties. Size and
surface morphology are determined by techniques such as transmission electron
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microscopy (TEM), scanning electron microscopy (SEM), atomic force microscopy
(AFM) and dynamic light scattering (DLS). Stability and shelf-life of nanomedicine
depends upon surface properties, surface charge, composition and storage condi-
tions. Other techniques like ultraviolet-visible spectroscopy (UV-Vis), X-ray dif-
fraction (XRD), small angle X-ray scattering (SAXS), fourier transform infrared
spectroscopy (FTIR), mass spectrometry (MS), differential scanning calorimetry
(DSC), thermo-gravimetric analysis (TGA), etc. will also be discussed. On the basis
of characterization techniques and instrumentation, nanoparticle analysis can be
categorized as described in the below sections.

3.1 Particle Size and Morphology Analysis

3.1.1 Dynamic Light Scattering (DLS) or Photon-Correlation
Spectroscopy (PCS)

The therapeutic properties of nanoparticles are highly dependent on their size and
their tendency to agglomerate. Various techniques like sieve analysis, electro resis-
tance counting methods, optical counting methods, sedimentation techniques,
acoustic spectroscopy, dynamic light scattering, laser diffraction methods, etc. are
all useful for particle size determination. Amongst them dynamic light scattering
(DLS) is most popular and frequently used technique for obtaining size distribution
of nanoparticles [23]. DLS can measure particle size distribution of small particles
or polymers at the submicron or nanometer scale in suspension, and emulsion form
by using a monochromatic light source, e. g. laser. Nanoparticles in the liquid phase
experience brownian motion which is inducted by the bombardment of solvent mol-
ecules. Monochromatic light exposure hits the moving nanoparticles in solution
which leads to a shift in incident light wavelength (at a fixed scattering angle) and
the extent of the shifting in wavelength is due to interferences of the scattered light
that measures the size of the particle (Fig. 2A). When moving particles are illumi-
nated with laser, the intensity of light fluctuates which depends upon the size of the
particle. This random motion of the particle is modeled by the Stokes-Einstein
equation which that links diffusion-coefficient measured by dynamic light scatter-
ing to particle size. This formula is most often used for particle size analysis.

kT
3mnD,

h

D;: Hydrodynamic diameter
D,: Diffusion coefficient.
kg: Boltzmann’s constant

T: Temperature.

1n: Solvent viscosity.
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The major advantage of DLS is its short experimental time duration, ability to
characterize diluted samples, accuracy in measurement of the hydrodynamic diam-
eter of the monodisperse/polydisperse sample (Fig. 2B), lower apparatus cost and
reproducible results and analyzing samples in a wide range of concentrations.
However, DLS has limited utility for investigation of heterogeneous size samples
and resolving the dimension measurements of a mixed sample population. It is also
not suitable for accurately measuring the sizes of non-spherical nanomaterials.
Griffiths et al. evaluated the interaction between nanoparticles and mucin, where
they demonstrated that negatively charged and hydrophilic nanoparticles did not
display any interaction with mucin while positively charged and hydrophobic
nanoparticles illustrated a strong interaction. This study showed that the DLS tech-
nique is a potential screening tool to nanoparticle-mucin interactions [24].

3.1.2 Scanning Electron Microscopy (SEM)
Scanning electron microscopy determines the size, shape, surface morphology of

agglomerated/ dispersed nanoparticles, and surface functionalization with direct
visualization of the nanoparticles [18]. It shows detailed three-dimensional images
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Fig. 2 (A) A schematic diagram of a dynamic light scattering instrument (B) Graph of two
nanoparticle batches of a bimodal polydisperse population and a monodisperse population obtained
after analysis by light scattering
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of high magnification particles (upto 300,000X). The mean particle size obtained by
SEM is comparable with the size obtained by dynamic light scattering. In contrast
to optical microscopy, that uses a light source and lenses to observe the samples and
to generate magnified images, SEM uses beams of accelerated electrons to generate
higher magnification images. For SEM analysis, suspension of particles is mounted
on a sample holder and dried, followed by coating of conductive metal (e.g. gold)
using a sputter coater under vacuum. Nanoparticles are evaluated by scanning with
a beam of electrons, and the secondary electrons/backscattered electron/character-
istic X-rays generated from the specimen surface reflects the atomic composition
and topographical information of the particles [25] (Fig. 3).

