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4.1. INTRODUCTION
Advantages of nanoparticles for drug delivery applications include drug
targeting, controlled drug release, protection of therapeutic payload, and
improved bioavailability [1]. In the development of drug-loaded nanoparticles,
it is imperative that the nanoparticles are adequately characterized in terms of
size, surface charge, encapsulation efficiency, and drug release. These
characteristics will guide the scientist in the selection of an optimal
nanoformulation to enhance drug delivery. Targeting ligands on the
nanoparticle surfaces can promote cellular uptake and transport. These
include peptides, small molecules, transferrin, and antibody fragments [2].

Several materials have been utilized for the development of drug-loaded
nanoparticles, including polymeric nanoparticles, polymeric micelles,
dendrimers, liposomes, and solid lipid nanoparticles [3]. Examples of these
nanoparticle types will be reviewed, followed by definitions and equations
related to typical steps for the characterization of drug-loaded nanoparticles.
As this chapter encompasses a wide variety of nanoparticle types, readers are
referred to specific citations for details regarding methods for the synthesis of
each type of drug-loaded nanoparticle.

4.1.1. Polymeric nanoparticles
Table 1 lists a number of synthetic and natural polymers that have been
utilized in the preparation of nanoparticles for drug delivery [4-9]. Methods for
the preparation of nanoparticles from synthetic polymers include emulsionsolvent evaporation/extraction, nanoprecipitation, emulsification/solvent
diffusion, salting out, dialysis, emulsion polymerization, spray drying,
supercritical fluid technology, electrospraying, sonoprecipitation, and aerosol
flow reactor methods [4,6,8,10]. Production of nanoparticles from natural
polymers includes methods such as coacervation/precipitation, emulsification,
emulsion cross-linking, spray drying, ionic gelation, emulsion-droplet
coalescence, sieving, and a reverse micellar method [7,11]. The best
nanoparticle synthesis method for drug encapsulation will depend on the
desired particle characteristics, the type of polymer, and the physicochemical
properties of the drug.
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Table 1. Examples of natural and synthetic polymers used in the development of
drug-loaded nanoparticles
Natural Polymers

Synthetic Polymers

Chitosan
Gelatin
Sodium alginate
Pullulan
Starch
Heparin
Proteins

Poly(caprolactone)
Polylactide, Polyglycolide
Poly(alkylcyanoacrylates)
Poly(ethyleneimine)
Poly(methylidene malonate)
Polyanhydrides
Poly(ortho esters)
Poly(methyl methacrylate)
Poly(vinyl alcohol)

A number of polymeric nanotherapeutics have proceeded to clinical trials,
including CALAA-01 (a cyclodextrin and poly(ethylene glycol) (PEG)
containing anticancer siRNA delivery platform) and BIND-014 (a poly(lacticco-glycolic acid) (PLGA)-PEG nanoplatform for the delivery of doxorubicin to
treat prostate cancer) [12].

4.1.2. Polymeric micelles

Polymeric micelles can be produced by a direct dissolution method, an
evaporation method, or nanoprecipitation/dialysis methods [13-16]. Several
applications for drug-loaded polymeric micelles have been investigated, such
as anticancer therapy, drug delivery to the brain, delivery of antifungal agents,
and polynucleotide therapies [17-29]. Table 2 displays some anticancer
polymeric micellar formulations that have progressed to clinical trials. The
stability of polymeric micelles is dependent on the critical micelle
concentration (CMC). If in vivo administration of the micelles results in dilution
to below the CMC, this will lead to rapid dissociation of the micelles [30].

