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Abstract: Nanomedicine has achieved a huge success in
delivering a wide variety of drug molecules into the tar-
get site of the body. In this respect, the characterization of
nanoformulation is very important to investigate the drug
molecule together with its carrier as a nanoform during for-
mulation, storage, and in vivo transport through the body.
This review article summarizes important advanced char-
acterization techniques of nanoformulation with respect
to their theories, use of required instrumental parameters,
sample preparation techniques, data interpretation, etc., to
exploit them for the best possible results. This review article
also sheds a glimpse to the shortcomings of these techniques
together with further advancements required in future.
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1 Introduction

The nanoparticular drug delivery approach has opened
up a vast scope to deliver a wide range of synthetic and
biomolecular therapeutic entities into a target site of the
body [1, 2]. The characterization of those formulations,
especially the investigation of nanostructure during for-
mulation, stability assessment, and biological transport
through the body, remains an important aspect for the
success of this drug delivery approach [3]. Here comes
the requirement of advanced modern characterization
techniques. Successful utilization and exploitation of
these techniques need a good amount of understanding
of the theory or working principles of those instruments
together with sample preparation techniques and many
more related things that could affect or misinterpret the
obtained results. The objective of this review article is to
focus this aspect of nano-drug delivery as it has not been
discussed together in a place, although a huge volume of
works on individual technique can be found elsewhere [4—
7]. This review will focus on the advanced characterization
techniques for a nanoparticle (NP) formulation such as
dynamic light scattering (DLS) technique (for particle size,
polydispersity index [PDI], and zeta potential), scanning
electron microscopy (SEM), environmental scanning elec-
tron microscopy (ESEM), field emission scanning electron
microscopy (FESEM), transmission electron microscopy
(TEM), confocal laser scanning microscopy (CLSM), and
atomic force microscopy (AFM) from the drug delivery
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point of view together with their shortcomings and future
advancement required.

2 Techniques used in
characterizing/investigating
physical properties of NPs

2.1 Particle size determination

The physical characters of NPs are important for assess-
ing the mechanical behaviors they possess. The size of the
NPs can be determined by many trending methods, but
the selection of the best one depends on the information
required for a particular application. The selected methods
lead to the assessment of related parameters such as particle
shape, size, or width of the distribution; PDI (homogeneous
or heterogeneous population); and the typical symmetry
they follow. Experimental observations vary according to
the shape of the particles; for example, rectangular parti-
cles will show different instrumental responses compared
with spherical particles, and eventually it will also affect
the coordinate values of size distribution, such as projected
area, hydrodynamic diameter, Feret’s diameter, or caliper
diameter [8]. Contemporary techniques used in the evalua-
tion of the size of NPs are dark field optical microscopy [9],
DLS [10], static light scattering [11], ultrasonic spectroscopy
[12], single-particle optical sensing [13], field flow fractiona-
tion [14], turbidimetry [15], nuclear magnetic resonance [16],
etc. Of all these techniques, DLS, also known as photon cor-
relation spectroscopy, or quasi-elastic light scattering, is the
most common technique used nowadays for the evaluation
of particle size and its distribution pattern.

2.1.1 DLS technique

DLS is said to be a hydrodynamic technique as it directly
measures hydrodynamic quantitative values of rotational
and translational diffusion coefficients, which corre-
spond to the shapes and sizes of particles via theoretical
relations [10]. The measurement of particle size is based
on the random changes in the intensity of their light scat-
tering from a suspension or solution. Colloidal particles
in the sample are under Brownian motion within the dis-
persing solvent, resulting in bombardment among one
another or the surrounding solvent molecules. This gives
fluctuating response with respect to the light intensity
as the particles change their positions continuously. The
Brownian motions of the particles in the solvent behave in
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an uncontrolled manner that is defined by a translational
diffusion coefficient (D). This coefficient again depends on
the size of the particles; the smaller the particles, the faster
their motions. High temperature also increases the Brown-
ian motion. Thus, DLS analyses velocity distribution of the
particle movement caused by their Brownian motion in the
form of dynamic fluctuations of light scattering intensity.
The signals are computed electronically by an autocorrela-
tion function [17]. The sizes of the particles are then calcu-
lated or described by Stokes-Einstein equations, where the
spherical particles’ translational self-diffusion coefficient
is related to their particle radius, R [18]. The radius of non-
spherical particles is called hydrodynamic radius, R, and it
is measured by the following equation:
KT

"~ 6miR W

where T is the absolute temperature, 7] is the viscosity of
the suspending medium, K, is Boltzmann’s constant, and
D is the translational diffusion coefficient.

A simple flow diagram of a DLS instrumental setup
is shown in Figure 1. The instrument contains a laser pro-
viding monochromatic light source to a cuvette containing
sample through a polarizer. The scattered light falls to the
detector, a photomultiplier, or a photon counting device,
through a second polarizer. Digital signal processor col-
lects the signal, and the resulting image is projected onto
a screen in the form of a speckle pattern.

2.1.2 Polydispersity index (PDI)

The population of NPs in a formulation is always polydis-
persed in nature, and the results by DLS are reported in the
form of homogeneity and heterogeneity of the particle size
distribution. PDI obtained from DLS is a dimensionless
quantity that measures the broadness of the size distribu-
tion calculated from a cumulant analysis. A small value
of PDI (<0.1) represents a homogeneous population of the
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Figure 1: Representative flow diagram of a DLS instrument.
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particles, whereas a value of >0.3 is regarded as a higher
heterogeneous population [19]. Different approaches are
followed to get the desired size of NPs, as size affects the
efficacy of a nanoparticular drug delivery system.

