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ABSTRACT

Metallic nanoparticles have fascinated scientists for
over a century because of their huge potential in
nanotechnology. Today, these materials can be
synthesized and modified with various structures
which allow them to be applied widely in numerous
branches of science. Nanomaterials could be single
or multiple metals and have copious kinds of size,
shape, and structure and, thus, lead to profusely
beneficial properties. Understanding nanoparticle
characteristics helps in validating the synthesis,
deciphering the morphology evolution, improving
the synthesis protocols, and comprehending the
potential applications of nanoparticles. In the
present review complete discussion has been done
on the different characterization techniques which
are used for the evaluation of metallic nanoparticles
such TEM, SEM, NMR and DLS
KEYWORDS:-METALLIC NANOPARTICLE,
CHARACTERIZATION TECHNIQUE, AND
NMR.

l. INTRODUCTION

Nanotechnology, a science that deals
preparation of nano-size particles ranging from 1 to
100 nm employing diverse synthesis strategies, and
particle structure and size modification. The use of
nanoparticles indifferent fields like molecular
biology, physics, organic and inorganic chemistry,
medicine and material science is unexpectedly
augmented nowadays ‘Decrease in particle size to
nano-size demonstrates peculiar and improved
properties such as particle size distribution and
morphology, which is not showed by larger
particles of bulk material®The term ‘nanoparticle’
was coined from Greek work ‘nano’ that means
‘dwarf or small’ and when used as prefix it
indicates size 10—9 one billionth of meter is equals
to 1 nm >. Nanoparticles have both solute and
separate particle phase properties. The surface to
volume ratio of nanoparticle is 35-45% times
higher as compared to large particle or atom. This
unique extrinsic property of specific surface area of
nanoparticle is a contributory factor for its high

value and also influences different intrinsic
properties such as strong surface reactivity which is
size dependent *. Overall, these exclusive features
of nanoparticles are responsible for its
multifunctional properties and developing interest
for its application in various fields like energy,
medicines and nutrition °. Metallic nanoparticles or
metal nanoparticles, a new terminology has been
originated in the field of nanoparticles in recent few
years. The noble metal like gold, silver, and
platinum having beneficialeffects on health are
utilized for the synthesis of nanoparticles and
designated as metallic nanoparticles ®. Nowadays
researchers are focusing on metal nanoparticles,
nanostructures and nanomaterial synthesis because
of their conspicuous properties that are useful for
catalysis’, composite like polymer preparations
8 disease diagnosis and treatment , sensor
technology ®*and labelling of optoelectronic
recorded media **. Different physical and chemical
methods such as electrochemical changes, chemical
reduction, and photochemical reduction are
commonly employed for the preparation and
stabilization of metallic nanoparticles*®*®.The
selection of preparation method of metallic
nanoparticle is equally important because during
nanoparticle synthesis processes such as kinetics of
interaction of metal ions with reducing agent,
adsorption process of stabilizing agent with metal
nanoparticles and various experimental techniques
produces strong influence on its morphology
(structure and size) stability and physicochemical
properties'®. Many metal particles present in the
products such as cosmetic products, detergents,
tooth paste, soaps, shampoos, medicines and
pharmaceutical products are directly coming in
contact with human. Gold is widely used in the
medicines and Ayurvedic preparations in India and
China ®. Gold nanoparticles are employed for many
diagnostic and drug delivery purposes *°. Apart
from this, other metal nanoparticles like silver
nanoparticles are also employed for various
biomedical applications such as separation science
%and novel drug delivery system . Silver is well
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known for its antimicrobial and inflammatory
potential. This property is selectively used to
elevate faster wound healing and commercially
adopted in  wound  dressing,  different
pharmaceutical dosage formulation and medical
implant coating. Other metal nanoparticles like
platinum nanoparticles also evaluated for their
health beneficialeffect and successfully used in
biomedical applications in either pure form or
metal alloyed as a single or in combination with
other metal nanoparticles. The use of metal
nanoparticles is continuously increasing worldwide
in biomedicine and allied disciplines **%, In view
of this, present review is an assortment of various
methods used for the preparation of metallic

Bullk maaterial
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Nanoparticles
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nanoparticles, their advantages, disadvantages and
applications.

Divers methods are employed for the metallic
nanoparticles preparation which are categorized
into two main types as bottom up methods and top
down methods, and enlisted in Table 1 *°

The principal difference between both the methods
is starting material of nanoparticle preparation.
Bulk material is used as starting material in top-
down methods and particle size is reduced to
nanoparticles by different physical, chemical and
mechanical processes, whereas atoms or molecules
are the starting material in bottom up methods (Fig.
1).

Atoms/ molocules

Fig 1 an overview of top down and bottom up method

Srno Top down method Bottom up method
1 Method Example Method Example
- Physical vapor
Mechanical Ball milling . Solid state deposition
2 L Mechanochemical -
milling methods Chemical vapor
method o
deposition
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- Sol gel methods
Laser Liquid state Chemical reduction
3 : synthesis
ablation Hydrothermal
methods
method
Spray pyrolysis
4 Sputtering Gas phase Laser ablation
methods .
Flame pyrolysis
Bacteria
. . Fungus
5 Biological Yeast
method
Algae
Plant extract
Electrodeposition
process
Other M icrowave techmque
6 Supercritical fluid
methods S
precipitation process
Ultra sound
technique

I1. INTRODUCTION TO EVALUATION

TECHNIQUE.

Nanoscale  materials often  present
properties different from their bulk counterparts, as
their high surface results in an exponential increase
of the reactivity at the molecular level. Such
properties include electronic, optical and chemical
properties, while the mechanical characteristics of
the nanoparticles (Metallic-NPs) may also differ
extensively®.This enables them to be an object of
intensive studies due to their academic interest and
the prospective technological applications in
various fields. Such nanostructures may be
synthesized by a wide number of methods, which
involve mechanical, chemical and other pathways
2! Nowadays, many more types of nanomaterials
are synthesized than only a decade ago, and in
higher amounts than before, requiring the
development of more precise and credible protocols
for their characterization. However, such
characterization is sometimes incomplete. This is
because of the inherent difficulties of nanoscale
materials to be properly analysed, compared to the
bulk materials (e.g. too small size and low quantity
in some cases following laboratory-scale
production). In addition, the multidisciplinary
aspects of nanoscience and nanotechnology do not
permit every research team to have easy access to a
broad range of characterization facilities. In fact,
quite often a wider characterization of Metallic-
NPs is necessary, requiring a comprehensive
approach, by combining techniques in a

complementary way. In this context, it is desirable
to know the limitations and strengths of the
different techniques, in order to know if in some
cases the use of only one or two of them is enough
to provide reliable information when studying a
specific parameter (e.g. particle size). Nanoscience
and nanotechnology are still undergoing constant
growth, and the scientific community is rather
aware that there may be certain differences between
the way analytical characterization methods operate
for nanomaterials, in comparison with their more
‘traditional’ modes of use for more ‘conventional’
(macroscopic) materials.?

Herein we describe extensively the use of
different methods for the characterization of
metallic-NPs. These techniques are sometimes
exclusive for the study of a particular property,
while in other cases they are combined.?® There are
Spectroscopy  based  techniques like e.g.(
UV,FTIR,ICP) which provide information on the
Surface plasmon resonance of the metals also give
information on the concentration and yield. There
are microscopy-based techniques (e.g. TEM,
HRTEM, and AFM - the full names of the
techniques are provided later in the text, when
presenting each one of them), Many other
techniques provide further information on the
structure, elemental composition, optical properties
and other common and more specific physical
properties of the nanoparticle samples. Examples of
these techniques include X-ray, spectroscopy and
scattering techniques.
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This review is organized in different sections, relation to the properties studied (see Tables 1 and

which  will ~ present  numerous  distinct 2). The sections are categorized according to the
characterization techniques for Metallic-NPs in different technique groups, as described above.-

Table 1 Summary of the experimental techniques that are used for metallic nanoparticle characterization
featured in this paper

Section Technique Main information derived

1 UV-Vis Optical properties, size, concentration,
agglomeration state, hints on NP shape

2 FTIR Surface composition, ligand binding

3 NMR (all types) Ligand density and arrangement,

electronic core structure, atomic
composition, influence of ligands on
NP shape, NP size

4 ICP-MS Elemental composition, size, size
distribution, NP concentration

41to4.5 SIMS, ToF-SIMS, MALDI Chemical information (surface-
sensitive) on  functional  group,
molecular orientation and

conformation,  surface  topography,
MALDI for NP size

5and 6 ICP-AES and ICP-OES Concentration
7and 8 DLS and NTA DLS Hydrodynamic size, detection of
agglomerates
9and 10 pH and zeta potential Stability information
11 XRD  (group:  X-ray  based | Crystal structure, composition,
techniques) crystalline grain size

11.1t0 115 XAS (EXAFS, XANES) X-ray | chemical state of species,

absorption coefficient (element- | interatomic distances, Debye—Waller
specific) . factors, also for non-crystalline NPs.
SAXS Particle size, size distribution,
growth Kinetics

XPS Electronic structure, elemental
composition, oxidation states, ligand
binding

(Surface-sensitive).

12.1t0 12.8 TEM, HRTEM,AFM,SEM NP size, size monodispersity, shape,
aggregation state, detect and localize/
quantify Metallic-NPs in matrices,
study growth kinetics

Table 2:- Parameters needed to be determined and the corresponding characterization techniques

Entity characterized Characterization techniques suitable

Size (structural properties) TEM, XRD, DLS, NTA, SAXS, HRTEM, SEM,
AFM, EXAFS, FMR, DCS, ICP-MS, UV-Vis,
MALDI, NMR,

Shape TEM, HRTEM, AFM, EPLS, FMR, 3D-
tomography

Elemental-chemical composition XRD, XPS, ICP-MS, ICP-OES, SEM-EDX, NMR

Crystal structure XRD, EXAFS, HRTEM, electron diffraction,
STEM

Size distribution DCS, DLS, SAXS, NTA, ICP-MS, FMR, DTA, ,
SEM

Ligand XPS, FTIR, NMR, SIMS, FMR, TGA, SANS
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binding/composition/density/arrangement/mass,
surface composition