Name
NK105

Table 2. Some polymeric micelle formulations that have been
in clinical trials [19,31-41]

Genexol-PM
NC6004
NK012

SP1049C
NK911
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Drug

Polymeric composition

Paclitaxel

PEG-polyaspartate

Paclitaxel

PEG-poly(D,L-lactic acid)

Doxorubicin

Mixture of pluronic block copolymers L61 and F127

Cisplatin
SN-38

Doxorubicin

PEG-poly(glutamic acid)
PEG-poly(glutamic acid)
PEG-polyaspartate
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4.1.3. Dendrimers
Dendrimer materials commonly used in nanomedicine include
poly(amidoamine)
(PAMAM),
poly(L-lysine),
polyesters,
poly(2,2-bis(hydroxymethyl)propionic acid), and amino-bis(methylenephosphonic
acid) [42]. Dendrimers have been investigated as drug delivery systems for
nonsteroidal anti-inflammatory drugs, antivirals, antimicrobials, anticancer
agents, and antihypertensive drugs [43]. Synthetic approaches include
divergent synthesis, convergent methods, click chemistry, solid-phase
synthesis, self-assembly, and supramolecular synthesis [42-47]. Dendrimers
can accommodate small molecules in their interiors, internal cavities, and
surface channels. Drugs can be entrapped by chemical conjugation or by
complexation through hydrophobic or electrostatic interactions [48]. The
dendrimer structure (generation number, branch components, functionality of
external termini and the core) will also affect drug entrapment.

4.1.4. Liposomes

Liposomes consist of phospholipid bilayers with amphiphilic properties and
have been investigated as drug carriers since the 1960s. Hydrophobic agents
can be solubilized within the phospholipid bilayers, and hydrophilic
compounds can be entrapped within the aqueous core [49,50]. Liposomes are
biocompatible and have been developed for the delivery of anticancer drugs,
antibiotics, anti-inflammatory drugs, genes and proteins [49-54]. Liposome
synthesis and control over particle size can be achieved by the thin film
method, sonication, and extrusion [55-58]. Food and Drug Administration
(FDA)-approved liposomal formulations include DepoCyt®, AmBisome®,
Doxil®, Marqibo®, and DaunoXome® [59].

4.1.5. Solid lipid nanoparticles

Solid lipid nanoparticles have gained attention due to advantages such as
increased drug stability, high drug payload, avoidance of organic solvents, and
ease of preparation [60]. Solid lipid nanoparticles may enhance oral drug
absorption, lymphatic uptake, and bioadhesion [61]. Dermal applications of
solid lipid nanoparticles are possible due to improved skin hydration,
viscoelasticity, and ultraviolet (UV) protection [62-64]. Solid lipid
nanoparticles have been investigated for anticancer drug targeting, gene
delivery, ocular delivery, pulmonary delivery, and brain targeting [65-68].
Methods for preparing solid lipid nanoparticles include high shear
homogenization and ultrasound, high pressure homogenization, solvent
emulsification/evaporation, solvent injection, and dilution of microemulsions
or liquid crystalline phases [69-73].
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4.1.6. Metal and metal oxide nanoparticles
The multiple properties of gold nanoparticles make them good candidates for
theranostic applications. Depending on their size and shape, gold nanoparticles
may absorb light in the near infrared region, thereby avoiding potential
interference from tissue autofluorescence. Functionalization of gold
nanoparticles is possible by means of gold-thiol covalent bonds, which allows
for the conjugation of drug molecules to nanoparticle surfaces [74]. Release of
the therapeutic cargo can be triggered by glutathione displacement.
Gold-amine binding and other non-covalent strategies have also been explored.
Gold nanoparticles may facilitate the delivery of antibiotics, anticancer agents,
and oligonucleotides for gene therapy [74]. Mesoporous silica and zinc oxide
nanoparticles have porous cores amenable to drug loading. Drug release from
the pores could be triggered by pH changes or ultrasound [75]. Drugs may also
be loaded onto metal oxide nanoparticle surfaces by electrostatic interactions
between a positively-charged drug and a negatively-charged citrate surface on
Fe3O4 magnetic nanoparticles, for example. Such particles could be directed to
a diseased site by an external magnetic field [75].