In case of multimodal particle size distribution, the
DLS technique cannot classify the particles with a wide
variation in their sizes. As an example, when a mixture
contains particles of 40 and 120 nm, signals of the smaller
particles are lost because of the intensity of the larger par-
ticles [20]. In DLS measurement, the data obtained for the
measurement of the particle size can also vary depend-
ing on the way of sample preparation The dispersion of
NPs is conducted generally by a vortex mixing or a probe/
bath sonicator. An optimum range of energy must be used
to disperse the NPs so that they do not get ruptured. The
energy should not be too low to disperse the NPs prop-
erly [21]. However, the NPs tend to agglomerate over the
time because of the enhanced interaction of NPs with
high surface energy created during the process of sonica-
tion. The ionic strength of NPs is the reason behind this
agglomeration [22]. Particle size measurement also varies
with pH, if the pH is higher than the isoelectric point of the
particles, the electrostatic repulsive force will mask the
van der Waals force, and particles will be well dispersed
[22]. An opposite pattern is observed when the pH is very
close to the isoelectric point. NP size and size distribu-
tion influence the drug loading, the stability, and the drug
release of an NP formulation [23]. These properties also
determine the biological fate, in vivo drug distribution,
toxicity, and drug targeting [24]. In cell uptake studies,
because of nanosize and mobility in the systemic circu-
lation, NPs have shown higher drug uptake as compared
with the microsize particles. NPs can cross the blood-brain
barrier (BBB) after the opening of endothelium tight junc-
tions, this provides a targeted and sustained release of
the therapeutic agents for treating diseases such as brain
tumors, as reviewed by Tajes et al. [25]. Surfactant-coated
NPs have also been proven to cross the BBB [26]. Flexible
NPs such as liposomes, transfersomes, ethosomes, etc.,
have been found with a large value of PDI as compared
with the solid NPs of lipid, gold, and silver. This might be
possible because of the formation of micelles at the time of
preparation [27]. Particle size has a direct correlation with
its surface area, which again influences the drug release
rate. Small particle size leads to increase the surface area
of the formulation, and drug release rate will be high as
most of the drug particle will be located at or near the
surface of the formulation. In case of larger particles, as
the drug is surrounded by the large core, they encapsu-
late more drug and are good for sustained and extended
release of the drug [28].

S. Mahmood et al.: Advanced characterizations of nanoparticles for drug delivery = 357

2.1.3 Charge on NPs (zeta potential)

The zeta potential of NPs in a dispersed medium give
an idea about their electropotential status in that liquid
environment [29]. It evaluates the electrophoretic mobil-
ity of suspended particles in a colloid. This technique
works by using a laser that is passed through the sample
in the medium to measure the velocity of the particles in
an applied electric field. The electric charge at the double
layer boundary is known as the zeta potential of the par-
ticles [30]. The movement of particles results from the
Brownian motion and repulsion/attraction forces of the
particles under the influences of applied electric field [21].
If the repulsive force is stronger than the attractive force,
then formulation becomes more stable. The zeta-potential
in range of greater than + 25 mV or less than — 25 mV gives
more degree of stability to the nanoparticular formulation,
as this range will allow particles to stay in dispersed form
for longer periods, and van der Waals interparticle attrac-
tion force will not be able to agglomerate the particles for
a longer time [30]. In association with zeta potential, NP
size may play an important role in its stability, provided
the size range is not under the submicron range. Gravity,
in case of larger particles (over micron range), becomes
important when there is a significant variation in density
between continuous and dispersed phases and the parti-
cle aggregation or sedimentation occurs depending on the
prevalence of gravitational force over Brownian force [31].

The zeta potential is reduced by the high degree of
valency ions and ionic strength as they will squeeze the
electric double layer. Many authors reported that the pH
level and the concentration of the hydrogen ions in the
medium greatly influence the charges in the medium. If
the power of hydrogen ions is less (acidic medium), parti-
cles will acquire more positive charge and vice versa [32].
In recent times, long circulating NPs were introduced to
sustain and drug release in the body. The concept behind
this is to coat the particles with bilayer of different charges;
hence, it can circulate in the blood stream for longer time.
Agrawal et al. [33] applied this concept in insulin liposomes,
where different layers of negative and positive charge were
used to coat the particles that resulted longer circulation
time in the bloodstream. The zeta potential also depends
on the concentration of NPs as reported by Kerker [34].

2.1.4 Single-particle inductively coupled plasma-mass
spectrometry (ICP-MS)

Single-particle inductively coupled plasma-mass spectro-
metry (ICP-MS) is an advanced technique used for
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elemental determination of inorganic NPs at very low con-
centrations (parts per trillion) [35, 36]. NP sample is intro-
duced into a spray chamber by a nebulizer and ionized
by inductively heating a gas with an electromagnetic coil,
which contains ions and electron to make the gas conduc-
tive. The ion cloud is then passed to quadrupole and ana-
lyzed by its selective mass to charge ratio (m/z) [37]. The
size of the NP is obtained from the peak height of the MS
chromatogram, whereas the frequency of the transient
signals (number of peaks per minute) gives particle con-
centration in the sample. However, the accuracy of the
results depends on the correct selection of a dwell time.
Every recorded pulse represents a single NP, so the integra-
tion should be long enough to collect the entire signal from
one NP. It only allows the detection of a single element at
a time [38]. However, with strong resolution power, this
technique can result in the detection of NPs up to 10 nm.
Single-particle ICP-MS covers a wide range of applications
such as sizing and size distribution of NPs with different
biomaterial composition, studies on stability of NPs, disso-
lution and migration of NPs from solid matrixes, and quan-
titation and detection of NPs at environmentally relevant
concentration. Recently, many authors have reported the
use of ICP-MS for inorganic NP characterization [39-41].
Single-particle ICP-MS is further coupled with modern ana-
lytical instrument for better detection and quantification
of the elements such as hydrodynamic chromatography
and field flow fraction for better selectively and quantifica-
tion [39, 42]. Walczak et al. [43] reported the coupling of
single-particle ICP-MS with DLS and SEM to study the fate
of sliver NPs during intestinal digestion.