X-rays are the second most common imaging mode for SEM analysis, which
gives information of element composition of nanoparticles. The specific technique
is known as Energy Dispersive X-Rays (EDX) SEM. Back scattered electron gener-
ated from samples are also occasionally in SEM analysis for elements. The image
that is displayed on the monitor is the distribution map of the intensity of the signals
emitted from the scanned part of the sample. The major limitation of SEM is that it
requires conductive surface of the sample to scan the surface by an electron beam.
Many biological molecules and polymers have nonconductive surfaces that may
acquire a static electric charge and insufficiently deflect the electron beam which

Electron Gun E '
Py

7

Condenser Iens<

Detector
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Primary Electrons-

Sample

Secondary Electrons
Specimen Stage .

Fig. 3 Schematic of Scanning electron Microscope (SEM)
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tends to generates artefacts or imaging faults. Therefore, nonconductive samples are
coated with an ultrathin layer of electrically conductive material under high vacuum
evaporation or low vacuum sputter coating.

Nonconductive samples may also be imaged by specialized “Environmental
SEM”(ESEM) or in field emission gun SEM which is operated at high vacuum, low
voltage or at high voltage, low vacuum [4]. Sometimes, electron beam can damage
the nanoparticles or the biological samples. The process of drying and contrasting
of nanoparticles may also cause shrinkage of the sample and therefore change the
characteristics of the nanoparticles. More sophisticated instruments such as, field
emission SEM uses narrower probing beams at high and low electron energy which
gives better spatial resolution while reducing the sample destruction [25, 26].
However, this method is time consuming, expensive and often needs additional
information about size distribution.

3.1.3 Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) is a frequently used technique for the
characterization of nanoparticles. It provides direct images and elemental informa-
tion of nanoparticles at a spatial resolution down to the level of sub-nanometer/
atomic dimensions. In the conventional TEM mode, an electron beam emitted from
a source is accelerated at high voltage potential and transmitted through an ultrathin
foil specimen. The incident electrons interact with the sample and transform to
either unscattered electrons or elastically/inelastically scattered electrons [27]. The
scattered or unscattered electrons are focused through various electromagnetic
lenses and then projected on a screen to obtain electron diffraction pattern, which
forms a phase contrast image, amplitude contrast image or a shadow image accord-
ing to the density of unscattered electrons. The image is magnified and focused by
adjusting the ratio of the distance between the specimen and objective lens (Fig. 4).
Newer TEM are specifically equipped with the specimen holder which allows tilting
the specimen at different angles in order to get specific diffraction patterns [28]. A
range of analytical techniques can be coupled with TEM for different type of appli-
cations, for example (i) electronic structure of the nanoparticles that can be quanti-
tatively investigated by chemical analyses of electron energy loss spectroscopy and
(i1) chemical composition of the nanoparticles can be quantitatively investigated by
energy dispersive X-ray spectroscopy [25, 28]. The TEM is widely applicable in
biological sciences, material sciences and metallurgy. However, there are certain
drawbacks of TEM, it requires thin layer samples (to transmit sufficient electrons to
produce images) and high vacuum conditions which may lead to sample destruc-
tion. The preparation of extensive thin specimen enhances the chances of altering
the structure and makes analysis a time consuming process.

The nanoparticles dispersion is deposited onto the support grids or films for char-
acterization. TEM is useful in the measurement of particle size, aggregation/
agglomeration, and dispersion, of nanoparticles (Fig. 5).



40 K. Vaghasiya et al.

Fig. 4 Schematic diagram
of transmission Electron
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3.1.4 Atomic Force Microscopy (AFM)

In contrast to electron microscopy technique, AFM is a scanning probe technique/
scanning force microscopy, which can divulge a range of information regarding the
nanoparticles or biomolecules and its interaction on a single particle basis. The
reported resolution of fractions of nanometer that is more than 100 times better than
to optical diffraction limit. AFM is ideal for quantitative measurement of surface
roughness and visualizing surface nano-texture of nanoparticles. It also helps in the
determination of the size, shape, structure, aggregation and dispersion of nanopar-
ticles. Due to its non-destructive analysis and high 3D spatial resolutions, it is a very
useful tool in the analysis of conductive/nonconductive, dry/wet, soft/hard, or any
other type of material in physiological conditions [25, 29]. AFM consist of a silicon/
silicon nitride micro machined cantilever with a sharp tip (radius ~ 10 nm) attached
at one end to detect whether the deflection of the cantilever tip occurred due to van-
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Fig.5 PLGA
nanoparticles observed by
TEM: (A) stabilizer-free
PLGA, (B) PLGA/PVA,
(C) PLGA/Chitosan and
(D) PLGA/PF68

(bar = 500 nm) (Reprinted
with permission from ref.