Optical properties

UV-Vis-NIR, PL, EELS-STEM

Concentration

ICP-MS, UV-Vis

Surface charge

Zeta potential

1. UV-VIS SPECTROSCOPY (UV-VIS)
UV-Vis spectroscopy is relatively facile
and low-cost characterization method that is often
used for the study of nanoscale materials. It
measures the intensity of light reflected from a
sample and compares it to the intensity of light
reflected from a reference material. Metallic-NPs
have optical properties that are sensitive to size,
shape, concentration, agglomeration state and
refractive index near the NP surface, which makes
UV-Vis spectroscopy an important tool to identify,
characterize and investigate these materials, and
evaluate the stability of metallic NP colloidal
solutions.**Gold, silver and copper nanostructure
sols exhibit characteristic UV-Vis extinction
spectra due to the existence of a LSPR signal in the
visible part of the spectrum. In certain cases (e.g.
metal chalcogenide Metallic-NPs and anisotropic
gold or silver nanostructures), Local surface
plasmon resonance (LSPR) bands at the near-
infrared (NIR) wavelength region can also
appear.151 Besides characterizing the metallic NP
optical properties, the size and molar concentration
of zerovalent Au, for example, can also be obtained
from the UV-Vis measurements. For this
calculation, which can also be performed in situ
under certain conditions, the position of the LSPR
and the extinction at this wavelength, as well as the
ratio of extinctions at the wavelength of the LSPR
and at 450 nm (ALSPR/A450), are needed.”The
absorbance at 350-400 nm wavelengths can also be
used to measure the gold colloid concentration,
however with an uncertainty up to 20-30% due to a
rather slight influence of parameters such as NP
size, surface modification and oxidation state. If
these factors are taken into account upon
calculation, the uncertainty in determining the Au
NP concentration can be decreased extensively.”In
fact, the maximum absorbance at the UV-Vis
spectra has also been successfully used for the
calculation of the concentration of citrate-coated
silver Metallic-NPs.?°Haiss et al. have published a
very high profile study on the utility of UV-Vis
spectra to determine the size and concentration of
Au Metallic-NPs.?’The colloidal stability of Au
Metallic-NPs can be quantitatively characterized by
UV-Vis absorbance spectroscopy, as shown by
Pennathur and colleagues. Particle instability

parameter (PIP) is a universal technique to
quantitatively  characterize the stability of
plasmonic nanomaterials based on UV-Vis
absorbance spectroscopy that does not depend on
the colloid system and can fully record the
evolution of a given studied system over time. It is
a robust and generalizable approach, not only for
Au Metallic-NPs, but also for plasmonic Metallic-
NPs as a whole.”®. Overall, this method can be
considered low-cost, non-destructive and quick for
the recognition of metallic NP systems and types.
Ag nanostructures have also been extensively
studied by UV-Vis spectroscopy. Jha and co-
workers investigated the influence of maturing time
and concentration of NaBH4 on size with UV-Vis.
Their method, under the framework of the Mie
theory, was employed to determine the particle size
and size distribution. In fact, the LSPR of Metallic-
NPs is affected by size, shape, interparticle
interactions, free electron density and surrounding
medium, and this helps to obtain a screening of the
electron injection and aggregation of Metallic-NPs.
In this way, it was possible to characterize the Ag
NP formation kinetics and the final colloidal
stability.”®In another work, Ag Metallic-NPs were
prepared via a green synthesis involving the
flowers of the Moringa oleifera (MO) plant. This
plant acted as a reducing and stabilizing agent, and
the resulting particles were studied by FTIR, UV-
Vis and other techniques. FTIR experiments
demonstrated that proteins in the MO flower
extract were adsorbed on Ag Metallic-NPs, acting
as capping agents. It also indicated that retinoic
acid, a component of the MO flower extract, acted
as a reductant. UV-Vis analysis verified the
existence of LSPR in the produced particles and as
the concentration of the MO flower extract
increased, the absorption spectra showed a blue
shift with decreasing NP size.*

2. FOURIER TRANSFORMS INFRARED
SPECTROSCOPY (FTIR)

FTIR is a technique based on the
measurement of the absorption of electromagnetic
radiation with wavelengths within the mid-infrared
region (4000-400 cm ™). If a molecule absorbs IR
radiation, the dipole moment is somehow modified
and the molecule becomes IR active. A recorded
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spectrum gives the position of bands related to the
strength and nature of bonds, and specific
functional groups, providing thus information
concerning molecular structures and interactions.*
The purpose of FTIR analysis in synthesis
of metallic nanoparticle is that if a metallic
nanoparticle is synthesized via green method where
the use of plant extract is done in such cases to
identify what group of the plant extract was
involved in reducing the metal ions to metallic
nanoparticles and to identify which groups are
adsorbed on to the surface of the metallic
nanoparticle as a capping agent
For example baker syed etal carried out the
synthesis of bimatllic silver and gold nanoparticles
using the plant extract of Annona squamosa to find
out the possible role of phyto-components in
mediating the synthesis author further done the
FTIR analysis.The possible role of Phyto-
components present in aqueous plant extract
responsible for mediating and stabilizing the
nanoparticles was depicted using FTIR analysis.
Perusal of scientific studies report FTIR as one of
the ideal tool to predict the functional moieties. In
the present investigation, vibrational stretch
occurring at 3339 corresponds to NH stretching,
1638 corresponds to C@C stretching and 663
corresponds to C-OH .Scientific studies on FTIR
analysis of plant mediated nanoparticles reports
that different functional moieties like hydroxyl,
carboxyl and amide are responsible for reduction of
metal ions to produce nanoparticles Interestingly,
in plant-mediated synthesis of nanoparticles, the
phyto-components also play important role in
stabilization of nanoparticles which is very crucial
for rendering its applicative properties. These
g(zesults also coincide with reports of earlierfindings

1. NUCLEAR MAGNETIC
RESONANCE (NMR)
SPECTROSCOPY

NMR Spectroscopy is another important
analytical technique in the quantitative and
structural determination of Nano scale materials. It
is based on the NMR phenomenon exhibited by
nuclei that possess non-zero spin when placed in a
strong magnetic field, which causes a small energy
difference between the ‘spin-up’ and ‘spin-down
states. Transitions between these states can be
probed by electromagnetic radiation in the radio
wave range. NMR is typically used to study the
interactions or coordination between the ligand and
the surface of diamagnetic or antiferromagnetic

NPs. It is, however, not suitable to characterize
ferric- or ferromagnetic materials, as the large
saturation magnetization of such materials causes
variations in a local magnetic field, which lead to
shifts of the signal frequency and dramatic
decreases in relaxation times. As a result,
significant broadening of the signal peaks occurs,
making the measurements practically inutile and
unable to be interpreted.66 Marbella and Millstone
have written a comprehensive review article on the
NMR techniques for noble Metallic-NPs. NMR
spectroscopy can help toward the routine,
straightforward, molecular-scale investigation of
NP formation and morphology in situ, in both
solution and solid phase. It is particularly useful for
analysing both the formation and final architecture
of noble metal Metallic-NPs. The capping ligands
are also typically studied by NMR, and such
measurements can yield information on the
properties of the particle core (e.g. electronic
structure, atomic composition, or compositional
architecture). Insights into ligand density,
arrangement and dynamics can also be derived.102
besides facilitating the monitoring of the chemical
evolution of ligand precursors and their role in
particle growth, NMR is also employed to probe
the role of capping ligands for the determination of
particle shape. Overall, NMR can screen the
chemical conversion of NP precursors in both the
solution and solid phase, with high spatial and
chemical resolution, under distinct reaction
conditions, and for diverse metal identities; this
helps in the better comprehension of the reaction
mechanisms for NP synthesis. Moreover, NMR is
useful for the monitoring of the process and final
products of ligand exchange, when the initial
capping ligands need to be replaced.*®
2.1 1H NMR

The 1 H NMR chemical shift behaviour is
sensitive  to  the  surrounding  electronic
environment; this includes the electronic structures
and bonding environment of the nucleus.
Consequently, any changes in the handedness of a
molecule can be ‘felt” by neighboring spin
positions and observed as changes in chemical
shift. This renders NMR significant to assess the
chirality or absence of chirality of small,
moleculelike nanoclusters. NMR can also be
applied for the direct monitoring of the diffusion of
adsorbed gases onto the surface of Metallic-NPs.
Finally, NMR is utile for the measurement of the
hydrodynamic radius of Metallic-NPs and thus
constitutes an important complement to more
standard NP sizing techniques, such as TEM and
DLS. Similar to DLS, NMR spectra are used to
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define the NP size via the analysis of particle
diffusion. In particular, NMR helps to extract the
diffusion coefficient of well-dispersed species in
solution diffusing according to Brownian motion
only. Then the hydrodynamic size can be calculated
through a rearrangement of the Stokes— Einstein
equation.®Finally, a phenomenon known as
‘Knight shift’, which is induced by some metals
and can be present upon NMR measurements, is
also described in ref. 102. It has to be noted that the
particle size, which can be safely analysed by
NMR, can exceed by far the 100 nm in the case of
polymerhybrid particles,®**whereas metallic-NPs
have to be at around the size range of 1-5 nm in
order to acquire meaningful NMR measurements. 1
H solution NMR has been reviewed by Hens and
Martins as a tool for the investigation of the surface
chemistry of colloidal Metallic-NPs.*
2.2, DIFFUSION-ORDERED NMR
DOSY-NMR offers the possibility to
distinguish in situ free ligands from bound ligands,
while the distribution of these species can also be
quantified. Solution NMR can be employed to
identify tightly bound ligands and quantify their
surface density of sterically stabilized colloidal
Metallic-NPs.*Jicsinszky and co-workers studied
hydrophilic heptakis(6-deoxy-6-
thio)cyclomaltoheptose capped Au Metallic-NPs
with DOSY-NMR. This technique proved to be an
effective, reliable and rapid way to investigate the
role of the total concentration of gold in solvated
metal atom (SMA) solutions as well as of the
Au/capping ligand molar ratio on NP sizes. NMR
measurements also helped to acquire some basic
information on the drug transport and release
capabilities of Au Metallic-NPs. This was achieved
through the analysis of the nature of
supramolecular aggregation processes and the
ability of (Au)n/B-CDSH nanoaggregates to act as
hosts for deoxycytidine (DC).*’DOSY-NMR has
also been employed to determine the nanoparticle
size, e.g. in the case of Au Metallic-NPs prepared
by Canzi et al. This was achieved by analysing the
1 H spectrum of the protecting ligands using 2D
DOSY NMR, a method that could be facilely
adapted also for other metal and semiconductor
nanocrystals. Size estimates were acquired by using
diffusion coefficient ratios derived from the proton
signals from the alkyl thiolate groups bound to Au
Metallic-NPs and a ferrocene internal standard. The
authors stated that DOSY NMR was a reliable
alternative method to calculate the NP size, being
quicker and more cost-effective than
TEM.®Coelho and colleagues used NMR
spectroscopy to determine particular intermolecular

interactions  and mechanisms of  drug
immobilization and location into surface PEG-
modified Au Metallic-NPs. The authors highlighted
the advantages of NMR as a non-destructive,
highly reproducible method, sensitive to the
structural details of molecules and molecular
conjugates, which could be employed for both
qualitative and quantitative characterization.
Information of size, shape, dynamics, chemical
structure, intermolecular interactions, and binding
and exchange processes in complex nano-systems
could be obtained.**The combined use of NMR
with FTIR, UV-Vis, DLS and TEM could vyield
significant insights regarding important
physicochemical properties of drug delivery
systems, which influence their therapeutic
efficacy.*
2.3. DEUTERIUM (2 H) NMR

Deuterium (2 H) NMR was employed to
study the intramolecular ligand dynamics in d15-
(PPh3)-capped Au Metallic-NPs. The authors made
use of the ability of NMR to probe ligand structures
and surface binding properties on Metallic-NPs by
the in situ analysis of chemical shifts and resonance
lines in the solid and liquid states. A specific
feature of 2 H NMR is its simplicity and the
capacity to distinguish the type of dynamics in
amorphous and crystalline domains, for organic
compounds that are isotopically labelled with
deuterons.*°Smith et al. used NMR to investigate
the extent of ligand exchange between distinct
kinds of thiolated molecules on the surface of Au
Metallic-NPs. In particular, they determined ligand
density values for single-moiety ligand shells and
then used these data to describe the ligand
exchange behaviour with a second, thiolated
molecule.**Triphenylphosphine-capped 1.8 nm Au
Metallic-NPs  have been characterized by
multinuclear NMR to investigate their surface
structure and ligand binding environment. In
solution, the ligand exchange kinetic reactions were
screened by 1 H, 2 H and 31P NMR to analyse the
exchange process.*’Doyen et al. used UV-Vis and
NMR to study the formation of Au Metallic-NPs by
the citrate reduction method. 1D-1 H and DOSY-
NMR measurements showed that citrate aggregates
with Au(l) and Au(0) were formed. That work
suggested that citrate, apart from being the
reductant and the stabilizing agent for Au Metallic-
NPs, might act as a ‘molecular linker’, which could
help in the particle formation.*®
2.4. SOLUTION NMR SPECTROSCOPY