2.1.5 Tunable resistive pulse sensing technology

Tunable resistive pulse sensing (TRPS) is one of the most
outstanding technologies for NPs characterization. It
is used for accurate measurement of particle size in the
range of 40 nm to 10 um, size distribution, and concentra-
tion of a given NP sample [44, 45]. The technique is quite
rapid and convenient with a high degree of accuracy and
repeatability. TRPS does not need any laser such as the
DLS technique; rather, it is an impedance-based system
that measures the opposition to the flow of an alternating
current in a circuit due to the resistance of the particles
crossing a pore filled with electrolyte. As a particle crosses
the pore with a fixed voltage, it briefly increases electri-
cal resistance, creating a resistive pulse, which is precisely
proportional to the particle volume [45]. Instrumental
operation can control the velocity at which the particle
crosses the pore, and accordingly, the depth (magnitude)
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of the resistive pulse obtained gives the particle volume,
whereas the duration (pulse width) is a function of the
particle length and its velocity. Thus, before analysis of
any test sample, the instrument should be calibrated with
particles of accurate size. The concentration of the test
sample is obtained simultaneously as the rate of flow of
the particles is proportional to the concentration. Another
additional advantage of this TRPS technique is its ability to
measure electrophoretic mobility or individual particle’s
surface charge by analyzing the durations of the resistive
pulses under varying driving forces and by comparing the
same with the calibrated particles [46]. This electropho-
rectic mobility can be further converted into zeta potential
by the integrated software of the instrument.

Pal et al. [47] reported higher resolution and sensitiv-
ity of TRPS than the DLS technique in the characterization
of engineered nanomaterial dispersions in cell culture
media containing serum. Many authors successfully used
this advanced technique of late to characterize various
types of NP formulations [48-50].

2.2 UV-visible spectroscopy for the
characterization of quantum dots
and plasmonic NPs

Quantum dots, very small semiconductor particle in
nanorange, and metallic NPs with plasmon resonance
(also called plasmonic NPs) have drawn huge interest in
targeted drug delivery, cancer therapy, and diagnostic and
biomedical fields [51, 52]. This has been possible because
of their easy bioconjugation with various molecular probes
and unique optical properties [53]. This unique optical
property is also the basis of their characterization, espe-
cially size, shape, concentration, agglomeration state, etc.
Generally, UV-visible spectrophotometer in the range of
200 to 1100 nm wavelength with a slit width of 1to 2 nm is
used for their characterization. Metallic NPs made of gold,
silver, etc. strongly interact with specific wavelengths of
light and shows plasmon resonance nature, which is used
to characterize them. This occurs when the frequency of
incident photons and the natural frequency of surface
electrons oscillating against the restoring force of posi-
tive nuclei match each other. Extinction spectra, which
is the sum of absorption and scattering by the metallic
NP, are plotted against wavelength for an NP with spe-
cific size range. The effect of scattering dominates when
the sample is in aggregation state. This may result in the
delocalization of the conduction electrons near each par-
ticle surface, which may be shared among neighboring
particles. Consequently, the surface plasmon resonance
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will have a tendency to shift to lower energies, resulting in
the absorption and scattering peaks to red-shift to longer
wavelengths. This phenomenon can be used to assess
the stability of an NP formulation. The destabilization
of the particles will cause the original extinction peak to
decrease in intensity with the peak broadening or appear-
ance of a secondary peak at longer wavelengths because
of aggregates formation. Many researchers have reported
the use of UV-visible spectroscopy for the characterization
of metallic NPs made of gold and silver [54-57].

2.3 Microscopic characterization of NPs

Optical microscopy has been used in the past to measure
the particle size of pharmaceutical formulations. However,
is a not an appropriate technique to measure the size of
NPs as the range is limited to micron size only. It can be
used to estimate the size range, but individual particles
are hard to measure. This is now an obsolete technique
because they are replaced by more sophisticated micro-
scopy and particle characterizing machines. Electron
microscopy with high-resolution and magnifying capacity
is one contemporary technique that is being used now by
researchers to investigate the NP size [58]. The morpho-
logical viewing of NPs, even proof of their uptake in bio-
logical membrane by electron microscopy, provides a vast
knowledge in material, physical, and biological sciences.
The applications of some of these advanced microscopic
techniques used for NP characterization are given below:

2.3.1 Scanning electron microscopy (SEM)

SEM is one of the major discoveries in the field of micro-
scopic analysis used for solid microstructured composi-
tion and bulk materials. With a resolution up to 100,000x
and working voltage from 10 to 40 kV, it can detect par-
ticles up to 10-20 nm size. It combines high-resolution
imaging power with a deep depth of sample view and uses
both electrostatic and electromagnetic lenses to give a
desired image of the NP [59]. SEM uses a 2- to 3-nm spot of
electron that scan the surface of the specimen to generate
secondary electrons, which are then detected by a sensor
to produce an image with an impression of the three-
dimensional (3-D) structure of the particle. SEM consists
of an electron gun, lens system, collector visual, record-
ing cathode ray tube, and other electronics as its basic
elements [60]. The electric gun of SEM uses thermionic
emitters, which use electrical current to heat up a fila-
ment made of tungsten or lanthanum hexaboride (LaB6).
When the filament is heated up, electrons escape from the
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material itself and initially generate a low-quality image.
Samples can be prepared by different techniques depend-
ing on the properties and characteristics of the NPs to
be measured. Sample preparation in electron micro-
scopy always had been a critical process, but with the
time and advancement, researchers have created various
methods that are much simpler as compared with past
approaches such as sputter coating process [61]. Materials
with nonconductive properties require a coating with an
electrically conductive material such as platinum, gold,
palladium, silver, and chromium as it enables or improves
the imaging quality of the poorly conducting samples.
Coating creates a conductive layer of metal on the pro-
cessed sample that prevents it from damaging by heat but
improves the secondary electron signal needed for mor-
phological analysis of the particles [62]. Then the samples
are dried using air drying process or by critical point drier
technique, which uses carbon dioxide under control pres-
sure. Then the samples are subjected to sputter coating
in a vacuum chamber. Sputter is a plasma chamber with
low discharge capabilities that are used to spare a thin
sheet of metal on the samples [63]. The dried samples are
placed on the anode bench, and the chamber is saturated
with an inert gas, usually argon. A metal coating source
is connected to the cathode and argon gas molecules are
attracted toward the cathode. Ionized argon strikes the
coating source, and the source becomes loose, such as
metal grains, which are attracted toward the anode bench
where the sample is placed, and gives an omnidirectional
coating. The coating thickness has a range of 2 to 20 nm
[64]. Some authors also showed the viewing of semibio-
logical metallic samples such as silver NPs with SEM to
show their morphology (Figure 2) [65, 66]. Lipids vesicles

Figure 2: Scanning electron micrograph of aggregated and protein-
capped silver NPs with a size range of 20 to 60 nm. Scale bar
denotes 200 nm. Reprinted from Laborda et al. [41].
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have also achieved a great attention in the world of NPs,
and many researchers have demonstrated the morpho-
logical structure of nanolipid vesicles by using SEM [33,
67]. However, it is always a difficult task to visualize wet
and damp samples (such as biological tissue and emul-
sions) as it requires a long drying process. They also need
long preparation time in fixation and removing the water
or liquid from the samples. In addition, the destructive
nature of the entire process does not suit to those kinds
of samples [68].

2.3.2 Environmental scanning electron
microscopy (ESEM)

ESEM is a very innovative, nondestructive, and useful
morphological and topographic imagining technique. It
can analyze both biological and material specimens in
wet form as it maintains the true state of materials during
analysis. In the field of biomaterials and tissue engineer-
ing research, ESEM has demonstrated promising results
[69]. A diagram of an ESEM instrumental setup is shown
in Figure 3. The detection system of ESEM imparts an
edge over conventional SEM as it uses a gaseous second-
ary electron detector as a main mode of detection. The
gaseous environment in the specimen’s chamber pro-
tects the sample form any negative charge [70]. The gas
chamber (such as helium, carbon dioxide, nitrogen, water
vapor and argon) allows the maintenance of saturated
vapor and the production of a positive ion supply from
ionized gas chamber to suppress negative ions formed on
insulating sample. A water vapor gas is mostly preferred
as an imaging gas [71].

Tissue engineering and biomaterials fields of
research have evidenced a suitable application of ESEM
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Figure 3: Instrumental setup of an environmental scanning electron
microscope (ESEM).
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as it can investigate both materials and cell surface in
wet condition [72]. Stelmashenko et al. [73] reported
the topographical images of water droplets on differ-
ent substrate silicon, polystyrene, and glass substrate.
The group showed the effect of backscattered elec-
tron with different substrate and difference in image
quality. Another study on human monocyte-derived
macrophages (MDMs) cell for their morphology and
topographical analysis was conducted by Kirk et al. [74].
The study recorded a comparison between ESEM and
SEM together with various morphological differences
in cracking shrinkage and surface texture and its effect
on the cells. ESEM was proved to be more practical for
cell viewing study on 3T3-FIBROBLAST and human MDM
for cell viability as reported by the group [74]. Imaging
of many other biological samples, such as a dynamic
process of stomatal pore opening and closure, was dem-
onstrated [75]. Mohammed et al. [76] studied ibuprofen
liposomes by ESEM to prove their stability over the time
(Figure 4). Rossi et al. [77] studied water detection in
carbon nanotubes (CNTs) by different instruments such
as TEM, SEM, and ESEM, where they proved that ESEM is
suitable for detecting water in CNTs.

2.3.3 Field emission scanning electron
microscopy (FESEM)

A modern version of SEM has been developed in the name
of FESEM with an accelerating voltage range of approxi-
mately 0.1 to 30 kV and a magnification of approximately
300,000x. Despite a similar instrumental setup, FESEM
has been preferred over SEM because of its superior
quality of image. An additional feature of a field emission
gun (FEG) (cold cathode field emitter) makes the FESEM
different from SEM. FEG does heat the filament (tungsten)
by placing it in a large electrical potential gradient. The
electric gun produces a high vacuum in the chamber,
which makes this more superior as compared with the
conventional tungsten filament, resulting in faster scan-
ning rate than SEM [78]. In addition, the electron beams in
FESEM are more confined and focused into a thin mono-
chromatic beam using a metal aperture and magnetic
lenses [79]. Many authors reported well-defined FESEM
images for the physical characterization of biological and
biomaterial samples. Rastogi et al. [80] studied the anti-
bacterial effectiveness of Ag-Sio, NPs by testing it against
general Escherichia coli and E. coli 0157 : H7 by measur-
ing the growth through morphological viewing by FESEM.
Yan et al. [81] reported the efficacy of FESEM for the evalu-
ation of surface properties of docetaxel-loaded NPs that
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Figure 4: Environmental scanning electron micrographs of ibuprofen liposome made of phospholipid and cholesterol (4 : 1 molar ratio)
dispersed in 0.01 M phosphate-buffered saline (pH 7.4). Stabled liposomal structured were observed when they were subjected to con-
trolled dehydration at an operating pressure of 2.8 Torr (A), 2.0 Torr (B), 1.9 Torr (C), and even 1.9 Torr (D). Scale bars are denoted within the