[26])

der Waals repulsion, electrostatic interaction and attraction between atoms at the tip
and sample surface. The oscillating cantilever scans peaks and valleys over the sam-
ple surface in a vertical position and generates a topographical image of up to
around 0.5 nm in vertical resolution [4]. During scanning of sample surface, the tip
oscillates vertically and contacts the surface alternatively and lifts off, usually at a
frequency of 50,000-5,00,000 cycles/s [1].

AFM has different scanning modes, includes dynamic/tapping (contact and
intermittent contact with the sample) and static (noncontact) which provides
details of various sample parameters like morphological information (size and
shape) and elasticity parameters (Young’s modulus, adhesion, and stretching) [29]
(Fig. 6). However, the major limitation associated with AFM analysis is that the
size of the cantilever tip and its geometry is larger than the dimensions of nanopar-
ticles which leads to the widening of the lateral dimensions, which may leads to
overestimation of size. AFM has several advantages over the SEM/TEM, which
provides a two-dimensional projection of a sample; the AFM provides a three-
dimensional surface profile. AFM is capable of producing a three-dimensional
topography using just a single scan. In addition, samples viewed by AFM do not
require any special treatments (such as metal/carbon coatings) that would damage
the nanomaterials. AFM also provides a greater level of detail for particle surfaces,
as SEM is not as efficient in resolving the subtle changes on a highly smooth sur-
face. As shown in Fig. 7, Cetin et al. synthesized Eudragit® L100/poly(lactic-co-
glycolic acid) (PLGA) based nanoparticles and determined its size and morphology
by AFM [30].
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Fig. 6 Schematc diagram of Atomic Force Microscope (AFM)

Fig. 7 AFM images of nanoparticles having various polymer ratio of Eudragit and PLGA (a)
20:80, (b) 30:70, (c) 50:50, and (d) Pure Eudragit (Reprinted with permission from ref. [30])
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3.2 Surface Charge Analysis
3.2.1 Zeta Potential Measurement

As we have discussed previously, measurement of zeta potential is essential to know
the stability of nanoparticles. It can be measured by various techniques, like electro-
phoretic light scattering, acoustic and electro-acoustic. Among these techniques,
electrophoretic light scattering is frequently used because of its accuracy, sensitivity
and versatility. Moreover, it can simultaneously determine the velocities of many
charged species in the sample. The classical electrophoretic light scattering trans-
mits light and receives at a small scattering angle (typically 8-30°). It is generally
determined by measuring the velocity of the charged molecules towards the elec-
trode in the sample solution due to the presence of an external electric field, which
is proportional to the { potential, and the electrophoretic mobility of nanoparticles
is measured by laser Doppler velocimetry (LDV). However, this technique is not
suitable for turbid samples because the incident light cannot penetrate the samples.
Zeta potential is not only dependent on the surface charge of the nanoparticles but
also affected by their surrounding environment like ionic strength, temperature, pH,
radiation, nature of the surface ligands and types of ions in the suspension. Therefore,
in some cases, when we measure the zeta potential of suspended particles after dilu-
tion to produce high resolution and accurate results, it may differ greatly from their
original values in that particular environment and may mislead the user [16, 31, 32].
Usually, higher zeta potential value > = 30 mV (strongly anionic or cationic) is cho-
sen to infer the particle is stable, whereas a lower value of zeta potential < + 30 mV
indicates a condition towards aggregation, instability, coagulation or flocculation.
Nanoparticles with a zeta potential of — 10 mV to +10 mV are considered as neutral
[17, 31]. Ngo et al. synthesized gold nanoparticle using of citrate as reducing and
stabilising agent and obtained the higher negative zeta potential value —23.9 mV
which shows the higher stability of gold nanoparticles [33] (Fig. 8).
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Fig. 8 Zeta potential graph of synthesized gold nanoparticles (Reprinted with permission from
ref. [33])
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3.3 Surface Area and Porosity
3.3.1 Brunauer, Emmett, and Teller (BET) Analysis