Has been extensively used also for the
characterization of oxide nanoparticle systems.
Kahn and co-workers characterized ZnO Metallic-
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NPs by 1 H and DOSY-NMR. They emphasized on
the ability of the latter technique to sort species
according to their size, as the diffusion coefficient
is inversely proportional to the hydrodynamic
radius. Their study, performed on ZnO Metallic-
NPs stabilized by amine molecules, showed that a
fast exchange between free and coordinated amine
molecules was deduced within the NMR
measurement timescale. Overall, the NMR spectra
showed that the seemingly simple stabilization of
ZnO Metallic-NPs by amine molecules appeared to
be much more complicated than considered
beforehand.**The same group published a study
dedicated to the use of NMR techniques for the
investigation of the role of amine ligands together
with oleic acid on the formation of ZnO NP
superlattices in  C7D8. Their experiments
demonstrated the dependence of the type of ligand
adsorbed on the NP surface on the concentration of
the colloidal NP solutions. It was suggested that the
driving force of the superlattice formation was the
presence of ion-paired ammonium carboxylate
shells around each particle.*Yarger and colleagues
investigated  phosphonic  acid-capped  SnO2
Metallic-NPs with sizes lower than 5 nm, using
multinuclear solution and solid-state magic angle
spinning (MAS) NMR. The latter technique
indicated the absence of acidic protons of the
phosphonic acid groups, strongly supporting the
formation of P-O-Sn linkages. Insights into the
ligand structure and the extent of phosphonic acid
protonation upon binding the NP surface were
obtained.”®In the case of Ca2Sn04 Metallic-NPs
prepared by the mechanochemical synthetic route,
Sn MAS-NMR and Sn Mdssbauer were employed
to probe the local environment of Sn nuclei, so as
to acquire important insights into the local
structural disorder of these Metallic-NPs. NMR
spectroscopy provided information on the magnetic
and chemical interactions, while Mad&ssbauer
measurements revealed the quadrupolar
interactions experienced by the nuclei of Sn.*’
2.5. SOLID-STATE NMR (SS NMR)
SPECTROSCOPY

It is an important characterization tool to
investigate the behaviour of solid catalysts and
chemical processes occurring at their surface. Such
technique may help to resolve not only interactions
at the ligand—solvent interface but also result in the
acquisition of significant insight into ligand—
particle bonding at the hard— soft matter
interface.®For example, 31P is a very sensitive
NMR nucleus with 100% natural abundance and
high gyromagnetic ratio and it is quite easy to
measure the 31P NMR spectra with a good signal

to noise ratio even in systems with low ligand
concentrations. J-resolved 31P solid-state NMR
spectroscopy combined with DFT calculations can
provide important information about the structure
of heterogenized species and also provide insights
into the immobilization of homogeneous metal
phosphine catalysts. Gutmann and co-workers have
highlighted the crucial role of liquid and partly
solidstate NMR techniques for the detection of
surface molecules and the discrimination between
different binding sites on nanoscale catalysts.**In
particular, 2 H MAS NMR has been employed to
study chemical reactions such as the hydrogenation
of olefins, being capable of detecting reactive
intermediates. The authors denoted a weakness of
the NMR measurements, which was related to their
sensitivity. Solid state 31P NMR was used to
characterize phosphinine-stabilised Au Metallic-
NPs and a phosphinine—Au complex, as reported by
Mallissery and Gudat.*NMR spectra showed that
in addition to metalbound intact phosphinine units,
several surface-bound species generated by the
chemical transformation of the initially supplied
ligands were also detected. In another work, two
different tripeptides attached on Au Metallic-NPs
were analysed by SS NMR and DFT calculations.
Substantial ~ structural  differences  between
CysAlaAla and AlaAlaCys on Au Metallic-NPs
were evidenced through the aforementioned
techniques. In particular, the location of the
carboxylate moiety relative to the S atom that
served to anchor the peptide to the surface played a
significant role in determining these
structures.®Novio et al. have used SS NMR and
FTIR to characterize the location and dynamics of
carbon monoxide coordination on Ru Metallic-NPs.
Two different sets of 2 nm Ru Metallic-NPs were
tested, prepared under a H2 atmosphere, stabilized
by either PVP or a bidentate phosphine ligand
(dppb). It was demonstrated that CO groups were
mobile on the NP surface, while the bulky ancillary
ligand dppb slowed down the fluxionally of CO
and prevented the exchange at certain
positions.”*Lara et al. decomposed [Ru(COD)
(Com)] [(1,5-cyclooctadiene)(1,3,5-
cyclooctatriene)ruthenium and [Pt(CH3)2(COD)]
[dimethyl(1,5-cyclooctadiene)platinum(I1)]

organometallic complexes to produce small core—
shell RuPt Metallic-NPs in the presence of PVP at
room temperature. Several characterization
techniques were combined for determining the
structural composition of the particles, and 13CO
was used for adsorption as a probe molecule. FTIR
and SS NMR results were in agreement with the
coordination of CO to Pt and in this way the
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presence of a segregated Ru core/Pt shell structure
was indicated. Measurements by WAXS, HRTEM,
EXAFS and other techniques corroborated these
findings.

V. MASS SPECTROMETRY (MS)

MS has drawn interest as a strong tool for
the analytical characterisation of Metallic-NPs in a
reliable way. MS offers invaluable elemental and
molecular information on the composition,
structure and chemical state of Metallic-NPs, and
their bio-conjugation to target biomolecules.
Furthermore, it can be used for bioconjugation
quantification, as explained by Montoro Bustos et
al. in ref. . MS is compatible with any type of
sample, apart from being a highly sensitive
technique. In addition, it is easily coupled with
separation  techniques to obtain real-time
information. In this way, varied and novel insights
into the nature of Metallic-NPs and their final uses
and applications can be potentially acquired.

2.6. INDUCTIVELY COUPLED PLASMA
MS (ICP-MS)

ICP-MSis used for the elemental analysis
of Metallic-NPs. It is characterized by robustness,
high sensitivity and wide dynamic range, as well as
high selectivity and virtual matrix independence. In
addition, it is straightforward, usually requiring
simple calibration protocols. It allows the reliable
quantification and  elemental  composition
characterisation of metallic-NPs, and it can
determine metallic impurities in non metallic NPs.
Molecular MS techniques, e.g. with electrospray
ionisation  (ESI) and matrix-assisted  laser
desorption/ionisation (MALDI), can provide
information on the protecting ligands that surround
the Metallic-NPs and also correlate the entire
clusters with their chemical composition.
Moreover, coupling size-exclusion chromatography
with ICP-MS helps to gain information on the size
distribution of Au Metallic-NPs and their elemental
characterization. Certain characterization
techniques, including capillary electrophoresis,
hydrodynamic  chromatography, ion mobility
spectrometry and field flow fractionation (FFF),
also offer useful information about the size and size
distribution of Metallic-NPs. They can be coupled
with ICP-MS, for example, FFF-ICP-MS can study
the multi-elemental composition and size
distribution of natural colloids.

2.7. SINGLE PARTICLE OPERATION
MODE ICP-MS

The use of groundbreaking ‘single particle

operation mode’ ICP-MS (spICP-MS) has helped

to identify the concentration and size distribution of
Metallic-NPs. In that case, highly diluted sample
NP suspensions should be wused for their
characterisation. McLean and colleagues have
written a review article on the characterization of
thiolate-capped Au  Metallic-NPs by mass
spectrometry.>*They reported that apart from
characterizing the stabilising ligands and the
elemental composition of the Metallic-NPs, they
can also measure the core size and molecular
stoichiometry. MS is a formidable tool for
elucidating the size distribution of small clusters. It
can also observe ligand mixtures with discrete
stoichiometry.>*Other techniques, such as NMR
spectroscopy, can give population averages,
providing only the percentage coverage of different
thiolate ligands on an average nanoparticle. For
instance, regarding Au Metallic-NPs, ICP-MS
considers the gold core to be of constant mass. This
allows the study of the variations in the
stoichiometry of distinct ligands on the basis of
mass in the following manner: if one characterizes
gold Metallic-NPs containing mixed ligands with
ICP-MS, he/she compares ligands of distinct
masses and each population of ligands will
correspond to a unique mass. This allows the
differentiation between the distinct ligands in the
cases of Metallic-NPs capped with more than one
ligand.>

ICP-MS can also determine the size
distribution and number concentration of Metallic-
NPs in a single, fast analysis. It strongly depends
on the matrix of the sample solution.*®Regarding its
capacity for the size characterisation of Au
Metallic-NPs, Helfrich et al. have published a
relevant article.’’They presented an on-line
coupling of liquid chromatography or gel
electrophoresis  with ICP-MS for the size
determination and compared the results with other
techniques. In particular, they mentioned that DLS
is generally expected to give higher values than
other techniques because the measured parameter is
the hydrodynamic radius of the nanoparticle, but
the results obtained by TEM provide information
about the diameter of the Au core. Their results
illustrated that the performance of on-line GE-ICP-
MS is strongly related to the chemical structure of
the NP surface composition. Good agreement was
found between the different methods used for the
size determination of their Au Metallic-NPs.*’As
mentioned before, the possibility to measure the
size of Au Metallic-NPs was also demonstrated
using spICP-MS. It has to be noted that for this
determination, the chemical composition, density
and shape of the Metallic-NPs are needed to be
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known. Winchester and co-workers illustrated that
precise size measurements by spICP-MS in the
range of 20-200 nm can be achieved by operating
the ICP-MS instrument in reduced sensitivity
modes using a lower extraction voltage, collision
cell/lKED or higher mass resolution.*®In addition,
SpICP-MS can detect and quantify the dissolved
and nanoparticulate forms of Au at the same time.
The detection of Au Metallic-NPs by the method in
discussion is straightforward, but accurate
measurement requires careful experimental design
and data interpretation. The characterization of
complex, polydisperse NP suspension by splCP-
MS will require careful experimental design and
data interpretation. Pace et al. also used spICP-MS
to count and size Metallic-NPs. They mentioned
the abovewritten advantages of the former method,
but they also presented its drawbacks and future
challenges. A major hurdle with spICP-MS is the
improvement of the size detection limit. For multi-
element particles and less ideal systems, spICP-MS
may struggle to detect and size particles within the
nanoscale range.**spICP-MS was also employed by
Yang and co-workers to analyse Ag and Au
Metallic-NPs in environmental water. The size
distribution of these Ag and Au dispersions was in
accordance with the TEM results.®°

Besides, thiol ligand density was
quantified at self-assembled monolayers on Au
Metallic-NPs by ICP-MS. Gold and sulfur
concentrations could be determined simultaneously
by ICP-MS, and were obtained as ensemble
averages of the particle distributions, as shown by
Lammerhofer and  colleagues.®*The  surface
coverage of Au Metallic-NPs was studied
quantitatively based on the linear relationship of
the gold/sulfur (Au/S) ratio measured by ICP-MS,
and the Au NP size measured by TEM. Their
method proved to be a valuable tool for the
quantification of ligand densities on the surface of
Au Metallic-NPs. spICP-MS was also employed
combined with tissue extraction for the
quantification and characterization of PVP-capped
Au and Ag Metallic-NPs in environmentally
relevant biological tissues.®*The authors described
a size detection limit of 20 nm for these Ag and Au
Metallic-NPs, but they noted that this value
depends on instrument sensitivity and the ionic
background for the metal of interest.