individual figure. Reprinted from Liao et al. [52].

were prepared using oil-in-water emulsion and solvent
evaporation system technique with polylactic-co-glycolic
acid (PLGA) with or without the addition of poloxamer
188 (Figure 5). Zinc selenide (ZnSe) hollow nanospheres
and mesoporous zinc-blende ZnSe NPs were studied for
their morphology and surface by FESEM [82, 83]. Despite
advanced image quality, the use of FESEM is limited as it
is more expensive than SEM, and maintaining a vacuum
environment is sometimes challenging and sometimes the
scope of the study for biomaterial and biological samples
is met by SEM only.

SEI  5.0kV X 16.000 Tum WD 7.7 mm

2.3.4 Transmission electron microscopy (TEM)

The fundamental concept of TEM was originated in early
19th century; however, Knoll and Ruska [84] were the
first researchers to use the term electron microscope.
After 4 years, the first TEM was developed by Metro-
politan Vickers EMI for its commercial use. With time,
TEM was further modified by Heidenreich [85] in 1949
for material analysis. With a similar working principle
such as SEM, TEM has an electric gun with thermoionic
emission through tungsten or lanthanum hexaboride

SEI  5.0kV X 17.000 Ipum WD 7.9 mm

Figure 5: FESEM images of (A, B) docetaxel-loaded PLGA/poloxamer 188 NPs; (C) empty PLGA/poloxamer 188 NPs. Scale bar denotes

100 nm (A) and 1 um (B and C). Reprinted from Haiss et al. [57].
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(LaBé6). It projects the electron through a very thin slice
of samples to produce a two-dimensional (2-D) image on
a phosphorescent screen. Electrons transmitted through
the sample are directly proportional to the brightness of
the sample [86]. The conventional TEM uses a range of
60-100 keV for scanning, which makes the instrument
more suitable for biological samples. However, in case
of high-voltage electron microscope (HVEM) and high-
resolution transmission electron microscope (HRTEM),
around 200 keV-3 MeV are used for their operation [87].
The sample may be degraded by the strong interaction of
electrons from the instrument together with the sample
atoms by elastic and inelastic scattering. Thus, to avoid
this condition and to get a very clear image with detailed
information, the specimens must be very thin, typically
in a range of 10-500 nm depending on the sample and
resolution required. Elastic scattering, originating from
the coulomb force, is responsible for the clarity in the
TEM. The samples must be dry and capable of scatter-
ing electron in a vacuum to record the image, which give
TEM a disadvantage as all the samples cannot be dried
easily. Negative staining process is used in the major-
ity of the sample preparation in TEM, be it biological
samples such as viruses to bacteria, or biomaterials or
NPs of lipid, gold, polymer, etc. [88]. The sample prepa-
ration for TEM can be done by directly putting the sample
onto the grid or by spraying the sample onto the grid
(usually copper) and then staining. The negative stain-
ing solutions (usually concentration of 1%-2%) used are
phosphotungstic acid, uranyl acetate staining solution,
or ammonium molybdate solution [89]. The purpose of
negative staining is to get an opaque background, which
makes the particles translucent and can be viewed
easily. Sometimes, negative stains are prepared with
small concentration of carbohydrate (glucose) to protect
the samples that are sensitive to air drying [90]. With the
introduction of scanning transmission electron micro-
scopy (STEM), a change in image quality in the form of
3-D image was capable for the advanced characteriza-
tion of NPs [91]. It can perform elemental analysis and
microdiffraction at extremely small areas, which allows
internal structures together with elemental mapping/
distribution in the NPs [92, 93]. Electron energy loss
spectroscopy [94], energy-dispersive X-ray analysis [95],
and high-angle annular dark field imaging (also called
Z-contrast imaging) [96] of STEM are exploited for this
elemental analysis. These three modes of STEM result in
high-resolution 2-D images with structural information
together with the chemical composition of the specimen
that are useful for the complete characterization of the
NPs [97].
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Many authors investigated the structural features of
biomaterials and biological samples with TEM. Goldsbury
et al. [98] reported the determination of amyloid struc-
ture and its assembly by STEM. Sadauskas et al. [99]
studied elimination of gold NPs from mouse liver by
TEM. Histochemically, gold NPs were viewed in the liver,
using autometallographic staining, whereby the accu-
mulation of NP inside the vesicular lysosome/endosome-
like structures of the macrophages was viewed by TEM
[100]. Liposomes, transfersomes, and ethosomes were
also viewed by many authors using negative staining for
the analysis of their sizes [67, 101]. With time and need of
application, the introduction of cryotransmission elec-
tron microscopy was introduced to study the layer and
the composition of the materials in NPs (Figure 6) [7]. A
3-D reconstruction of gold-embedded ethosomes with a
size range of 1020 nm generated by cryoelectron tomog-
raphy revealed that the gold particle is localized inside
the lipid bilayer [101].