4.2. NANOPARTICLE CHARACTERIZATION
4.2.1. Particle size and shape
In vitro and in vivo studies have shown that the interactions of nanoparticles
with cells are correlated with particle size, shape, and surface
characteristics [76-82]. It has been demonstrated that the cellular uptake of
nanoparticles is size-dependent, with smaller particles being taken up more
easily than larger particles [83]. Nanoparticles with dimensions between
250 nm and 3 µm can be internalized within cells in vitro via phagocytosis and
micropinocytosis. Nanoparticles smaller than 200 nm, on the other hand, are
more likely to involve other cellular uptake routes, such as clathrin- or
caveolin-mediated endocytosis, independent endocytosis mechanisms, or
passive transport [76,82]. Nevertheless, the internalization pathway may not
adhere to these typical size guidelines if there are specific ligands on the
nanoparticle surface [76,84]. The enhanced permeability and retention effect
can be observed with nanoparticles with diameters ranging from
40–400 nm [76]. Particle size has been shown to affect the circulation time of
liposomes [85]. Likewise, the circulation time of dendrimers depends on their
size, as only dendrimers with a low generation number (G5 or less) and a
hydrodynamic radius less than 3.5 nm are likely to be eliminated into the
urine [86].

Nanoparticle shape can influence intracellular nanomaterial trafficking.
Hexagonal shapes were shown to be retained in the cytoplasm, whereas
rod-like particles could move towards the nucleus by microtubules [80]. The
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circulation time of elliptical discs has been shown to be longer than that of
spherical particles, and differences in cellular internalization have been
observed for cylinders, cubes, and particles of varying rigidity [4,79,80,82,87].

Particle size and shape can be examined by electron microscopy or atomic
force microscopy. With scanning electron microscopy (SEM), particles are
coated with a thin layer of gold or platinum. However, the particles may shrink
during the drying step, causing an under-estimation of actual particle
diameters [88]. Since the individual sizes of a large number of nanoparticles
must be tallied to determine average size and polydispersity index (PDI), it is
usually more convenient to measure the particle size of nanoparticles in a
liquid suspension by dynamic light scattering (also known as photon
correlation spectroscopy). Nevertheless, it is still wise to confirm light
scattering data by a microscopic method [88]. With light scattering, the
Brownian motion of particles is related to particle size (small particles move
faster than larger particles), and when the temperature and viscosity of the
liquid are known, the hydrodynamic diameter can be determined using the
Stokes-Einstein equation [89]. Particle size is usually reported as the Z-average
diameter (also referred to as the cumulants mean). The standard deviation
from multiple measurements should also be reported. Characterization of
particle size is incomplete without the PDI, which describes the width of the
particle size distribution. PDI values will range between 0 and 1. If the majority
of particles are the same size, the PDI will be close to zero. On the other hand, a
sample containing a diverse mixture of particle sizes will have a larger PDI
value. PDI values less than 0.40 can be deemed acceptable [90], PDI values less
than 0.25 are favorable, and values under 0.10 are excellent.

4.2.2. Zeta potential

Surface charge can also affect nanoparticle biodistribution, opsonization, and
toxicity [81]. Typically, larger and negatively charged nanoparticles exhibit less
toxicity compared to smaller and positively charged polymeric particles [81].
Surface properties (such as charge and coating) are more likely to affect
cellular internalization pathways than polymer type [77,78]. Negatively
charged liposomes can have prolonged circulation times compared to neutral
liposomes, which may be more readily recognized by macrophages and cleared
from the body [91]. A number of surface coatings can prevent nanoparticle
aggregation and opsonization, improve cellular uptake, increase wettability,
and affect degradation rates. Examples of such nanoparticle surface coatings
include poly(vinylpyrrolidone), PEG, dextran, chitosan, pullulan, sodium oleate,
dodecylamine, polysorbate 80, poloxamer 188, poly(vinyl alcohol), poly(2methyl-2-oxazoline), poly(sulfobetaine methacrylate), and α-tocopherol
PEG-1000 succinate [6,79,80].