spICP-MS was also employed to
characterize TiO2 and Au Metallic-NPs during
water purification, in addition to the Ag Metallic-
NPs. Parameters such as the NP concentration, size,
size distribution and dissolved metal element
concentration in surface water as well as in purified

water were evaluated. Understanding the fate of Ti,
Ag and Au during real potable water treatment
processes is important since human exposure to
these Metallic-NPs will eventually occur by
drinking water. Donovan and co-workers found
that lime softening followed by alum coagulation in
combination with powdered activated carbon
adsorption resulted in the complete removal of Au
and Ag Metallic-NPs and almost complete removal
of TiO2 Metallic-NPs.®*The presence of titania
Metallic-NPs was also investigated in sunscreens,
using splCP-MS. The aforementioned parameters
were studied (size, size distribution and NP
concentration), and the developed method was
considered of high throughput, reproducible,
lowcost and sensitive.*The method under
discussion has also been applied to detect
lanthanide metals doped into the iron cores of
superparamagnetic iron oxide Metallic-NPs in
tissue and blood samples. With spICP-MS, more
than 10 different NP formulations with distinct
physicochemical properties could be directly
analysed at the same time. As a proof of concept,
their approach was used to study the influence of
NP size and surface charge on tumor delivery,
biodistribution and blood clearance in vivo. %

2.8. SECONDARY ION MASS
SPECTROMETRY (SIMS)

SIMS is a mass spectral technique which
can be wused to obtain molecular chemical
information from Metallic-NPs. It is a surface
analysis technique where primary ions, which can
be atomic or polyatomic, are used to sputter
positively and negatively charged secondary ions.
The secondary ions (Sls) originate from the
outmost nanometer of the sample.®SIMS is in
particular suitable for the analysis of Metallic-NPs
by virtue of detection sensitivity and lateral (~100
nm) and depth (~1 nm) resolution. It is worth
mentioning that the secondary ion signature of
Metallic-NPs may be distinct in comparison with
the one of bulk materials having the same
composition. However, it is necessary to have a
well-working methodology to deconvolute the
analytical results.*’Blanc et al. used SIMS to
analyse the composition of dielectric Metallic-NPs
localized in a silica glass matrix in the core of
optical fibers. They performed SIMS imaging at
high spatial resolution (NanoSIMS 50L) and their
goal was to gain more understanding on the
spectroscopic properties of the luminescent ions in
these fibers. The authors mentioned that in SIMS
the depth resolution is much better than the lateral
resolution, which is related to the size of the probe.
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The partitioning of P, Mg and Er into phase-
separated zones was demonstrated, and this
indicated that the particle composition was related
to the Mg concentration. ®
2.9. TIME OF FLIGHT SECONDARY ION
MASS SPECTROMETRY (TOF-SIMS)

ToF-SIMS is a material characterisation
technique that possesses high chemical sensitivity,
high surface sensitivity (upper 2-3 nm probed) and
molecular specificity. This method can analyse the
nanoparticle drug delivery formulations.®In fact,
ToF-SIMS is extensively used to characterize the
nano-zones of larger components, such as
electronic devices and thin to ultrathin films of
either organic or inorganic nature. The technique
under discussion is also utile for the investigation
of the surface coating or functional groups of
Metallic-NPs, for example, to analyse peptides
coupled to Au Metallic-NPs and multilayer plasma
deposited organic coatings on Al203 Metallic-NPs.
Laus and colleagues noted that SIMS can be
destructive while conducting the analysis. Even
though the ion dose maximum limit can be adjusted
to tackle the molecule destruction issue, the
Metallic-NPs tested may still undergo melting.
These authors used SIMS for the depth profiling of
certain types of Metallic-NPs (Au-SiO2 and Ag-
SiO2 configurations) and they investigated the
depth profiles for melting issues, combining their
SIMS study with additional characterization by
SEM imaging. In all cases, the interpretation of the
SIMS depth profiles illustrated that melting took
place, although it is possible that with ultralow
energy Cs+ this effect was limited to its
minimum.™

Metallic-NPs are adsorbed on a surface;
the bombardment of the primary ions results in the
desorption of molecules (Metallic-NPs or NP
conjugates), which then results in the emission of
secondary ions from the outermost 1-1.5 nm
molecular layers. The secondary ions are fragments
of adsorbed molecules: metallic Metallic-NPs have
high secondary ion vyields, whereas organic
Metallic-NPs yield chemical-specific fragments
that help to determine the surface ligands. Kim et
al. mention that when ToF-SIMS is combined with
several NP-based signal enhancing strategies, it can
probe the functionalization of Metallic-NPs as well
as their locations and interactions in biological
systems. NP-based SIMS is important for label-free
drug screening because signal-enhancing Metallic-
NPs can be designed to directly measure the
enzyme activity. It can also be employed to
monitor ligand-exchange processes. The benefit of
ToF-SIMS, compared to MALDI-MS (matrix-

assisted laser desorption/ionization), is the
straightforward analysis of targets without any
matrix use. Therefore, ToF-SIMS provides
molecular information about functional groups,
molecular orientation and conformation as well as
denatured species from chemicals and/or from
biomolecules. It can also be used to gain
information on the core composition of Metallic-
NPs, apart from their surface. The types of
Metallic-NPs usually probed by ToF-SIMS are
popular in domains such as biosensing and bio-
imaging. Nevertheless, the spatial resolution of
ToF-SIMS is limited to only hundreds of
nanometers and ToF-SIMS is not particularly
sensitive to high mass fragments. For a higher
sensitivity and higher spatial resolution for the
ability to detect metals in organic matrices, ToF-
SIMS can be coupled with laser secondary
neutral mass spectrometry (laser-SNMS). High-
resolution NanoSIMS can provide monoatomic and
diatomic secondary ions with a better sensitivity
and spatial resolution than ToF-SIMS.207 Rafati et
al. used ToF-SIMS to investigate polymer
microspheres for the controlled release of a
therapeutic protein from an implantable scaffold.
The ability of ToF-SIMS imaging to spatially
image the polyvinyl alcohol (PVA) surfactant and
protein adsorbed onto the surface of the
microspheres was shown for the first time.”
2.10. MATRIX ASSISTED LASER
DESORPTION/ IONIZATION (MALDI)
Moreover, with mass spectrometry
techniques, the sample needs to undergo ionization
and subsequent sorting based on the mass to charge
ratio in magnetic and electric fields. The desorption
and ionization process can be assisted by ablation
with a high energy laser (matrix assisted laser
desorption/ ionization, MALDI) or a salvo of inert
gases (fast atom bombardment). MALDI-ToF MS
can characterize very small Metallic-NPs as it can
quantify many particles at a time leading to an
improved estimate of dispersity. The size range of
the particles that can be analysed is very large and
highly sensitive. MALDI-ToF was successfully
employed by Hyeon and co-workers to estimate the
NP size of spherical Ag Metallic-NPs in 9-
nitroanthracene. The size values matched well with
the ones measured by TEM. It was shown that the
method under discussion can be used as a generic
methodology to estimate with high precision the
size and size distribution of Metallic-NPs with
several shapes and sizes.”’MALDI-ToF was also
employed to characterize colloidal Pt Metallic-NPs
prepared by Navin et al. The particles analysed
were in the 1-4 nm size range and they were
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stabilized by PVP. Particle sizes determined from
mass spectra were found to be in good accordance
with those derived from TEM and XRD
experiments.”Zhang et al. used high-performance
liguid chromatography coupled with mass
spectrometry for the analysis of ultrasmall Pd
Metallic-NPs. Reverse-phase HPLC is expected to
offer more accurate determinations of the catalytic,
electronic, optical and toxicological properties of
metal Metallic-NPs. Among several separation
techniques, HPLC can be considered as an effective
approach to isolate different metal NP species. The
authors employed RP-HPLC to separate and
analyse for the first time water-soluble DMF-Pd
Metallic-NPs. The measurements by MALDI-ToF
MS were in agreement with the chemical
compositions of the fractions. The aforementioned
technique is the most popular MS technique in
determining the number of metal atoms of NP
fractions. It is further anticipated that RP-HPLC
combined with MS can be applied to investigate the
growth mechanism of Pd Metallic-NPs.”

V. INDUCTIVELY COUPLED PLASMA
OPTICAL EMISSION

SPECTROMETRY (ICP-OES)

ICP-OES is a highly sensitive technique
that can characterize the core Metallic-NPs and
also their coating ligands. It can reach tracelevel
concentrations, small changes in concentration can
be identified, and multiple elements can be detected
at the same time. Therefore, it can provide
information on surface species conjugated on Au
Metallic-NPs and quantify the ligand packing
density.”’In addition, ICP-OES offers a wide
dynamic linear range and it is well reproducible.
Magnetic solid phase extraction (MSPE) combined
with ICP-OES has been used to identify chromium
ions in environmental water samples.”®In addition,
trace amounts of Cr, Cu and Pb can also be spotted
by the combination of the aforementioned
techniques.”’

V1. INDUCTIVELY COUPLED PLASMA
ATOMIC EMISSION
SPECTROSCOPY (ICP-AES)

ICP-AES is a spectral method used to
determine very precisely the elemental composition
of samples; it can also be used to quantify the
elemental concentration with the sample. ICP-AES
uses high-energy plasma from an inert gas like
argon to burn analytes very rapidly. The color that
is emitted from the analyte is indicative of the
elements present, and the intensity of the spectral

signal is indicative of the concentration of the
elements that is present.

CP-AES works by the emission of photons
from analytes that are brought to an excited state by
the use of high-energy plasma. The plasma source
is induced when passing argon gas through an
alternating electric field that is created by an
inductively couple coil. When the analyte is excited
the electrons try to dissipate the induced energy
moving to a ground state of lower energy, in doing
this they emit the excess energy in the form of
light. The wavelength of light emitted depends on
the energy gap between the excited energy level
and the ground state. This is specific to the element
based on the number of electrons the element has
and electron orbital’s are filled. In this way the
wavelength of light can be used to determine what
elements are present by detection of the light at
specific wavelengths.

As a simple example consider the situation
when placing a piece of copper wire into the flame
of a candle. The flame turns green due to the
emission of excited electrons within the copper
metal, as the electrons try to dissipate the energy
incurred from the flame, they move to a more
stable state emitting energy in the form of light.
The energy gap between the excited state to the
ground state (AE indictates the color of the light or
wavelength of the light, where h is Plank's constant
(6.626x103* m?kg/s), and v is the frequency of the
emitted light.)

AE=hv

The wavelength of light is indicative of
the element present. If another metal is placed in
the flame such as iron a different color flame will
be emitted because the electronic structure of iron
is different from that of copper. This is a very
simple analogy for what is happening in ICP-AES
and how it is used to determine what elements are
present. By detecting the wavelength of light that is
emitted from the analyte one can deduce what
elements are be present.