2.3.5 Confocal laser scanning microscopy (CLSM)

Confocal microscopy principle was first explained by
Minsky [102] in 1961. The design of confocal micro-
scope is made to obtain an image of a slice of a speci-
men without interfering with the out-of-focus adjacent
planes [102]. It gives a sharper image than conventional
optical microscope. The property of optical sectioning
or depth discrimination makes it different from conven-
tional microscopy, as it allows focusing on a particular
focal point. The image formation in a confocal optical
system is composed of two lens systems: objective lens,
which views onto the image plane, and collector lens.
In the confocal system, the collector lens is used as
an imaging lens rather than a collector lens, by using
a point detector with a very small area (Figure 7) [103].
As a whole, the imaging and detection systems are on
the same focal plane, that is why this setup is known
as “confocal”. Confocal microscopy provides a modest
increase in optical resolution in both lateral (focal
plane, x-y axes) and axial (depth plane, z-axis) aspects.
The advanced version of this microscope is ideal for
further processing into a 3-D representation of the
specimen using volume visualization techniques [104].
In the sample preparation, usually a fluorescence dye,
such as coumarin 6, rhodamine 123, fluorescein 5-iso-
thiocyanate (FITC), etc. is used to mark the formulations
or biological samples to have a clear and differential
view. Until now, CLSM has been a very useful technique
for the characterization of biological and biomaterial
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Figure 6: Images of colloidal fat emulsions obtained by cryo-TEM: (A) Lipofundin® 20% N, (B) Lipofundin® MCT 20%, (C and D) triglyceride
emulsions stabilized with egg yolk lecithin alone (C) and with the admixture of stearylamine for surface modification (D). Reprinted from

Kuntsche et al. [7].
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Figure 7: Schematic diagram of a confocal laser microscopy.

specimens with high-resolution images. Its capacity to
generate optical images at various depths of the skin
layer in a noninvasive manner without any mechanical

sectioning of the sample has established its significant
technical advance [105].

There are many reports of potential application of
CLSM for nanoparticular drug delivery. Alvarez-Roman
et al. [106] have studied FITC-loaded polymeric NP
penetration and distribution in the skin layer by CLSM
(Figure 8). Verma et al. [107] used CLSM to study the dep-
osition of carboxyfluorescein dye across various layers
of human abdominal skin from a series of liposomes
with particle size of 120-810 nm. The group concluded
that the skin deposition of the liposomes was inversely
proportional to their size. Ethosomes are the NPs made
by phospholipid and with appropriate concentration
of ethanol. Zhang et al. [108] investigated the ability
of ethosomes to deliver 5-fluorouracil in human hyper-
trophic scar of the skin by CLSM. The drug delivery
properties of liposomes and transfersomes vesicles in
the animal and human skins were studied by CLSM [109,
110]. Portis et al. [111] used confocal microscopy to inves-
tigate the delivery of siRNA with polymeric NPs. There
are numerous other studies conducted by CLSM for
cell uptake, NP transdermal penetration pathway, and
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Figure 8: x-y images showing follicular localization of fluorescent NPs after application of F-NP (20 nm) for (A) 30 min, (B) 1 h,and (C) 2 h
and of F-NP (200 nm) for (D) 30 min, (E) 1 h, and (F) 2 h. The white circles correspond to hair follicles. Note that, in panels A, B, and C, the
levels of green fluorescence are concentrated in the follicular regions, and in panels D, E, and F, time-dependent NP accumulation in hair

follicles is observed. Reprinted from Rossi et al. [77].

structural elucidation of the skin after the treatment by
the formulation [112, 113].

2.3.6 Atomic force microscopy (AFM)

Scanning probe microscopy was developed in 1982 by
Binnig and Rohrer [114] in the form of scanning tunneling
microscope (STM). Later, AFM was developed on the same
principle of STM. AFM can be used for both conducting
and nonconducting materials and to present a 3-D and
topographical image of the specimen viewed by it [115].
The formation of image by AFM is based on the measure-
ment of ultra small forces on the particles, as small as
single atoms, of the sample. Scanning the surface of the
specimen is conducted by a metal tip attached to a cantile-
ver at constant tunneling current where the displacement
of the tip is controlled by the voltage applied to the piezo
drives. As the tip approaches to the surface, magnetic and
electrostatic forces as well as interatomic forces between
the surfaces of the sample kept on the substrate and the tip
cause the cantilever to deflect according to the Hooks law.
While maintaining the force constant between the tip and
the substrate, the deflection of the cantilever in the form of
a laser beam is recorded by a photodiode detector [115]. A

topographic picture is then obtained for the sample based
on the deflection of the cantilever according to the raised
or lowered features of the surface of the sample [115]. The
high resolution of the image is based on the strong tunnel
current between the two tunnel electrodes, i.e. the tip and
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Quadrant photo

detector
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— > Cantilever tip

Sample

Sample stage

Piezo element [

: : ————————=Tip atoms
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Sample atoms

Figure 9: Representative assembly of an AFM apparatus.
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scanned surface. Figure 9 depicts a simple flow diagram
of AFM apparatus.

With time, many other advanced techniques such as
frictional force mapping, scanning voltage microscopy,
surface force apparatus, photoconductive AFM, AFM-
infrared spectroscopy, and AFM-Raman spectroscopy
have come up [116, 117]. Extensive works such as physi-
cal stability, particle size, and compatibility of nanocom-
plexes with different compounds have been reported with
this AFM study. Different kinds of substrates (e.g. mica,
silicon wafer, gold, and platinum cover slides) and mode
of operations depending on the nature of their particles
have been reported in the literature [118, 119].