The zeta potential (ζ) of a particle is a quantitative measure of its surface
charge, and the value is typically reported in units of mV. This is an important
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parameter with regards to the stability of a nanosuspension. If the absolute
value of ζ of nanoparticles in suspension is less than 10 mV (in other words, if ζ
is less than +10 mV or greater than –10 mV), then the nanoparticles are more
likely to aggregate [92]. Due to the relatively neutral surface charge when ζ is
close to zero, there is insufficient charge repulsion to prevent aggregation. On
the other hand, if ζ is sufficiently positive or negative (e.g., |ζ| > 25 mV), then
charge repulsion of individual particles with similar charge will make
aggregation less likely, leading to a more stable nanosuspension [93]. It is
important to note that the numeric examples of 10 or 25 mV mentioned in this
paragraph are only guidelines that will not apply to every nanomaterial;
stability will also depend on surface coatings. For example, nanoparticles
coated with PEG may have |ζ| < 10 mV but still be stable [94]. ζ can be
determined by laser Doppler velocimetry. When an electrical field is applied,
the nanoparticles move towards the electrode of opposite charge. The
quantification of this movement — referred to as electrophoretic mobility —
permits the determination of ζ through the Henry equation when the dielectric
constant and the viscosity are known [95].

4.2.3. Encapsulation efficiency

The encapsulation efficiency of a nanoparticle formulation is defined as the
fraction of the amount of drug used in the nanoparticle preparation process
that was actually encapsulated within the nanoparticles. It is most often
calculated indirectly by determining the amount of free drug that was not
encapsulated, as described with the following equation [96]:
Encapsulation efficiency
mass of drug added to the nanoparticles − mass of free drug
=
mass of drug added to the nanoparticles

Encapsulation efficiency is often presented as a percentage, in which case the
fraction on the right side of the equation would be multiplied by 100 %. The
determination of encapsulation efficiency requires separation of the
nanoparticles from the surrounding medium in order to analyze the
concentration of free, unencapsulated drug present in the aqueous
nanosuspension. This can be achieved by high-speed centrifugation or by
filtration. Caution is necessary in both cases. For instance, if high-speed
centrifugation is applied to obtain a pellet of nanoparticles and a particle-free
supernatant, care must be taken to ensure that handling of the samples does
not cause any resuspension of nanoparticles into the supernatant prior to its
analysis. In addition, one must ensure that the centrifugation was sufficient to
collect all of the nanoparticles. The smaller the particles, the more difficult this
may be. A simple method to check whether the supernatant is free of
nanoparticles is to make a particle size measurement of the supernatant by
dynamic light scattering. If the measurement provides particle diameter
results, the centrifugation was not adequate. On the other hand, if the result
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matches the measurement of pure water (which may result in an instrumental
error or warning), one can be confident that the supernatant is free of
particles. In our laboratory, centrifugation at 110,000 × g has been deemed
successful for this purpose. If one uses filtration to separate the nanoparticles
from the surrounding medium, care must first be taken to ensure that the filter
membrane does in fact restrict the passage of nanoparticles into the filtrate.
(This can be checked by dynamic light scattering as just described.) In addition,
control experiments must be performed to determine whether the
encapsulated drug itself binds to the filter membrane. If so, corrections will be
necessary to account for such binding. The concentration of free,
unencapsulated drug in the nanosuspension (quantified in the supernatant or
filtrate) is usually determined by a validated high performance liquid
chromatography (HPLC) method.

Additional definitions applicable to the discussion of encapsulation efficiency
include theoretical drug loading and actual drug loading. The theoretical drug
loading indicates the percentage of total nanoparticle mass that is drug,
assuming 100 % encapsulation efficiency. The theoretical drug loading thus
represents the amount of drug introduced to the nanoparticle formulation. The
actual drug loading is the actual percentage of drug mass contained within the
nanoparticles once they have been formed and the encapsulation efficiency has
been determined. It is important to note that although the actual drug loading
can be approximated by the product of encapsulation efficiency × theoretical
drug loading, this is only an approximation. The exact calculation of actual drug
loading must take into account the fact that the total nanoparticle mass
(e.g., drug mass plus polymer mass) is reduced by the amount of
unencapsulated drug. Table 3 illustrates these points with several examples.
Table 3. Examples of the relationships between theoretical drug loading, actual drug
loading, and encapsulation efficiency based on a simple nanoparticle formulation comprised
of a single polymer and a single drug without additional excipients or stabilizers. In these
examples, it is assumed that the entire polymer mass is recovered as nanoparticles.