Naturally if there is a lot of the material
present then there will be an accumulative effect
making the intensity of the signal large. However,
if there were very little materials present the signal
would be low. By this rationale one can create a
calibration curve from analyte solutions of known
concentrations, whereby the intensity of the signal
changes as a function of the concentration of the
material that is present.When measuring the
intensity from a sample of unknown concentration
the intensity from this sample can be compared to
that from the calibration curve, so this can be used
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to determine the concentration of the analytes
within the sample”®

VII. DYNAMIC LIGHT SCATTERING
(DLS)

DLS is a widely employed technique to
find the size of metallic-NPs in colloidal
suspensions in the nano- and submicrometer
ranges. The metallic-NPs dispersed in a colloidal
solution are in continuous Brownian motion. DLS
measures light scattering as a function of time,
which combined with the Stokes—Einstein
assumption are used to determine the NP
hydrodynamic diameter (i.e., diameter of the NP
and the solvent molecules that diffuse at the same
rate as the colloid) in solution. In DLS, a relatively
low NP concentration is needed so that a multiple
scattering effect is avoided.”Lim et al. have
reviewed the characterization of Metallic-NPs by
DLS focusing in the case of magnetic particles.
They present how various factors such as
suspension concentration, particle shape, colloidal
stability and surface coating of metallic-NPs
influence the size value obtained by DLS
measurements. A comparison between the results
derived from DLS and other techniques, such as
TEM and AFM, is performed and the origins for
any discrepancies in the sizing, for either small or
larger particles, are discussed, while the working
size range for each technique is also given.*For
example, for small-sized Metallic-NPs, the radius
of curvature effect is the principal contributing
factor for the large difference observed for the
diameter measured by TEM and DLS. Middle-
sized Fe304 Metallic-NPs capped with oleic acid
and oleylamine seem to have size values that show
the best match among DLS and TEM
measurements. The authors highlight the use of
DLS also for the measurement of the colloidal
stability of Metallic-NPs. Moreover, DLS has been
proven useful to monitor the transient behaviours
of B-FeOOH nanorods: these structures self-
assemble in a side-by-side fashion to form highly
oriented 2-D nanorod arrays, eventually leading to
the formation of 3-D layered architectures. Overall,
the realtime screening of Metallic-NPs by DLS
provides important insights into their aggregation
process, since it measures quantitatively the size of
the particle clusters formed. The sensitivity of DLS
to large particles is crucial for its excellent
diagnostic  capability to detect aggregation.
Nevertheless, the authors denote that careful
analysis is required for the best possible
interpretation of the DLS results as they are

affected by the factors previously mentioned
(shape, coating agents, etc.).®*The advantages of
DLS include its quick, easy and precise operation
for monomodal suspensions and the fact that it is
an ensemble measurement method, yielding a good
statistical representation of each NP sample. It is
highly sensitive and reproducible for monodisperse,
homogeneous samples. A limitation of DLS is the
necessary conditions for the particles to be in
suspension and undergoing Brownian motion.
Large particles scatter much more light and even a
small number of large particles can obscure the
contribution from smaller particles. Therefore, its
resolution for polydisperse, heterogeneous samples
is rather low. DLS requires transformative
calculations with assumptions that must be taken
into account when interpreting the data -
particularly with polydisperse samples. Although
DLS can sometimes measure anisotropic
nanostructures, it generally assumes spherical
shaped particles.**Overall, DLS measures the
hydrodynamic radius accurately but lacks the
resolution to detect small aggregates.

Grobelny and co-workers investigated the
size and size distribution of polydisperse silver NP
colloids using DLS and UV-Vis. Although DLS is
more sensitive than UV-Vis, its usual drawback has
to do with the difficulty in detecting the presence of
smaller Metallic-NPs; in addition, the UV-Vis
spectra did not contain any separate peaks for
Metallic-NPs of different sizes. Therefore, the
authors concluded that UV-Vis should not be used
for size determination in the case of polydisperse
samples. UV-Vis and DLS are low-cost and fast
methods, but care is needed when interpreting their
results, especially for the aforementioned types of
samples, which do not contain a single NP
population. Complementary measurements with
AFM and TEM/SEM will be certainly needed for
polydisperse  samples.®Murdock et al.
characterized a broad range of nanomaterials in
solution using DLS and TEM, before assessing
their in vitro toxicity. Metal and metal oxide
Metallic-NPs, such as Al, AI203, SiO2 and Cu
Metallic-NPs, as well as carbon-based materials
such as carbon nanotubes, were tested. DLS
measurements showed that depending on the
material examined, when the Metallic-NPs are in
solution they do not necessarily retain their
nanoscale size.®
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VIII. NANOPARTICLE TRACKING
ANALYSIS (NTA)

Is a relatively new, but quickly adopted,
technique that can measure NP size, and having a
lower concentration detection limit compared to
DLS. It utilises the properties of both light
scattering and Brownian movement so as to acquire
a NP size distribution of samples in liquid
dispersion. The details of its operation principle
and further technical information are provided by
Hole et al.®That paper examined the
reproducibility of results acquired by NTA by
investigating a wide range of nanoparticle systems
and size ranges, in different media. The
measurements were performed in 12 distinct
laboratories, aiming to obtain a wide database.
Examples of the types of nanomaterials tested were
Au, SiO2 and polystyrene Metallic-NPs, dispersed
in water or in biological media. An important
advantage that NTA offers in comparison with
other size measurement techniques is that it is not
biased toward larger Metallic-NPs or aggregates.
Furthermore, its confirmed accuracy and
reproducibility verified the suitability of NTA to
determine the size populations of bimodal samples.
The comparison between NTA and DLS was also
examined by Jiskoot and colleagues, investigating
standard polystyrene beads in the size range of 60—
1000 nm.178 Physical mixtures of samples with
different NP sizes were also evaluated. It was
shown that NTA yielded precise values for the size
distribution of both monodisperse and polydisperse
samples. The average size values recorded by NTA
were slightly smaller and more exact to the nominal
ones than those obtained by DLS. Nevertheless,
NTA is slower and has a somewhat more difficult
operation mode compared to DLS. That study
corroborated the above-mentioned findings of other
researchers which mention that DLS results are not
easily interpreted in the case of polydisperse
samples, whereas NTA is able to identify two
different sample populations in the same
sample.®0Overall, NTA tracks single particles,
while DLS studies an ensemble of particles and it is
strongly biased to the biggest particles, which are
present in the sample. NTA was also studied by
Hassellov and co-workers for its capacity to
determine the size distributions and concentrations
of Metallic-NPs in liquid samples. Apart from the
differences among DLS and NTA, the authors
concluded that NTA allows the measurement of
large amounts of particles, compared to TEM.
Therefore, the statistical confidence is increased
and the absence of any particle changes because of

the preparation mode of the specimen tested is
ensured. Additionally, NTA can potentially use the
intensity of light scattered by individual particles to
discriminate  particles composed of distinct
materials within a given size range.®It is important
to note that the sensitivity of NTA is related to the
size and composition of the nanomaterials studied.

NTA has also been employed to analyse
the capping efficiencies of several biomass-derived
stabilizers of colloidal Ag suspensions in water.
The NTA software identifies and tracks single
Metallic-NPs that undergo Brownian motion and
correlates the velocity of the movement with the
NP size. For instance, bigger Metallic-NPs and
heavy aggregates move with a slow speed, in
comparison with smaller Metallic-NPs, which have
less weight and move faster. It was found that a
biorefinery-derived residual syrup acted as an
efficient stabilizing agent for silver Metallic-NPs in
solution.®” Another use of NTA, presented by van
Leeuwen and co-workers, is the determination of
the refractive index which dictates the interaction
between light and Metallic-NPs. Heterogeneous
Metallic-NPs were tested, with sizes < 500 nm in
suspension, and NTA was capable of
discriminating between SiO2 and polystyrene
beads on the basis of their different refractive
indexes. The authors noted that NTA can
overestimate the mean diameter of the beads in
comparison with TEM. This was attributed to the
uncertainty in the measured diffusion coefficient
and to the difference between the hydrodynamic
diameter measured by NTA and the physical
diameter measured by TEM %

IX. ZETA POTENTIAL (Z-
POTENTIAL).

The C-potential of a sample is a key
indicator of the stability of colloidal dispersions.
Highly positively or negatively charged particles
tend to repel each other, thus forming stable
colloidal solutions which show only minor trends
to agglomerate. Such highly charged particles are
related to pH values which are far from the so-
called ‘isoelectric point’ of a solution which refers
to the pH value at which the zeta potential is zero.
On the other hand, a low value for the {-potential of
a colloidal NP dispersion causes the flocculation of
the colloids and it corresponds to values closer to
the isoelectric point of the system. In general,
colloids with values for the {-potential in the range
of £20-30 mV or higher are considered stable. This
property can be tuned through the modification of
the surface chemistry, so the stabilisation of the

DOI: 10.35629/7781-070311571188 | Impact Factor value 7.429 | ISO 9001: 2008 Certified Journal Page 1170



LAY
*\,{

JPRA Journal

y International Journal of Pharmaceutical Research and Applications
} Volume 7, Issue 3 May-June 2022, pp: 1157-1188 www.ijprajournal.com

colloidal suspension is obtained via electrostatic
repulsion. The C-potential is influenced by the
concentration of the suspension and composition of
the solvent and other additives. Since DLS can also
provide indications on the aggregation tendency of
a sol, it can be combined with (-potential
measurements for a more complete
characterization.®*Branda et al. employed DLS and
(-potential studies (which in fact can be carried out
in the same device with modern instruments) to
analyse the influence of the exposure to growth
media on the size and surface charge of silica-based
Stéber Metallic-NPs. These techniques appeared to
be valuable tools to investigate the fate of Metallic-
NPs in biological environments. Compared to TEM
and SEM, the above-mentioned techniques offer
the benefit that the Metallic-NPs are not exposed to
the risk of clustering during sample preparation
because of solvent evaporation.*’Dobson and
colleagues synthesized and characterized ultra-
small superparamagnetic iron oxide Metallic-NPs
thinly coated with SiO2. The authors noted that
characterizing the NP surface properties was
important for the understanding of properties under
physiological conditions and optimizing the
conjugation chemistry. Surface charge was
characterized by {-potential analysis. Acid washes
using HNO3 reversed the (-potential of the Fe304
colloid and removed any remaining ammonium
ions, but also caused the material to release Fe2+,
converting magnetite to maghemite, with no
reduction in particle size.”

X. X-RAY-BASED TECHNIQUES
2.11. X-RAY DIFFRACTION (XRD)

XRD is one of the most extensively used
techniques  for  the  characterization of
NPs.Typically; XRD  provides information
regarding the crystalline structure, nature of the
phase, lattice parameters and crystalline grain size.
The latter parameter is estimated by using the
Scherrer equation using the broadening of the most
intense peak of an XRD measurement for a specific
sample. An advantage of the XRD techniques,
commonly performed in samples of powder form,
usually after drying their corresponding colloidal
solutions, is that it results in statistically
representative, volume-averaged values. The
composition of the particles can be determined by
comparing the position and intensity of the peaks
with the reference patterns available from the
International Centre for Diffraction Data (ICDD,
previously known as Joint Committee on Powder
Diffraction Standards, JCPDS) database. However,

it is not suitable for amorphous materials and the
XRD peaks are too broad for particles with a size
below 3 nm.

Upadhyay et al. determined the average
crystallite size of magnetite NPs using X-ray line
broadening and it was found to be in the range of
9-53 nm. The broadening of XRD peaks was
mainly caused by particle/crystallite size and lattice
strains other than instrumental broadening.**The
XRD-derived size is usually bigger than the so-
called magnetic size, due to the fact that smaller
domains are present in a particle where all
moments are aligned in the same direction, even if
the particle is single domain. On the contrary, the
TEM-deduced size was higher than that calculated
using XRD, for samples with very large particles;
in fact, when the particle size is bigger than 50 nm,
there is more than one crystal boundary on their
surface. XRD cannot distinguish between the two
boundaries; therefore the actual (TEM) size of
certain samples can be in reality bigger than the
50-55 nm calculated by the Scherrer formula. Dai
and co-workers prepared ultra-small Au NPs which
were very likely to be more developed along the
(111) direction (rather than the (220) one) as the
peak corresponding to the former direction was
much more intense in their ~ XRD
measurement.*Similarly, Li and colleagues noticed
that after preparing copper telluride nanostructures
with different shapes (i.e. cubes, plates, and rods),
the relative intensities between the different XRD
peaks varied in relation to the particle shape.”