Surface area and porosity are two important physical properties that influence the
quality of nanomedicine. The specific surface area of the nanoparticles is the sum-
mation of the exposed areas per unit mass. Particle size has inverse relationship
with surface area. Several unique properties of nanoparticles are due to their large
surface-to-volume ratio. Surface area and porosity properties are also relatable to
efficacy and toxicity of nanoparticles. It is therefore important to precisely measure
surface area for nano-material characterization. The method of Brunauer, Emmett,
and Teller (BET) is used to evaluate the total surface area of nanomaterials. The
BET theory assesses the gas-adsorption data and creates aspecific-surface area
results which are then expressed in units of area per mass of sample (m?%/g). The
actual surface area including surface pores cannot be estimated from particle size
and shape information. Rather, it is determined at the atomic level by the adsorp-
tion of an inert gas. Nitrogen adsorption is commonly used to measure the specific
surface area of particles. Amount of nitrogen adsorbed not only depends upon
exposed surface but also on the temperature, gas pressure and strength of interac-
tion between the gas and solid. Generally, interaction between gas and solid surface
is low, the surface need to be cooled using liquid N, to have sufficient detectable
quantities of adsorption. As adsorption layers are formed, the sample is taken out
from the nitrogen atmosphere and heated to release the adsorbed nitrogen from the
nanomaterial and quantified. The data is presented in the form of BET isotherms,
which plots the quantity of gas adsorbed on material vs relative pressure. These
isotherms may be of different shapes depending upon adsorbent, adsorbate and
their interaction. Generally, five types of adsorption-isotherms are used. Type I
shows monolayer adsorption and easily explained using Langmuir adsorption the-
ory. This type of isotherm is characterstics of microporous material (pore diameters
less than 2 nm) having relatively small external surfaces. Materials like charcoal,
molecular sieve zeolites, Metallic Organic Framework (MOFs) and some porous
oxides exhibits this type of isotherm. Type II isotherm represents unrestricted
monolayer-multilayer adsorption which is charactersics of non-porous or macro-
porous material like Iron (Fe) catalyst and silica gel. The midway flat region of the
isotherm represent the monolayer formation. Type III isotherm explains the forma-
tion of unrestricted multilayer. Here lateral interactions between gas molecules are
strong compared the interactions between the material surface and adsorbate. Such
materials including iodine, bromine, etc. Adsorption on mesoporous materials con-
tinues with multilayer adsorption followed by capillary condensation. Mesoporous
materials with pore size ranging 2—50 nm, gives type-IV of isotherm. It displays the
formation of a monolayer after development of multilayers. Type V isotherms are
very similar to type IV isotherms but have relatively weak adsorbate-adsorbent
interaction [34] (Fig. 9).



Methods to Characterize Nanoparticles for Mucosal Drug Delivery 45

Fig. 9 Graphical Forms of 1] 111
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3.4 Chemical Composition and Crystal Structure Analysis
3.4.1 Mass Spectrometry (MS)

Mass spectrometry (MS) is one of the major analytical method which can analyze
the samples based on their mass to charge ratio and provides information like mass,
chemical composition and elemental composition of a particle or a molecule. MS
has high detection sensitivity (10~ to 107! mol of sample requires) with high degree
of precision and accuracy in determination of molecular weight. Various physico-
chemical characteristics of nanoparticles, such as mass, structure and composition
can be examined by using different MS procedures and differentiated by their ion
sources, separation techniques and detector systems. Among the ionization methods
coupled with MS analyzers, electrospray ionization (ESI, usually in conjunction
with HPLC/UPLC) and matrix assisted laser desorption/ionization (MALDI) are
most frequently used to ionize and volatilize temperature sensitive biomolecules
instead of introducing significant decomposition or fragmentation of the molecules.
In ESI mode of MS, ions are formed through electrospray by applying a voltage
(positive or negative) to liquid flow, which nebulizes the liquid into fine droplets.
The droplets travel in high pressure and temperature through the ion source of MS
which desolvate droplets and finally release the ions into the gas phase. MALDI-
coupled with time of flight-MS (MALDI-TOF)-MS is a highly sensitive and power-
ful soft ionization technique which is suitable for analysis of complex molecules,
like functionalized nanoparticles and proteins [35]. It is a solid phase ionization
technique, in which sample and matrix co-crystallized on a solid support. The irra-
diation from nitrogen laser at 337 nm sublimates the sample/matrix mixture to gas
phase where ionization of the sample occurs and proton transfer takes place. The
data can be characterized by relatively simple spectra with a pseudomolecular ion,
[M + HJ* for singly charged ions and [2 M + H]J* dimer for doubly charged +2 ion
(31). Fig. 10 represents the (MALDI-TOF)-MS spectrum with predictabale molecu-
lar weight and purity of the synthetic Magainin-I analog peptide (MIAP) [36].
(MALDI-TOF)-MS is useful in the characterization of nanomaterial bioconjugates,
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Fig. 10 MALDI-TOF mass spectrum of the synthetic MIAP peptide (Reprinted with permission
from ref. [36])