Polymer Mass of Theoretical
mass
drug
drug
added added
loading

99 mg
95 mg

1 mg
5 mg

0.2 mg

0.8 mg

0.80 %

80 %

0.802

10 %

2 mg

8 mg

8.16 %

80 %

0.816

5%

10 %

90 mg 10 mg

10 %

90 mg 10 mg
90 mg 10 mg
80 mg 20 mg

Actual
Actual Encapsulation Ratio (actual
mass of
drug
efficiency
drug loading
drug
loading
/theoretical
drug loading
encapsulated

1%

90 mg 10 mg
90 mg 10 mg

Unencapsulated
drug mass

10 %
10 %
20 %

1 mg
1 mg
3 mg
4 mg
5 mg
4 mg

4 mg
9 mg
7 mg
6 mg
5 mg

16 mg

4.04 %
9.09 %
7.22 %
6.25 %
5.26 %

16.67 %

80 %
90 %
70 %
60 %
50 %
80 %

0.808
0.909
0.722
0.625
0.526
0.833
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The question is sometimes raised as to how many drug molecules are
encapsulated within a single nanoparticle. To illustrate this point, we will use
an example of drug-loaded polymeric (PEGylated PLGA) nanoparticles recently
formulated in our laboratory. The particle size was approximately 100 nm, the
theoretical drug loading was 10 %, the encapsulation efficiency was 95 %, and
the PDI was less than 0.25. For simplicity, we will assume a uniform particle
size of 100 nm (PDI = 0), that the particles are spherical, and that the
nanoparticle density is 1.33 g cm–3 (the density of PEG is 1.2 g cm–3 [97], the
density of PLGA is 1.34 g cm–3 [98], and the density of the drug was
approximately 2 % greater than the density of PLGA). In a sample of
nanosuspension containing 20 µg of nanoparticles, the number of
𝑊𝑊∙6
nanoparticles (NNP) is given by the equation 𝑁𝑁NP =
3 , where W is the
𝜌𝜌∙π∙𝑑𝑑

nanoparticle mass in the sample, and ρ is the density of a single nanoparticle.
In this example, NNP = 2.87 × 1010 particles. The mass of a single nanoparticle
𝑊𝑊
(massNP) is calculated as 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚NP =
, or in this case, 6.96 × 10–10 µg. Since
𝑁𝑁NP

the encapsulation efficiency was 95 %, the actual drug loading is 9.548 %, so
the mass of drug in a single nanoparticle (massdrug) is given by the product of
the actual drug loading × massNP, which in this example is equal to
6.65 × 10–11 µg. Assuming a drug molecular weight (MW) of 500 Da, the
number of moles of the drug in a single nanoparticle (ndrug) is calculated as
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 drug
𝑛𝑛drug =
. In this example, a single nanoparticle contains
MW
–10
1.33 × 10 nmol of drug. Finally, the number of drug molecules encapsulated
in a single nanoparticle is calculated as the product of ndrug × NA (Avogadro’s
number, 6.022 × 1023), which in this example is approximately 80,000.
Although at first glance this might seem like a large number, it is important to
consider the capacity of a three-dimensional spherical nanoparticle. A drug
molecule with MW of 500 Da might have a molecular diameter in the range of
10–15 Å (1–1.5 nm). To simplify the discussion, we will assign the diameter of
the drug molecule to be 1 nm (10 Å). As mentioned above for this example, the
diameter of a single nanoparticle is 100 nm. One might initially express a twodimensional reaction and state that only 100 drug molecules could possibly fit
within this diameter. However, a 100 nm nanoparticle loaded with 1 nm drug
molecules is not the same as a 100 cm bookshelf holding 100 books having a
thickness of 1 cm each. Rather than picturing a bookshelf that is 100 cm wide,
imagine instead a football stadium surrounding a field that is 100 m long.
Continuing this analogy, assume that each spectator at the stadium needs 1 m
of sitting space. A single sphere with a diameter of 100 m would take up an
enormous amount of space in the center of a soccer field (which is
approximately 100 m long and 70 m wide). Considering that the sphere’s
height would also extend 100 m upwards, it should not be so difficult now to
imagine that 80,000 spectators in the stands might fit within 10 % of the space
of such a sphere. (A sphere with a diameter of 100 nm has a volume that is
1 million times greater than the volume of a sphere with a diameter of 1 nm.)
156
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4.2.4. Drug release
An encapsulated drug must be released from the nanoparticle in order to exert
its pharmacologic effects. Drug release kinetics are greatly influenced by the
nature of the drug, nanomaterial composition, and the localization of the drug
within the nanoparticles (i.e., whether the drug is encapsulated within the
nanoparticle matrix, adsorbed to the nanoparticle surface, or covalently linked
to the particle) [6,99]. Some nanoparticle formulations will display gradual or
controlled release properties, which will offer a number of advantages with
regards to dosing frequency. Mechanisms of drug release from within
nanoparticles include diffusion, polymer degradation, and stimuli-responsive
elements. Stimuli-responsive nanoparticles can increase the amount of drug
released in response to either an endogenous or an external change in
temperature, pH, light, polarity, redox potential, ionic strength, enzymes,
ultrasound, electromagnetic radiation, chemical or biochemical agents, and
oxidative stress [47,99-103]. For polymeric nanoparticles, smaller particles are
generally more prone to exhibit an initial burst release in comparison to larger
particles; on the other hand, larger particles tend to exhibit a faster
degradation rate in vivo [6,84,104]. Polymer degradation depends on location
within the body, nanoparticle size and shape, and the MW of the polymeric
matrix [7,104]. High MW polymers are more likely to degrade more slowly
than low MW polymers [105].