Theodoropoulos etal. [120] reported the use of the AFM
to measure the shapes and sizes of different complexes
of liposomes with carborane-free phosphatidylcholine
(PC), carborane-free DMPC (1, 2-dimyristoyl-sn-glycero-
3-phosphocholine), carborane-loaded PC, and carbo-
rane-loaded DMPC. Miiller and Dufrene [121] reviewed
the versatile application of AFM in nanobiotechnology,
including detection of bioanalytes in picomolar range and
use in medical diagnosis and environmental monitoring.
Sitterberg et al. [118] investigated different liposomes poly-
plexes and other nanocomplexs with the AFM to evaluate
their role in drug delivery, gene transfection, and stabil-
ity. The visualization and the characterization of nucleic
acids and its derivatives such as DNA, siRNA, ribozyme,
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and other biomolecules were extensively studied to reveal
the structural changes of nanocomplexes [122, 123]. Wan
et al. [124] successfully studied DNA release dynamics
from a reducible polyplexes composed of nuclear localiza-
tion signal (NLS¢*) peptide by AFM (Figure 10).

3 Limitations with the existing NPs
characterization techniques

Pros and cons of the NP characterization techniques dis-
cussed in this review article are summarized in Table 1.
Many limitations are encountered with the existing charac-
terization techniques for NPs, especially in case of sample
preparations and the consumable required for their analy-
sis. The use of electron microscopy is very expensive, and
the duration of sample preparation, especially the stain-
ing, requires a long time. In TEM, many specimens are
needed to fabricate to view the interface parallel or cross
section; this requires a series of sample preparation. The
electromagnetic radiation is one of the main causes that
results in damage of the samples, especially the biological
specimens. In surface morphology and structure determi-
nation, FESEM and SEM require a coating of the samples
with platinum or gold to protect them from direct radia-
tion exposure and maintain a completely dry environment

Figure 10: In situ AFM sequence of DNA release from nuclear localization signal peptide (NLS®")/DNA polyplexes (N/P=4) in 20 mM dithi-
othreitol (DTT) and 0.4 M NaCl solution (no Mg2+ was added). Time zero corresponds to the addition of DTT. The z range is 10 nm. Scan size
is 2.6 2.6 um?. Reprinted from Allen et al. [93].
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Table 1: Pros and cons of techniques used for NP characterization.
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Characterization Pros Cons
techniques
DLS (i) It is an easy and quick technique to measure particle size (i) Data interpretation is not straightforward.

TRPS technology

Single-particle
ICP-MS

SEM

ESEM

FESEM

in nanorange including PDI and zeta potential [10].

(ii) It does not need any expensive sample preparation.
(iii) It can be used to determinate protein size and
aggregates [125].

(i) It can measure the nano- and submicron particles’ sizes
and size distributions together with their concentrations and
charges on them [44, 45].

(i) High accuracy and repeatability criteria make the
technique superior than DLS [47].

(iif) The technique has the ability of real-time monitoring of
every particle interaction, including their chemical reaction.

(i) This analytical tool is applied to screen inorganic NPs at
very low concentration (parts per trillion) [35, 36].

(i) NP size up to 10 nm can be determined by this technique.
(iii) It has gained an edge over the atomic absorption, optical
emission and atomic emission spectroscopy as it can handle
complex matrix with a minimum interference.

(i) It is a useful technique for microscopic analysis of solid
materials [65, 66].

(ii) It can also be used for semibiological, metallic, and lipid
based NP samples [33, 67].

(iii) Resolution of the produced image can go up to 100 K [59].

(iv) It can detect NPs up to 10-20 nm size [59].

(i) It is a very innovative, nondestructive, and useful
morphological and topographic imagining technique.

(ii) It can analyze both biological and material specimens in
wet form while maintaining their true forms [72].

(i) The gaseous (helium, carbon dioxide, nitrogen, water
vapor, and argon) environment in the specimen’s chamber
protects the sample form any negative charge produced from
the sample [70].

(i) It is considered an advanced version of SEM.

(i) Its resolution can go up to 300 K and image quality is
superior than that of SEM, and it can give transverse and tilt
images.

(iii) It has faster scanning rate than SEM due to the presence
of an FEG [78].

(iv) It can be used for biological and biomaterial samples [80].

(ii) It gives collective information of a sample
population instead of individual particle’s
diameter [126].

(iii) Sample preparation needs an appropriate
dilution and pH and viscosity adjustment to
avoid multiple scattering [126].

(iv) Particle concentration cannot be measured
by this technique [126].

(i) The instrument very expensive.

(i) Analysis is time consuming.

(iii) The instrument should be calibrated
regularly [46].

(iv) The instrument is susceptible to clogging
very often.

(i) The accuracy of the results depends on the
correct selection of a dwell time.

(ii) It only allows the detection of a single
element at a time [38].

(iii) Sample dilution is an important factor for
the analysis of NPs.

(i) High cost of the instrument makes the
process expensive.

(ii) Sample preparation is a critical process and
time consuming [61].

(iif) Sample requires coating of platinum or
gold to make them conductive and protect them
from electromagnetic radiation exposure [62].
(iv) The sample needs to be dehydrated, which
can distort features or create artifacts and the
thickness of the material itself can obscure
cellular details of a biological sample [68].

(v) Wet and damp samples (such as biological
tissue and emulsions) require a long drying
process [68].

(i) It is an expensive technique such as SEM.
(ii) It also takes a long duration of sample
preparation.