2.12.  X-Ray Absorption Spectroscopy (XAS)

XAS includes both extended X-ray
absorption fine structure (EXAFS) and X-ray
absorption near edge structure (XANES, also
known as NEXAFS). XAS measures the X-ray
absorption coefficient of a material as a function of
energy. Each element has a set of characteristic
absorption edges corresponding to the different
binding energies of its electrons, giving XAS
element selectivity. As a highly sensitive technique,
EXAFS is a convenient way to identify the
chemical state of species which may occur even in
very low concentrations. Synchrotrons are usually
needed to acquire XAS spectra; therefore it is not a
routine or readily available technique. XANES
probes the density of states of empty/partially filled
electronic states by considering the excitation of an
inner shell electron to those states that are
permitted by dipole selection rules. Pugsley et al.
used in situ XAS to examine the Kinetics and
mechanism of formation of germanium NPs upon
the reaction of Mg2Ge and GeCl4. ®*Actually, the
EXAFS experiments and TEM results indicated the
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formation of GeO2 NPs along with the Ge NPs.
The analysis of EXAFS vyielded a first-neighbour
Ge-Ge distance of 2.45 A in good agreement with
XRD. Moreover, Chen et al. applied in situ EXAFS
for the inspection of structural changes around
germanium atoms in GeO2 NPs. Surprisingly, they
noticed that at high temperature GeS2 was formed
as a product of the complete transformation of
germanium dioxide, in the presence of a sulfur
source.*®Requejo and co-workers investigated the
effects of sulfur—palladium interaction on the
structural and electronic properties of alkyl thiol-
capped Pd NPs. The XANES and EXAFS analyses
of the atomic structure and electronic properties of
these NPs showed that the sulfidation of Pd clusters
caused by the capping thiol molecules took place
not only on the surface but also in the bulk.*’
2.13. ENERGY DISPERSIVE EXTENDED
X-RAY ABSORPTION FINE STRUCTURE
EXAFS

EXAFS helps to determine both structural
and kinetic parameters in supported metal catalysts
for reactions occurring on a timescale of a few
seconds. Such a fast operation enables the
aforementioned technique to be wused at
temperatures higher than 200 °C, which would
hinder the use of surface enhanced Raman
spectroscopy (SERS), as the latter technique is not
that fast under such conditions. Even on a timescale
of tens of milliseconds, energy dispersive EXAFS
can be used as a quantitatively suitable in situ
probe of the dynamics of quick phase change in
supported nanoparticulate metal catalysts.®

Bugaev and colleagues determined with
EXAFS parameters the atomic structure of PtCu
NPs in PtCu/C catalysts. EXAFS is one of the most
convenient techniques for the structural analysis of
NPs with sizes lower than 10 nm. It possesses a
high spatial resolution and provides information on
the nearest environment of an atom in a compound
in the absence of long-range order. The parameters
derived in that study were partial coordination
numbers, interatomic distances and Debye—Waller
factors.14 Moreover, Klasovsky and co-workers
performed a physicochemical characterization of a
new electron-conducting  polymer  (PANI)
supported PtO2 catalyst by electron paramagnetic
resonance (EPR), diffffuse reflectance FTIR
spectroscopy (DRIFTS) and EXAFS. The
importance of in situ/operando techniques was
highlighted toward a better comprehension of the
working oxidation catalyst.”

Ingham has written a comprehensive
review describing what X-ray scattering techniques
such as EXAFS, in situ XRD and small-angle X-

ray scattering (SAXS) can offer in nanoparticle
characterization.'®Beale and Weckhuysen have
reported how the ratio between coordination
numbers varied as a function of shape, through the
EXAFS data. Their study concerned a series of
nanoscale structures with several shapes and fcc,
hep, or bee structures, with a maximum isotropic
diameter of 3 nm.In the case of Pt-Ru
nanoclusters, size could also be obtained from
EXAFS analysis, due to the fact that the
coordination number of nearest neighbours in NPs
is a non-linear function of the particle diameter if
the latter parameter lies below the range of 3-5
nm.’%’Sokolov and co-workers characterized their
Pd NPs — synthesized by two separate routes — by
X-ray reflectivityy, EXAFS and electron
microscopy. The EXAFS-deduced size was lower
than the TEM one if a cuboctahedral fcc structural
model of Pd NPs surrounded by thiol was assumed.
Compared to bulk Pd, lattice expansion was noticed
in all types of NPs, by both HRTEM and
EXAFS.'®
2.14.  Small-Angle X-Ray Scattering (SAXS)
Similar to the XRD method presented
above, the SAXS technique allows elastic
scattering processes into a given solid angle to be
run; however the detector in SAXS covers only
small scattering angles (normally lower than
1°).1%A scheme that illustrates an in situ setup
which manages to record realtime
SAXS/WAXS/UV-Vis measurements during the
formation of Au NPs is displayed in Fig. 1. The
pictured device conducts SAXS and WAXS and
records the UV-Vis spectra at the same time in a
given sample volume.'®WAXS (wide-angle X-ray
scattering) is similar to SAXS, but the distance
between the sample and the detector is smaller and
therefore diffraction maxima at larger angles are
observed. The authors investigated the nucleation
and growth kinetics of gold NPs as a function of
parameters such as concentration, temperature,
ligand ratio and solvent type. Stuhn and co-workers
characterized extensively polystyrene-grafted SiO2
NPs, using techniques such as SAXS, SANS, DLS,
TGA and TEM. Small angle neutron scattering
(SANS) provided direct access to the static
structure of the polymer layer. Both SAXS and
SANS can be used to measure the particle size; in
that report, SAXS gave a 25.6 nm value, while a
23.3 nm NP size was derived by SANS. Although
SANS and SAXS are very similar in various
aspects (e.g. SANS uses elastic neutron scattering),
the advantages of SANS over SAXS include its
sensitivity to light elements, the possibility of
isotope labelling and the strong scattering by
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magnetic moments.'®The ligand shells on small
ZnO NPs were characterized by a combined
SANS/SAXS approach. Standard in situ methods
such as UV-Vis and SAXS are sensitive only to the
ZnO core; however SANS probes the organic
stabilizer in dispersion thanks to the high
sensitivity of neutrons to H2. In the work under
discussion,  both  techniques allowed the
determination of the size distribution of the cores of
the NPs and the distribution of the stabilizer
molecules (acetate shell) simultaneously in the
native solution.”” Typically, SAXS is used to
determine the particle size, size distribution, and
shape. Regarding size values, SAXS results are
more statistically average than TEM imaging.
Wang et al. employed SAXS to investigate the
structural change of Pt NPs with temperature.**For
certain temperatures, the size obtained by XRD was
different from the corresponding SAXS value. This
is because SAXS is sensitive to the size of the
fluctuation region of electronic density, but XRD is
sensitive to the size of the long-range order region.
SAXS provides the actual particle size, while XRD
yields the crystallite size. It is important to note that
the different size values of SAXS and XRD are
related to the growth mode of NPs during thermal
treatment. The particle size acquired with SAXS
was found to be a little bigger than that obtained
from TEM. The reason is that Pt NPs were coated
with PVP, and the scattering intensity due to the
PVP coating cannot be easily removed.’®It has to
be noted that SAXS is a low resolution technique
and in certain cases further studies by XRD and/or
electron diffraction techniques are indispensable
for the characterization of NPs. In fact, Ti et
al.have written a lengthy review article dedicated to
the role of SAXS for nanoparticle research.'®

2.15. X-Ray Photoelectron  Spectroscopy
(XPS)

XPS is the most widely used analytical
technique for surface chemical analysis, also
employed for the characterization of nanoscale
materials. Its underlying physical principle is the
photoelectric effect. XPS is a powerful quantitative
technique, useful to elucidate the electronic
structure, elemental composition and oxidation
states of elements in a material. It can also analyse
the ligand exchange interactions and surface
functionalization of NPs as well as core/shell
structures, and it operates under ultra-high vacuum
conditions. Nag and co-workers have published a
review paper describing the role of XPS as an
interesting means to study the internal
heterostructures of NPs. For example, it has been
used to investigate the environmentdependent

crystal structure tuning of metal chalcogenide NPs
of various sizes.""°It can also distinguish between
core/shell and homogeneous alloy structures, and
identify the bonding mode of ligands such as
trioctylphosphine oxide (TOPO) onto the surface of
metal chalcogenide NPs. For example, if TOPO
bonds preferentially to the surface metal element,
then the uncapped surface chalcogenide element
may oxidize more easily upon exposure to air. In
comparison with microscopy techniques, like TEM
and TEM/EELS, which use lateral spatial
resolution to identify elements in a direction
vertical to the probing electron beam, XPS probes
the composition of the material along the direction
of the electron beam. Regarding core-shell NPs,
Shard has published an article that reports a
straightforward method to interpret the XPS data
for such types of particles. It involves a direct and
accurate empirical method to convert the XPS
intensities into overlayer thicknesses, mostly
suitable for spherical NPs."'As further advantages
of XPS the author mentions that it provides the
depth information, similar to the size of NPs (up to
10 nm depth from the surface) and it does not
significantly damage the samples. Two drawbacks
of XPS analysis are the preparation of samples (i.e.
dry solid form is required without contamination)
and the interpretation of data. In another study, the
interaction of L-cysteine with naked Au NPs has
been studied with XPS: that report aimed to
provide experimental spectroscopic support to the
kinetic models of catalyst deactivation, studying
the role of low-coordinated Au atoms belonging to
NP edges and corners.**?Furthermore, Minelli and
co-workers wrote an article on the analysis of
protein coatings on Au NPs by XPS and liquid
based particle sizing techniques. XPS is robust and
useful to study proteins quantitatively, as well as
peptides adsorbed at Au interfaces. It can also
characterize the molecular interface of Au NPs.
The chemical information from the NP surface
analysed by XPS can be used to assess the
thickness of NP coatings.***Smirnov et al. used the
so-called Davis’ method to determine the size of
Au NPs in the planar model Au/C systems based on
the data of XPS. The NP size values derived by
XPS agreed well with those from the scanning
tunneling miscroscope (STM) data, with the degree
of similarity being related to the particle shape (e.g.
sphere, hemisphere and truncated
hemisphere).**“Tunc et al. presented a simple
method by applying an external voltage stress
during the XPS analysis of Au@SiO2 NPs; their
method facilitated the detection, location and
identification of charges developed on surface
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structures in a completely non-contact mode.
Therefore, XPS provided information not only on
the chemical identity but also on the dielectric
properties of nanomaterials, by recording their
charging/discharging behaviour.™*In another work,
Polzonetti and colleagues used synchrotron XPS
and NEXAFS to study the interaction at the
molecule-metal interface and ligand arrangement
in the molecular shell of Au NPs capped by
aromatic thiols. The experimental results of both
techniques were supported by density functional
theory (DFT) calculations, illustrating the presence
of a hybrid system in which the metallic Au core
was surrounded by a shell of aromatic thiol
molecules, whose thickness could be assessed by
XPS.M%Castner and coworkers quantified the
impact of nanoparticle coatings and non
uniformities on XPS analysis, for the case of
Au@Ag core-shell NPs. They analysed the
benefits of a complementary approach using XPS,
STEM and simulated electron spectra for surface
analysis (SESSA) simulations to characterize the
structure and composition of NPs with non ideal
geometries.**'For  instance, STEM  provided
information concerning the metallic cores and
shells, while XPS provided information regarding
organic species and contaminants that were
difficult to identify by STEM.