especially in protein based nanoparticles, such as viral nanoparticles, in that mass
increases in the viral coat protein because of the addition of biotin or fluorophore
species. It is also useful for determination of size/size distributions of nanomateri-
als, molecular weights of macromolecules, dendrimers and polymers, as well as to
illustrate proteins binding to nanoparticles (4, 27). On the other hand, inductively
coupled plasma (ICP) ionization MS (ICP- MS) is mainly useful in the analysis of
metal containing nanoparticles. It is implemented to validate the conjugation reac-
tion between functionalized nanoparticles and modified contrast agent, where the
secondary ion MS provides the molecular and elemental properties of the top layer
of nanoparticles, as well as to determine biomaterial surface properties in physio-
logical conditions. However, the application of MS techniques have some limitation
in nanomaterials- bioconjugate characterization which may in part because of the
relative cost of the instrumentation, the destruction of the sample during measure-
ment, and the required level of expertise needed to run analysis (4, 27).

3.4.2 X-Ray Diffraction (XRD)

X-ray diffraction (XRD) is a common and effective technique for the study of nano-
materials. The wavelength of X-rays is in atomic scale, hence XRD is an important
method for investigating structure of nanoparticles. It helps in completely deciding
the tertiary structures of crystalline materials at the atomic scale. Crystalline phases
are identified by comparing the interplanar distance values obtained from data.
X-rays are electromagnetic radiation with a very short wavelength (few Angstrom)
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which is produced when the electrically charged particles with sufficient energy are
decelerated. X - rays, generated from cathode ray tube converge as monochromatic
collimated radiation and directed towards the sample. The X — rays interfere con-
structively and destructively producing a diffraction pattern on the detector.
Crystalline and semi crystalline materials like polymers, metal, metal oxides
nanoparticles have a characteristic atomic structure which diffracts X-rays in a
unique diffraction order or pattern. The X-ray diffraction data of polymers or nano-
materials gives information regarding crystalinity, orientation of the crystallites, lat-
tice strain, thermal expansion, grain size, internal stress of small crystalline regions,
order-disorder transformation, phase composition in semi crystalline polymers and
thickness of thin films.

Itis also used to determine nanosized components embedded in biological matrix
or nanobioconjugate layered materials like nano-hybrids where the analysis of
d-spacing alters upon bioconjugation between layers of the nanoparticles. This tech-
nique is also helpful to assess the polymorph stability of solid lipid nanoparticles
and PEG content on the self assembly of peptide fibril nanostructures [31, 32].
When the pure drug is incorporated in polymer. matrix, change in its crystal prop-
erty can be measured by XRD. On the basis of different diffraction pattern of pure
drug, pure polymer and drug loaded nanoparticles (Fig. 11), incorporation of drug
in polymer matrix can be easily distinguished. The major limitation of XRD is its
very low diffraction intensity, especially for low atomic number molecules. A recent
XRD study shows a novel approach by use of femtosecond pulses generated from a
hard X-ray free electron laser for determination of structure of macromolecules
which do not have sufficient crystal size [4].

3.4.3 Small Angle X-Ray Scattering (SAXS)

In comparison to X-ray diffraction, where applications are confined to crystalline
materials, small angle X-ray (SAXS) scattering gives minute detail of different
characteristics by determining either amorphous or crystalline materials from poly-
mers, protein to nanoparticles [4]. The principles of SAXS is that, a collision
between an incident X-ray beam and a surface particle results elastical-scattering
from the sample and forms pattern on a 2D flat X-ray detector which is perpendicu-
lar to the direction of the incoming X-ray beam. The reflected waves interfere with
each other by constructive interferences at a certain angle and form a peak. The
incident X-ray beam interacts with the surface of particles electron clouds and
forms scattering pattern according to inhomogeneity in the electron density [4, 26].
By examining the intensity of the scattered X-ray obtained within the scattering
angle from 0.1 to 3°, SAXS can determine the size/size distribution, orientation,
shape, morphology, structure, and characteristic intra-assembly of a various poly-
mers and nanoparticles in solid/solution form [31, 32]. The periodic varions in the
intensity profile are inversely proportional to the particle size as well as the intensity
profile of monodisperse particles captures the intensity maxima towards the largest
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Fig. 11 XRD pattern of pure paracetamol, pure L-polylactic acid (L-PLA), and encapsulated
paracetamol inside L-PLA (Reprinted with permission from ref. [33])

extent, whereas the smeared intensity minima indicates a modest polydispersity in
SAXS data of particle size distribution of gold nanoparticles [37] (Fig. 12).

The recent advancement in SAXS can achieve higher resolution measurements
through using synchrotron as the high energy X-ray source.