(i) Sample analysis is considered more
expensive than that by SEM.

(i) It requires a long duration of sample
preparation.

(iii) Maintenance of a vacuum environment
within the instrument’s chamber is challenging.
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Characterization Pros Cons

techniques

TEM (i) It is used for accurate estimation of NP size, shape, and (i) The instrument is quite expensive.
morphology. (ii) Analysis requires a series of sample
(i) Accumulation of NP inside the biological system can be preparation. It requires staining of the samples
viewed by TEM [100]. before viewing [89].
(iii) Provision of STEM results 3-D image of the sample [91]. (iii) High electromagnetic radiation from HVEM
(iv) STEM can be used for elemental analysis/mapping of NP and HRTEM may damage biological samples [87].
samples [92, 93]. (iv) Samples should be absolutely dry [90].

CLSM (i) It is a very useful technique for the characterization of (i) It is regarded as an expensive technique.
biological and biomaterial specimens with high-resolution (ii) Sample preparation is quite lengthy.
images [107]. (iii) It requires staining of the samples with an
(ii)It gives a sharper image than conventional optical appropriate fluorescence dye.
microscope. (iv) Samples should be free from any
(iii) It has the ability to produce optical images at various unentrapped dye; otherwise, it may affect the
depths of the skin layer in a noninvasive manner without any result [127].
mechanical sectioning of the sample [105].
(iv) It can be used to assess drug permeation/absorption into
different depths of the biological layer [67].

AFM (i) It produces high-resolution 3-D and topographical images (i) It is considered an expensive technique

of the samples [115].

(ii) It can detect bioanalytes in picomolar range [121].

(iii) It can be used for both conducting and nonconducting
materials [115].

(iv) It is used to visualize and characterize delivery and
release of genetic materials in vivo [122-124].

(v) Apart from nano-drug delivery, it is used in medical
diagnosing and environmental monitoring [121].

and time consuming as it requires long time in
sample analysis and preparation [128].

(ii) Some biological samples may get affected
due to heat generation during analysis [128].
(iii) Contact and tapping mode of analysis may
cause sample damage and tip contamination.
So, biological samples need extra care to avoid
any deformation during their analysis [129].

in the chamber; all these make it a tedious and expensive
procedure. During the viewing of the samples, the resolu-
tion cannot be changed with the change in particle size
as a result of automatic internal change (i.e. no twisting,
bending, or squashing). This might result in a dull or noisy
image of the NPs. In case of CLSM, sample preparation
should be conducted with extreme caution. NP samples
should be free from unentrapped dye, which also requires
validated procedure.

Data interpretation with DLS is sometimes confusing,
especially for monodisperse or polydisperse populations.
The user needs to be well conversed with the information
provided by the particular instrument used for the study.
According to the instrument’s theory, it measures particle
size based on the intensity of light scattering, so it fails
to provide information about a single particle. It also puts
an emphasis on larger particle population, resulting in a
larger peak width. In DLS, maintaining a proper dilution
factor together with sample pH throughout the analysis
plays an important role in the measurement. This tech-
nique represents data in a wide range even if larger size
particles are present in small quantity in the sample. The

dispersant with high viscosity might interfere with the
detector causing faulty results; therefore, it requires a suit-
able range of dispersant with viscosity <100 mPas [126].
Another major limitation of DLS is that the particle con-
centration cannot be measured. A new technique named
NP tracking analysis can provide the concentration (par-
ticle counts) together with their sizes in a suspension and
also the real-time image of the NPs [130].

AFM is a vital tool in imaging with 3-D information
depending on its mode of analysis, i.e. noncontact and
contact mode. The contact and the tapping modes are
still not used for the biologicals because of the problem of
material damage and tip contamination [129]. Defining a
point of contact (zero contact) in AFM is very difficult, as it
does not provide an independent measure of probe-sam-
ple separation distance. The biological samples also face
a major problem because of the deformation and repulsive
surface forces; the quantitative interpretation of the curve
becomes a delicate task using the theoretical models.

The improper characterization of NPs originated
from the limitations of the instruments or the mistakes
in sample preparation, handling of the instruments, and
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data interpretation have significant effects on their drug
delivery efficacy. For example, drug absorption through
the stratum corneum and gastrointestinal tract is highly
influenced by the particle size and surface charge (zeta
potential) of the NPs [107, 131]. The zeta potential of
nanodispersion also dictates its stability during long-term
storage [132]. Pharmacokinetics, tissue distribution, and
bioavailability are dependent on physicochemical proper-
ties of the drug together with its carriers [133]. The depth of
drug permeation through the different layers of the skin,
as evidenced by CLSM, ensures topical or transdermal
(systemic) efficacy of any formulation. In case of oral drug
delivery, images of CLSM, cryo-SEM, and TEM establish
the process of NP internalization through the gastrointes-
tinal tract [134]. The success of targeted cancer therapy
and many diagnostic procedures needs a precise visuali-
zation of drugs/carriers/markers, and the proper use of
the advanced microscopic techniques discussed in this
review article is indispensable [135].

4 Conclusion

Scientific advancement never stops; rather, it is a continu-
ous process, as it originates to overcome more complex
natures of the problem related to drug delivery or charac-
terization of delivery systems. It is obvious that the present
characterization techniques are not sufficient as they also
have many shortcomings. We hope that in the coming
days, many newer techniques will come up to replace the
existing advanced characterization techniques and would
solve many questions faced by present-day formulation
scientists. Till then, we should exploit the existing tech-
niques more wisely to get the best out of them.
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