XI. MICROSCOPY TECHNIQUES FOR
NP CHARACTERIZATION
2.16.  Transmission Electron Microscopy
TEM is a microscopy technique that
exploits the interaction between a uniform current
density electron beam (i.e. the energies are usually
within a range of 60 to 150 keV) and a thin sample.
When the electron beam reaches the sample, part of
the electrons are transmitted, while the rest are
elastically ~or inelastically  scattered.’**The
magnitude of the interaction depends on
severalfactors, such as size, sample density and
elemental composition. The final image is built
with the information acquired from the transmitted
electrons. As it is clear from the previous sections,
size and morphology define the unique set of
physical properties, such as optical, magnetic,
electronic and catalytic, of Metallic-NPs, as well as
their interaction with biological systems.*** ***TEM
is the most common technique to analyse
nanoparticle size and shape, since it provides not
only direct images of the sample but also the most
accurate  estimation of the  nanoparticle
homogeneity. Nevertheless, some limitations have
to be considered when using this technique, such as

the difficulty in quantifying a large number of
particles or misleading images due to orientation
effects. When characterizing very homogeneous
samples, other techniques that analyse larger
amounts of NPs can provide more reliable results,
such as SAXS for larger and spherical Metallic-
NPs,*??or XRD by exploiting the bordering of the
XRD reflections and the Scherrer
formula.**®However, a previous analysis has to be
performed to ensure sample homogeneity.

Nanoparticle properties not only depend
on their size and morphology but also other factors,
like interparticle distance.For instance, when two
metal Metallic-NPs are brought in close proximity,
their plasmons couple, red-shifting their plasmon
band and changing their colour. Therefore, TEM
has been used to characterize the nanoparticle
aggregation for different biomedical applications,
including (1) sensing and diagnostics,where the
aggregation depends on the presence of a
biomarker or analyte; (2) therapy, where the
aggregation causes an increase of the nanoparticle
therapeutic effect; and (3) imaging, where the
aggregation improves the response signal.***'?* In
order to obtain reliable results, extra care should be
taken for sample preparation, since an inadequate
protocol can result in sample alteration or artefact
creation,**®e.g. aggregation during the drying of the
colloid suspension. Thus, TEM is usually combined
with other techniques that can measure larger
numbers of particles, and require less sample
preparation, such as UV-Vis and DLS.**In recent
years strong control over the nanoparticle assembly
has been achieved, and a controlled NP self-
assembly can lead to welldefined NP superlattices.
The systematic assembly of different nanocrystals
yields new multifunctional structures that combine
the features of the individual building blocks, as
well as the rise of new and exciting
properties.””®TEM has been one of the techniques
used to characterize the formation of different
super-lattice  nanocomposites, which can be
isostructural to several atomic crystal systems
1°These new three-dimensional arrays are made of
different Metallic-NPs (e.g. quantum dots, metals
and magnetic NPs), and their final structure and
composition can be controlled by tailoring the
colloid surface charge or directional bonding with
DNA.

In the last few years, the scientific
community has started to view Metallic-NPs as
dynamic systems, where their structure and
properties can evolve over time as they interact
with their surroundings. Therefore, it is important
to characterize their dynamic transformations in
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order to optimize their performance in many
applications. For instance, sunlight has been
reported to aggregate Ag Metallic-NPs and
decrease their cytotoxicity. TEM imaging showed
that nanobridges were formed between the
Metallic-NPs  upon sunlight exposure.**’these
morphological changes combined with surface
sulfidation affected the nanoparticle dissolution
rate,  which  caused the  toxicity to
decrease.Furthermore, TEM and DLS have been
used to study the biodegradation of the nanoparticle
polymeric coating by bacteria. The loss of the
particle coating caused colloidal aggregation,which
affected their mobility and cytotoxicity.
Furthermore, traditional TEM cannot be
used to study the growth of NPs in solution.
Nevertheless, it can be used to characterize the
formation of colloids from solid precursors. For
example, TEM has been used to image the growth
dynamics of copper NPs."*'these were synthesized
in a heating holder by reducing copper
phyllosilicate platelets with hydrogen. The in situ
visualization allowed the characterization of the
phase transformation of copper as the reaction was
progressing. Another use of NPs concerns the field
of therapeutic carriers, since they can enhance the
efficiency of drugs by improving their stability and
cellular uptake.™**Two main techniques are used to
study the interaction between NPs and cells: TEM
and CLSM.***Both techniques are complementary
and frequently used together, since TEM provides
higher resolution than any other imaging technique
while CLSM allows the live cell imaging and
fluorescent labelling of different cell components.
NPs are internalized through endocytosis after
interacting with cell membrane receptors, such as
scavenger receptors.”**However, in order to
increase their therapeutic effect, NPs need to
escape from the vesicles and be released into the
cytoplasm. Thus, TEM has been used to assess the
location of NPs within a cell. For instance, it was
used to study the Au NP shape and size
requirements for higher cellular uptake and later
vesicle escape. As mentioned in an earlier section
of this review, the aggregation of NPs can change
their physical properties. Therefore, TEM has been
applied to characterize the dispersion of NPs after
their internalization. For example, Au NPs grafted
with PEG were well dispersed, and in low
proportions within the intracellular vesicles of
macrophages, while non-grafted Au NPs mostly
accumulated as aggregates in the vesicles.'**An
additional advantage of TEM is that it allows the
assessment of the changes of subcellular structures
caused by the NPs. For instance, apoptosis-related

vacuoles were observed in melanoma cells after
magnetic field hyperthermia treatment with iron
oxide NPs was applied.*'this observation helped to
understand the cell death pathways in response to
magnetic field hyperthermia. Finally, TEM has also
been employed to define the degree of penetration
of NPs through different tissues, such as TiO2 NPs
through the skin for sunscreen applications.**

2.17. HIGH-RESOLUTION TEM (HRTEM)

HRTEM is an imaging mode of
transmission electron microscopy that uses phase-
contrast imaging, where both transmitted and
scattered electrons are combined to produce the
image.”*’In  comparison with traditional TEM
imaging, HRTEM requires a larger objective
aperture in order to employ the scattered electrons.
Phase-contrast imaging is the technique with the
highest resolution ever developed and allows the
detection of the arrays of atoms in crystalline
structures.

HRTEM provides important information
on the nanoparticle structure; in particular, while
conventional electron microscopies can provide the
statistical assessment of NP morphology, they do
not have enough resolution to image the single
particle crystal structure. Thus, HRTEM has
become the most common technique to characterize
the internal structure of Metallic-NPs. For instance,
HRTEM has been used to study the effect of
ligands in the final structure of Pt Metallic-NPs
grown by organometallic synthesis.**®Similarly, it
has been employed to observe that the Pd
nanoclusters (sizes between 1 and 1.5 nm)
synthesized by a different organometallic protocol
are a mixture of four different structured crystals
with comparable energy levels,"*. Furthermore,
HRTEM can distinguish between single crystal
and polycrystalline anisotropic Au Metallic-NPs
that present similar optical properties.***HRTEM
also allows the characterization of structural
transitions, such as the thermal transition from
disordered face-centred cubic to ordered L10 in
iron—platinum Metallic-NPs. This thermal-induced
event vyields Metallic-NPs with  enhanced
coercivity and larger magnetocrystalline an
isotropy, which are necessary qualities to build
permanent magnets.

The imaging of single crystals also offers
the opportunity to identify structural defects that
may explain the unusual properties.For instance, it
had been reported that the lattice constant of CeO2
Metallic-NPs increased with decreasing particle
size.396 Nevertheless, no explanation had been
found for such abnormal behaviour. A later study
using HRTEM showed that these changes were not
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caused by either disclinations (line defects) or
volume expansions in the high angle boundaries.
Combining these results with the ones from Raman
spectroscopy, the authors concluded that the lattice
expansion was the result of an increased number of
point defects at smaller particle sizes."”*Even
though HRTEM is a powerful technique, it is worth
mentioning that the characterization of Metallic-
NPs is not always feasible by this technique. Due
to the random orientation of the crystals relative to
the electron source, there may be directions where
the atoms are not well aligned, resulting in complex
images that cannot be directly used to define the
structure.™

2.18.  Electron Diffraction (Ed)/ Selected Area
Electron Diffraction (SAED)

SAED is another important microscopy
tool for the study of the crystal structure of
Metallic-NPs. Experiments are usually performed
in a TEM, or a scanning electron microscope
(SEM) as electron backscatter diffraction. In these
instruments, electrons are accelerated by an
electrostatic potential in order to gain the desired
energy and determine their wavelength before they
interact with the sample to be studied. The periodic
structure of a crystalline solid acts as a diffraction
grating, scattering the electrons in a predictable
manner. Working back from the observed
diffraction pattern, it may be possible to deduce the
structure of the crystal producing the diffraction
pattern. Buffat discussed the use of electron
diffraction and HRTEM to investigate multiply-
twinned structures and dynamical events in metal
Metallic-NPs. The author noted that measuring the
shrinkage of the lattice space by XRD may be
complicated, as instrumental parameters, reflection
broadening due to a very small NP size and matrix
effects can lead to unclear XRD results. With ED,
particles are lying rather free on a substrate, lower
material quantity is needed for the measurement,
and correlation with direct images of the crystals is
possible. However, the study of size effects in Au
and Pt by ED requires a careful interpretation of its
results due to the complex multiply-twinned or
icosahedral-like structure that appears in Metallic-
NPs to lower the total free energy.431 The SAED
technique is limited by the fact that many Metallic-
NPscontribute to the diffraction pattern because of
the relatively large size of the illuminated area,
making their individual study difficult. In the more
modern ‘nanodiffraction’ technique, the area of the
sample which contributes to the diffraction pattern
is limited by the size of the electron probe, which
in a field emission TEM can be as small as 0.1 nm.
In a paper concerning decahedral Au Metallic-NPs,

the ‘nano diffraction’ approach was employed
enabling the study of single Metallic-NPs, but it
was demonstrated that the beam convergence
produced a loss of symmetry from 10- to 5-fold in
the diffraction pattern of the Metallic-
NPs.**'Schamp and Jesser used ED to calculate
interplanar spacings and other lattice parameters of
Au Metallic-NPs. An improved calculation of such
parameters allows a more precise determination of
the anisotropic strains in the gold Metallic-
NPs.**In another work, the origin of the
‘forbidden’ reflections present in the [111] and
[112] electron diffraction patterns of triangular-
flatthin Au Metallic-NPs was
explained.**Regarding another noble metal, Ag,
Smyslov and co-workers combined SAXS, ED and
microscopy experiments to determine the size and
phase composition of Ag Metallic-NPs in a gel film
of bacterial cellulose. In that report, SAXS
provided a reliable estimate of the size of the
Metallic-NPsin the moisture-containing composite;
ED and electron microscopy permitted the
performance of phase analysis, obtain images of
Metallic-NPs and visualize their arrangement in the
composite matrix.***
2.19.  Scanning
Microscopy (STEM)
In STEM, the electron beam is focused to
a fine spot that is then scanned over the sample in a
raster, unlike conventional TEM. The rastering of
the beam across the sample makes STEM
appropriate for techniques such as Z-contrast
annular dark-field imaging (explained below) and
spectroscopic mapping by energy dispersive X-ray
(EDX) spectroscopy or electron energy loss
spectroscopy (EELS). Using EDX or EELS
spectroscopy in the STEM it is possible to obtain
elemental maps that show features down to the
atomic scale. For the proper operation of STEM,
the experimental determination of the absolute
cross section is very challenging, as electron donors
of high dynamical range are required. This has
hampered the application of the STEMbased
technique to a broad range of particle sizes, as one
would wish. Nevertheless, mass information can be
acquired through STEM-based mass measurements
if a known mass standard can be established. For
the characterization of the 3D morphology of
Metallic-NPs, STEM  electron  tomography
(analysed later in this review) is a very powerful
technique and has been successfully employed for
embedded and stable Metallic-NPs. The main
restriction of the method is the time needed to take
full tomographs and this might exclude many
electron beam sensitive samples from analysis. To