Drug release kinetics are typically determined in a well-stirred physiologically
relevant medium, such as phosphate buffered saline at pH 7.4 and at 37 °C.
Sink conditions must be maintained, which means that the volume of medium
used must be sufficient so that at the point at which 100 % of drug release has
occurred, the final concentration of the drug in the medium must not exceed
20 % of the saturated concentration of the drug in that medium [106]. At time
zero, the nanoparticles are added to the medium and samples of the medium
are taken at specified time points for the duration of the study. A release study
could last hours to weeks, depending on the kinetics of drug release for the
nanoformulation in question. An initial sample should be taken at time zero
(or, practically speaking, a few seconds after the nanoparticles have been
added to the medium). At time zero, the percent of drug release should match
closely with the percentage of unencapsulated free drug from the
determination of encapsulation efficiency. Initial burst release is usually
characterized at the 30- or 60-min time point (unless the kinetics of release are
gradual over several weeks, in which case the sample after 1 day might serve
as a more appropriate measure of burst release). Individual samples from the
release study can be processed as described above for the determination of
encapsulation efficiency; i.e., at each time point, the nanoparticles will be
separated by high-speed centrifugation or filtration. The supernatant or filtrate
will then be quantified by a validated HPLC method (or another suitable
method applicable to the drug of interest) to determine the concentration of
drug released from the nanoparticles at each time point. Alternatively, dialysis
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bags can be used to study drug release. In this case, the nanoparticle
suspension will be mixed with release medium when it is placed inside dialysis
tubing or a floating dialysis device that has a suitable pore size to prevent the
nanoparticles from escaping the dialysis tubing or device, but which permits
the released drug molecules to pass through the pores to be sampled from the
external medium at the designated time points. Dialysis tubing pore sizes are
often defined using molecular weight cutoffs (MWCO). As an example, a
12–14 kDa MWCO corresponds to a pore size of 2.4 nm [107]. Drug release
data are often fit to a descriptive model. One of the most common is the
Higuchi model, which relates the fraction of drug released to the square root of
𝑀𝑀
time, as indicated by the following equation: t = 𝐾𝐾 √𝑡𝑡, where Mt is the mass of
𝑀𝑀∞

drug released at time t, M∞ is the total cumulative mass of drug released at
infinite time, and the constant K depends on experimental variables [108].