3.5 Drug-Polymer Interaction Studies

3.5.1 Differential Scanning. Calorimetry (DSC) & Thermogravimetric
Analysis (TGA)

Thermal techniques are mainly important in determination of drug-polymer interac-
tion and biomolecules conjugation with nanomaterials and thier thermal stability.
DSC records the heat released by a chemical process (either a conformational alter-
ation or a chemical reaction) from the test and control samples which are placed in
separate chamber of a calorimeter. The heat of reaction (ArH) that defined as the
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Fig. 12 1D SAXS data of
suspended gold
nanoparticles. Red squares
and black circles represent
the data from gold
nanoparticles of diameter 5
and 10 nm, respectively.
The dashed lines and solid
lines are intensity profiles
from monodisperse and
polydisperse spheres,
respectively (Reprinted
with permission from

ref. [34])
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change in enthalpy associated with a chemical reaction is recorded by DSC. The
positive value of ArH indicates endothermic reaction, whereas the negative value of
ArH indicates an exothermic reaction. DSC is very useful for measurement of vari-
ous material transitions including crystallization, melting, decomposition and glass.
transition. Further analysis can show the state of the nanoparticles-bioconjugate
including stability of the biomolecules, underlying crystalinity and interaction of
each component with each other. It also helps to elucidate the stability and structure
of surface coatings of the nanoparticles-bioconjugate as well as the state of their
therapeutic payloads [31]. On the basis of surface area and intensity of endothermal
and exothermal peak, the percentage of crystalinity in the drug and polymer can be
differentiated. When the drug is incorporated in polymer, it forms molecular disper-
sion or solid solution in the polymer matrix (Fig. 13). DSC spectra of drug shows
broad and weak endotherm that shows transformation of crystalline to amor-
phous [38].

Thermal gravimetric analysis (TGA) is also useful in characterization of thermal
stability of compounds. It measures exothermic and endothermic weight loss upon
heating and cooling of the nanoparticles and generates its thermal profile. It uses a
high precision balance to measure changes in the weight of a sample relative to
change in temperature. It characterizes various nanoparticles functionalized with
biomolecules on the basis of its unique sequence from physicochemical reactions
happening over particular temperature range. Isothermal titration calorimetry is
another thermally based technique which can gives details about the nanoparticles-
bioconjugation. It has potential to determine the affinity, enthalpy and stoichiometry
of the nanoparticles-biomolecules interaction [31].
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Fig. 13 DSC thermogram of (A) carboplatin, (B) carboplatin-loaded PCL nanoparticles and (C)
PCL polymer (Reprinted with permission from ref. [38])

3.5.2 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR measures the particular absorption of IR radiation, which occurs due to vibra-
tional stretching, and bending of the sample molecules. If the molecules have time-
variant dipole moment, their oscillating frequencies are same to the incident light
frequency and absorb that frequency of IR radiation. When the molecule absorbs IR
radiation, it transfers energy and induces corresponding covalent bond stretching,
twisting and bending. Molecules without dipole moments are not absorbing IR radi-
ation, like diatomic molecules of O2 and N2. Normally, vibration in molecules
involves a variety of covalent bonds and coupled pairs of atoms and all of them must
be considered as a combination of the normal modes, hence, the IR spectra illus-
trates the absorption or transmission versus incoming IR frequency. It is most fre-
quently used for determination of conjugation between peptide or protein with
nanoparticles. In globular proteins, stretching and bending vibrations in the amide
region gives secondary structural information which is correspond to the conforma-
tional state of the bound protein [31]. The alteration in FTIR spectrum of pure DNA,
gold nanoparticles without functionalizations and DNA-gold nanoparticles conju-
gates indicates the interaction between DNA and gold nanoparticles (Fig. 14). The
recently developed attenuated total reflection-FTIR (ATR-FTIR) spectroscopy uti-
lises the total reflection property in conjunction with IR spectroscopy to determine
the structural information of adsorbed/deposited molecules at a solid/liquid or solid/
air interface, by averting the drawbacks of spectral irreproducibility and sample
preparation complexicity. ATR-FTIR spectroscopy can be implemented for the
analysis of surface features of nanoparticles, although at nanometer scale, it is not a
very sensitive surface analysis method as the penetration depth is in the same order
of magnitude as the incident IR wavelength [4].
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Fig. 14 FTIR spectra of pure DNA, gold nanoparticles without functionalization and AuNP-DNA
nanocomplexes (Reprinted with permission from ref. [39])