Transmission Electron
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tackle that difficulty, Palmer and co-workers
developed a ‘single-shot’ approach to a three-
dimensional measurement problem, using Au
Metallic-NPs as the model system.***Haigh and co-
workers published a paper on the investigation of
the limitations and optimisation of EDX
tomography within a STEM, focusing on the
application of the technique to characterize the 3D
elemental distribution of bimetallic Ag-Au
Metallic-NPs. A key question they worked on for
EDX tomography was whether the characteristic X-
ray intensity generated in the STEM meets the
requirements for the constraints of a particular
sample and detector geometry.444 Ag Metallic-
NPs exposed to light and humic substances were
investigated by a combination of high resolution
STEM, EELS and UV-Vis techniques. This
multimethod approached facilitated the acquiring
of information on NP morphology, surface
chemistry transformations and corona formation.
Despite the signal loss, probably by dissolution,
that was noticed, there was no direct evidence of
oxidation from the STEM-EELS.**The Palmer
group has reported that not many applications of
quantitative STEM exist in  nanomaterial
characterization. Therefore, they demonstrated a
new approach to quantify the imaging contrast in
STEM using  size-selected  clusters. The
nanoclusters used consisted of Pd (Z = 46) and Au
(Z = 79).**'Finally, Deiana et al. used STEM-EDX
to investigate the core—shell structure of bimetallic
Pd-Hg Metallic-NPs, which proved to be a
crystalline core— shell structure, with a Pd core and
a Pd—Hg ordered alloy shell. The ordered shell was
considered to be responsible for the high oxygen
reduction selectivity to H202. 1%

2.20. ATOMIC FORCE MICROSCOPY
(AFM)

AFMis a microscopy technique capable of
creating three-dimensional images of surfaces at
high magnification. It was initially developed by
Gerard Binning and Heinrich Rohrer at IBM in
1986.1*AFM is based on measuring the interacting
forces between a fine probe and the sample. The
probe is a sharp tip and is coupled to the end of a
cantilever, which is made of silicon or silicon
nitride. When the AFM scans the sample, the
cantilever gets deflected as a result of the attractive
or repulsive forces between the tip and the sample
surface. The bending is quantified by a laser beam
that reflects on the cantilever back side. The forces
are finally calculated by combining the information
from the laser variation and the known cantilever
stiffness. AFM can scan under three different
modes depending on the degree of proximity

between the probe and the sample, i.e. contact, non-
contact and tapping mode (also known as
intermediate or oscillating mode).**The latter is the
most common when characterizing Metallic-NPs.
However, it is very sensitive to the free amplitude
of the oscillating tip.518 In addition, other
parameters, such as tip curvature radius, and
surface energy and elasticity of the nanoparticle,
influence the final topological values. Nevertheless,
these factors can be minimized by plotting the
particle height against the free amplitude of the
oscillating probe, providing more reliable
results.”>* Alternatively, non-contact is preferred
when the sample is very sensitive and can be
influenced by the tip— sample forces.

AFM has the advantage that it does not
require any surface modification or coating prior to
imaging. Thus, the topological analysis of small
Metallic-NPs (<6 nm), such as ion-doped Y203,
has been performed by AFM without any special
treatment. Low density materials, which present
poor contrast in electron microscopy, have also
been characterized. For instance, AFM was used to
understand the formation mechanism of uniform
patchy and hollow rectangular nanoplatelets made
of polymer mixtures.520 Side-by-side comparison
between AFM and electron microscopies, i.e. SEM
and TEM, showed that AFM provided comparable
results when analysing NP sizes.”®****AFM has the
advantage that images the sample in three
dimensions and allows the characterization of the
nanoparticle height. Furthermore, it has similar
resolution to SEM and TEM, while costing much
less and occupying smaller laboratory space.
Nevertheless, AFM displays slower scanning times
than any electron microscope. Alternatively,
spectroscopic techniques, such as DLS and photon
correlation spectroscopy (PCS), have also been
used to characterize the nanoparticle size. DLS and
AFM provided similar results when the sample
analysed was monodisperse and
uniform.”*However, only AFM could properly
characterize Metallic-NPs with bimodal
distribution sizes.**®

AFM and XRD were jointly used to
characterize Ag NP films, where both techniques
provided complementary information.™In
particular, AFM allowed the characterization of the
grain size and the nanoparticle coverage of the
surface, while XRD identified the preferential
growth direction of the particles. Interestingly, at
higher NP coverage, AFM showed that the film
was made of larger particle grains. Nevertheless,
XRD indicated that the crystal size remained the
same. This apparent contradiction suggested that
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the larger particles were formed by coalescence of
different crystals, yielding larger polycrystalline
grains. It is worth mentioning that a densely packed
nanoparticle film can be challenging to characterize
by AFM, since part of the particles are hidden by
their neighbours. Therefore, several algorithms
have been developed to estimate the nanoparticle
size from the visible part of the image. These
algorithms can be applied to densely packed
sphericaland non-spherical particles.*’

2.21.  Scanning Electron Microscopy (SEM)
SEM is a widely used method for the
high-resolution imaging of surfaces that can be
employed to also characterize nanoscale materials.
SEM uses electrons for imaging, much as a light
microscope uses visible light. Mazzaglia et al.
combined field-emission SEM (FE-SEM) and XPS
measurements to study supramolecular colloidal
systems  of  Au  Metallic-NPs/amphiphilic
cyclodextrin. These two techniques provided
important information on the morphology and
nature of the interaction of (thiohexyl carbon chain)
SC6NH2 and (thiohexadecyl carbon chain)
SC16NH2 with Au Metallic-NPs onto the silicon
surface™®®Sinclair and co-workers have reported
that SEM and NanoSIMS can be employed to
locate Au Metallic-NPs in cells. SEM analysis
illustrated its superiority compared to NanoSIMS
for the analysis of inorganic Metallic-NPs in
complex biological systems. NanoSIMS has a
lower spatial resolution of around 50 nm while
SEM is able to achieve resolutions down to 1 nm.
The particles tested were Raman-active Au-core
Metallic-NPs and NanoSIMS resulted in somewhat
blurred images in certain cases due to its limited
resolution. However, NanoSIMS has the unique
capability to differentiate between isotopes,
although this is not relevant for the case of Au
Metallic-NPs.**°High-resolution SEM (HRSEM)
was used by Goldstein et al. for the imaging of Au
Metallic-NPs  in  cells and tissues. The
straightforward visualization of metallic Metallic-
NPs is assured with this technique, and the sample
preparation is fast and easy. However, in case of
biological specimens, the need to decrease charging
artefacts might make metal coating necessary, thus
increasing the risks of radiation damage for the
samples. The advantage of HRSEM, compared to
other imaging techniques, is the capacity to scale
down and study the arrangements of nanometric
elements in their wider context. It allows the study
of the specific spatial arrangement of Metallic-NPs
and thus the examination of possible interactions
between them. The results of that study indicated

the potential of HRSEM as a relatively simple tool
to qualitatively screen the factors that enhance Au
Metallic-NPs penetration, through the skin barrier.
It can be considered as a powerful and diverse tool
for the study of the interactions between biological
systems and metallic nanostructures.’®In another
report, SEM and AFM measurements were
compared for the same set of Metallic-NPs, that is,
Si02 and Au Metallic-NPs on mica or silicon
substrates. For example, AFM observations
enabled the measurement of the height of a nano-
object with sub-nanometric accuracy, but the lateral
measurements (along the X and Y axes) had large
errors because of the tip/sample convolution. In
contrast to the AFM, SEM cannot provide any
metrological information on the height of the
Metallic-NPs; however, modern SEM can give
decent measurements of their lateral dimensions. In
fact, the measurements of nearly spherical SiO2
Metallic-NPs by using both techniques gave similar
results, showing the coherency and
complementarity of both instruments.’**SEM can
be operated in the transmission mode, i.e. through
the technique called ‘transmission in scanning
electron microscope’ (T-SEM) . In the transmission
mode, advanced NP analysis can be carried out by
gaining in-depth information as well as analysis of
ensembles of Metallic-NPs. In a paper by Rades et
al., the combination of complementary techniques
as SEM, T-SEM, EDX and scanning Auger
microscopy (SAM) was proven to be a powerful
strategy for comprehensive morphological and
chemical evaluation of the properties of individual
silica and titania Metallic-NPs. On the other hand,
methods such as SAXS, DLS, XPS, XRD and BET
would be suitable to characterize only the
ensembles of the Metallic-NPs, and not single
particles. T-SEM allows a quick examination of the
NP shape, though its lateral resolution is limited to
NP sizes down to 5-10 nm. TEM provides images
with better quality, but T-SEM can be easily
combined with EDX for a fast check of the NP size
and elemental composition.’*?Hodoroaba et al.
proved that T-SEM imaging provides a size
distribution that is slightly broader than that
obtained by TEM. For small SiO2 Metallic-NPs,
the precise delimitation of the particles in the T-
SEM mode is definitely constrained by the lower
spatial resolution achieved compared to that of
conventional TEM. In addition, with the T-SEM,
the surface layer of the particles might not be
always easily detected.'**The same author noted in
another paper that the conventional SEM imaging
mode could not detect the Metallic-NPs on the back
side of the support film that was required for the
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observations. Therefore, an explicit knowledge of
the T-SEM operator is needed for the
measurements. The authors observed that the
obtained SiO2 NP size distributions by SEM and
TSEM in their work and for various conditions
agreed well with each other, within the associated
measurement uncertainties.’**In another report, 3D
reconstruction by focused ion beam (FIB) cutting
and SEM imaging were combined to comprehend
the evolution of pore volume, pore shape and other
parameters during the two-step sintering of ZnO
Metallic-NPs. In this way, the sintering process at
the nanoscale for such particles can be better
understood.'®Ni- and Cu-co-doped zinc oxide
Metallic-NPs prepared by the co-precipitation
method were investigated by Ashokkumar and
Muthukumaran by microstructure, optical and
FTIR measurements. The depicted shape by SEM
was in good agreement with the mathematical
determinations from XRD, whereas FTIR provided
important information on chemical bonding.*®®

XII. CONCLUSION

This review described the role of several
different techniques for the characterization of
nanoscale materials. Through this comprehensive
summary of NP characterization methods, we
demonstrated the uses of each one of them,
emphasizing on their advantages and limitations, as
well as on explaining how they can be effectively
combined and how they can complement each
other. The acquisition of a full picture of the variety
of features that are associated with a nanomaterial
requires typically the use of numerous techniques,
often needing to use more than one of them for
evaluating well and completely even a single
property. By presenting the role of each technique
in a comparative way, our review will act as a
robust guide, helping the scientific community to
understand better the discussed topic. In this way,
researchers will be helped for the choice of the
most suitable techniques for their characterization,
together with the ability to assess their use in a
more precise manner. Of course, there are
challenges in the scientific community for the
further improvement of the accuracy and resolution
of many techniques. Therefore, we finally hope that
a careful reading of this review will help to identify
which valuable techniques merit efforts for further
technical improvements.
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