4.2.5. Time-resolved small-angle neutron scattering (TR-SANS)

Time-resolved small-angle neutron scattering can be considered an effective
method to study the size, structure, development, and morphological changes
of lipid/surfactant-based constructs, such as liposomes, micelles, and
nanoparticle dispersions [109]. For example, TR-SANS was utilized to explore
the effect of charge density, salinity, and temperature on the morphology of
unilamellar vesicles (ULVs) [110,111]. Moreover, the TR-SANS technique
provides data regarding coalescence, growth, and transformation of lipid
vesicles. The kinetics of cylinder-to-sphere morphological transition have been
studied in the block copolymer micelle system [112]. This technique can
examine alterations in rigidity and the influence of nanomaterials on structural
changes in biological systems [112].

4.2.6. X-ray diffraction

X-ray diffraction (XRD) is used to characterize crystallinity, crystal and
molecular structure variations, non-crystalline periodicity and size,
nanoformulation orientation (crystalline/amorphous), polymorphisms, and
phase transitions [113,114]. XRD is a non-destructive technique that can
examine the state of encapsulated drug [115]. Optimally, successfully
encapsulated drug will be in an amorphous state, evenly distributed within the
nanoparticles. Nanoparticle size can be calculated using the Debye-Scherrer
equation: 𝑑𝑑 = 0.89𝜆𝜆/𝛽𝛽cos𝜃𝜃, where 0.89 is Scherrer’s constant, 𝜆𝜆 is the X-ray
wavelength, 𝜃𝜃 is the Bragg diffraction angle, and 𝛽𝛽 is the full width at
half-maximum of the diffraction peak corresponding to the plane [116,117].
Bragg’s Law is applied to value of the interplanar spacing between the
atoms (d): 2dsinθ = nλ, where n is a positive integer and λ is the wavelength of
incident wave. The dislocation of crystallographic defects within a crystal
structure (dislocation density, δ) can be determined using the expression:
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δ = 15βcosθ/4aD, where θ is Bragg’s diffraction angle, a is the lattice constant
and D is the crystallite size [117].

4.2.7. Differential scanning calorimetry

Differential scanning calorimetry (DSC) can be used to quantify and investigate
the following: solid and amorphous phases of nanomaterial and payload,
percent crystallinity of the sample, polymorphic transitions, drug loading
efficacy, conformational changes, self-assembly behavior, and stability
[118,119]. Thermograms are typically recorded at a scanning rate of
5–10 °C min–1 from 25–250 °C under nitrogen flow (30 mL min–1) [113,
120-122]. DSC analysis should usually be performed for each component of the
drug delivery system [113,118,120-123]. The disappearance of the melting
peak of the loaded drug or bioactive agent indicates its encapsulation into the
nanoparticles [113,122]. The presence of a drug’s peak on the thermogram
may indicate the physical adsorption of the drug on the nanoparticle’s
surface [118]. Decoration of a nanoparticle’s surface via brushing, grafting,
coating and covalent coupling of specific ligands can be confirmed and
characterized by this technique as well [113,118,120,121]. The stability of
drug-loaded nanoformulations can be verified by comparing thermograms
obtained immediately after its fabrication to thermograms after long-term
storage [96].

4.2.8. Fourier transform infrared spectroscopy (FTIR)

Chemical composition, the presence of chemical bonds, and functional groups
within or on the surface of nanoparticles can be determined by Fourier
transform infrared spectroscopy (FTIR). FTIR as well as XRD can characterize
the interactions between a drug and the nanoparticle matrix [124].
Infrared-spectroscopic nanoimaging with a thermal source (nano-FTIR) offers
improved capabilities in the application of conventional FTIR to nanomaterial
characterization [125]. With nano-FTIR, the chemical identification of
nanomaterials, quantitative assessment of mobility in doped nanostructures,
and the presence of any contaminants are possible in ultra-small quantities
and at ultra-high resolution [126].

4.3. SUMMARY
The prospects for nanomedicine to improve human health are tremendous. A
number of drug-loaded nanoparticle formulations have already reached the
market, many are currently in clinical trials, and new developments will
continue to advance the field. As scientists work to create future formulations,
the characterization of drug-loaded nanoparticles will guide the optimization
of new products. When in vitro characterization data are confirmed
in vivo [127], the team gains confidence to apply the benefits of
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nanotechnology to improve the pharmacokinetics, pharmacodynamics, and
safety profile of medications.
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