3.5.3 Ultraviolet-Visible Spectroscopy (UV-Vis)

The UV-Vis absorbance of nanoparticles is useful in monitoring its pertinent prop-
erties, like size, concentration and aggregation state. Quantum dots have a size-
dependent absorption profile which is helpful to characterize its size, composition,
and purity. Metal nanoparticles like silver or gold with 40-100 nm size can scatter
optical light with remarkable efficiency due to collective resonance of the conduc-
tion electrons and shows a strong absorption in the visible region, which is known
as the surface plasmon resonance (SPR) band. The adsorption of peptides/protein
on the surface of nanoparticles causes some alteration in the absorption spectrum,
leading to broadening or shifting of the absorption peak. In case of metal nanopar-
ticles, the alteration in plasmonic peak during peptide/protein adsorption can be
monitored [40]. It is affected by various factors, such as size, shape, aggregation
state, composition, and refractive index changes within the surface proximity. The
wavelength of a light wave and its energy is inversely proportional, so as an increase
of nanoparticles size, it absorbs radiation of lower energy.

When the size of gold nanoparticles rises from 10 to 100 nm, the absorption
maxima increases from 400 to >560 nm with broadening of the peak. In case of
silver nanoparticles, when the silver content increases, the absorption maxima shift
towards higher wavelength. It also shows shape dependent peak shift in the spec-
trum, like pentagon form of particles appear green, the triangular shaped particles
appear red, and the spherical particles appear blue. It also shows increase in the
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UV-Vis extinction value when the particles size increases from 5—100 nm. Smaller
nanospheres primarily absorb light and have peaks near 400 nm, while larger
spheres exhibit increased scattering and have peaks that broaden and shift towards
longer wavelengths (known as red-shifting). Shape dependent peak shift in the spec-
trum, like pentagon form of particles appear green, the triangular shaped particles
appear red, and the spherical particles appear blue. It also shows increase in the
UV-Vis extinction value (Fig. 15) when the particles size increases from 5—-100 nm
[41]. Smaller nanospheres primarily absorb light and have peaks near 400 nm, while
larger spheres exhibit increased scattering and have peaks that broaden and shift
towards longer wavelengths (known as red-shifting).

3.6 Stability of Drug Nanoparticles

The high surface area to volume ratio of nanoparticles may cause the reactive and
colloidal instability as compared to their bulk. In general, nanoformulation stability
is categorized in to physical, chemical and pharmaceutical stability. The common
physical stability issues with nanoparticle formulations include agglomeration, sed-
imentation/ creaming, crystal growth and change of crystallinity state. The selection
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Fig. 15 (a) UV-Vis extinction spectrum and (b) the distinctive color of 5-100 nm sized silver
nanoparticles (Reprinted with permission from ref. [41])
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of characterization methodology for nanoparticles- stability is dependent on the
kind of stability issues and formulations.

3.6.1 Sedimentation/ Creaming

The changes in nanoparticle size is usually used to predict the stability of most of
the nanomedicine. The deviations from the average size range is an indication of
nanoparticle association or dissociation or instability in that specific environment.
Sometimes, nanoparticles can settle down in the medium depending on their density
comparative to the medium. Decreasing particle size is the most common strategy
used to reduce particle settling. Large particles (microscale or more) precipitate
more easily due to gravitational force, whereas nanoscale particles below one
micron do not settle due to Brownian motion. Conventional method of evaluation of
sedimentation is visual observation over a span of time. The quantitative volume of
sedimentation is evaluated by measuring settled volume relative to the total suspen-
sion volume in specific time. Using dynamic light scattering we illustrate that clus-
ter size and fractal dimension which should be considered when evaluating the fate
of aggregated nanomaterials.

3.6.2 Agglomeration

Aggregation of nanoparticles is serious issue which disrupt various properties of
nanoformulations and leading to destabilization of colloidal systems. Aggregation
depends on the type of nanomaterial, reagents or method used for nanoparticle syn-
thesis. In this process, nanoparticles dispersed in the aqueous phase stick to each
othe to form asymmetrical clusters, flocs, or aggregates. It modifies the physio-
chemical properties, activity, transport and biological interactions of nanoparticles.
The unique properties of nanoparticles due to their size significantly changes due to
aggregation. A quantitative measurement of nanoparticles aggregation would
deliver a valuable assessment of colloidal stability. DLS is a very powerful charac-
terization technique as it yields absolute values for an ensemble of particles. The
variations of the intensity of light scattered by a nanoparticle dispersion are observed
over a period of time and the analysis give yields information about the hydrody-
namic radius (R) of the sample. Cryogenic transmission electron microscopy (cryo-
TEM) is also used for the evaluation agglomeration of nanoparticles. Here sample
is investigated under frozen—hydrated conditions which includes plunge freezing of
aqueous sample. Another technique which is used to evaluate the agglomeration is
Asymmetric flow field-flow fractionation (AF-FFF). This is a separation technique
based on the theory of field flow fractionation (FFF) which is usually used for sam-
ple separation and size characterization of nanoparticles both in aqueous as well as
organic solution. The separation is attained by cross-flow of suspension of nanopar-
ticles in a narrow, ribbon-like channel which is built up by a spacer, between a
porous and a nonporous plate. The porous plate is covered by a membrane allows
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the liquid to pass the membrane, retain the nanoparticles. Extenstive characteriza-
tion of nanoparticles and their aggregates is possioble by coupling AF-FFF with
online detectors like UV, fluorescence detector etc.

3.6.3 Shelf Life

The self-life of the nano-medicine depends upon their chemistry, morphology and
storage conditions. Depending upon the chemistry, polymer absorb moisture on
storage which initiate degradation and a change in physicochemical properties,
which in turn can alter their in-vivo performance. The presence of residual solvent,
residual monomer or catalysts may weaken the storage stability and leading to deg-
radation. The relative strength of water-polymer bonds and the process of crystalli-
zation also affects degradation of nanomedicine. The storage of nanomedicine is
recommended in an inert environment to maintain physicochemical integrity of
nanomedicine. Additionally, drug leakage, degradation and microbiological growth
can be other issues that can cause degradation of nano-medicine. HPLC and LC-MS
are the most common method used to assess the chemical stability which gives
detailed quantitative analysis of degradation impurities. MS usually coupled with
LC-MS or HPLC are used to ascertain the molecular structure of impurities. Some
other techniques such as Fourier-transform infrared spectroscopy (FTIR) and
Nuclear Magnetic Resonance (NMR) can also be used for chemical stability assess-
ment Table 2.

4 Regulatory Requirement

Nano-medicines are complex products which are the result of difficult to control
manufacturing processes. Detection and characterization of nanomaterials in
complex matrices was considered an important issue by the regulatory commu-
nity. Credible characterization methods for nanoparticles will significantly affect
the uptake of these nanomaterial in commercial applications and allow the indus-
try to comply with regulation. The identification of various critical points of nano-

Table 2 A few commonly used stability characterization techniques are listed

Parameters Techniques

Sedimentation/creaming Visual observation/laser backscattering/near infrared
transmission

Agglomeration DLS/Cryo-TEM/ Asymmetric flow field-flow
fractionation

Chemical stability HPLC/FTIR/NMR/MS

Shape SEM/AFM/TEM
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material products in existing legal framework to re-evaluate the changing
characteristic properties is necessary requirement. There are several challenges in
the characterization of nano-materials because of the interdisciplinary nature, the
absence of suitable reference materials for the calibration, the difficulties linked
to the sample preparation for analysis and the interpretation of the data. To correct
for this, we need important standard methods to characterize available nanoscale
reference materials (RMs) demonstrating their relevance for the characterization
of nanomedicines. The United states-Nanotechnology Characterization Laboratory
(US NCL) and the European-Nanotechnology Characterization Laboratory
(EU-NCL) have developed and optimized protocols for the physicochemical and
biological characterization of candidate nanomedicines. The International
Organization for Standardization (ISO) and American Society for Testing and
Materials (ASTM) International also have developed and published several stan-
dardized test methods, guidance, and reports dedicated to the physicochemical
and biological characterization of engineered nanomaterials. It compiles general
informative documents and guidelines offering an overview of existing methods
to determine basic physicochemical and toxicological characteristics of nanoma-
terials. These documents highlight the relevance and the limitations of different
techniques and include special considerations for testing of nanomaterials. The
guidance covers all aspects of testing including nanomaterial characterization,
sample preparation, toxicological evaluation, and risk assessment
considerations.

5 Conclusion

The physicochemical characteristics at the nanoscale have the potential to influence
physiological interactions from the molecular level to the physiological level. The
rapid development and manufacture of nanoparticles for the use as drug carrier
systems needs appropriate regulations. The measurement and characterization of
nanomedicine poses several analytical challenges for scientists, developers, and
regulatory agencies. Several practical guidelines for the characterization and quality
control of nanoformulations are needed. Appropriate robust techniques for nanopar-
ticles characterization are essential to ensure regulatory guidelines for efficacy and
safety of nanomedicines. This chapter describes the important physicochemical
properties of nanoparticles, followed by general overview to various methods,
which are commonly used for characterizing nanoparticles. The short description of
each technique together with their range of applications in nanomaterial character-
ization is described.
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