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Nanoparticle classification, physicochemical

properties, characterization, and applications:

a comprehensive review for biologists

[Nadeem Joudeh and Dirk Linke|

Interest in nanomaterials and especially nanoparticles has exploded in the past decades primarily due to their novel|
or enhanced physical and chemical properties compared to bulk material. These extraordinary properties have cre—l!
Lated a multitude of innovative applications in the fields of medicine and pharma, electronics, agriculture, chemical
. catalysis, food industry, and many others. More recently, nanoparticles are also being synthesized ‘biologically’ through
the use of plant- or microorganism-mediated processes, as an environmentally friendly alternative to the expensive,
energy-intensive, and potentially toxic physical and chemical synthesis methods. This transdisciplinary approac
to nanoparticle syntnhesis requires that biologists and biotechnologists understand and learn to use the complex
methodology needed to properly characterize these processes. This review targets a bio-oriented audience and sum
marizes the physico—chemical properties of nanoparticles, and methods used for their characterization. It highlights
why nanomaterials are different compared to micro- or bulk materials. We try to provide a comprehensive overview
of the different classes of nanoparticles and their novel or enhanced physicochemical properties including mechani—|

|

cal, thermal, magnetic, electronic, optical, and catalytic

roperties. A comprehensive list of the common methods

and techniques used for the characterization and analysis of these properties is presented together with a large list

|of examples for biogenic nanoparticles that have been previously synthesized and characterized, including rheir!

application in the fields of medicine, electronics, agriculture, and food production. We hope that this makes the many

different methods more accessible to the readers, and to Nelp With identifying the proper methodology Tor any given

nanoscience problem. |
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|Lharacterization of nanomaterials|

Backéroundl
Nano etymology

one-billionth pardl( 10_91 of a unit’. In scientific literature,

the prefix nano has been adopted as a popular label in

The prefix nano is derived from the Greek word nanos,
“a dwarf”. In 1947, at the 14th conference of the Interna-

many fields of modern science to describe small entities

and processes. These terms include, but are not limited

tional Union of Pure and Applied Chemistry (IUPAC),

to nanoscience, nanotechnology, nanorobots, nanomag-

the prefix nano was officially adopted to describe the

nets, nanoelectronics, nanoencapsulation, etc. [1]. In all

of these cases, the prefix nano is used to describe “very

small” entities or processes, most often at actual nanom-
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eter scale.l
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Deﬁnitionsl

Nanoscience is a branch of science that comprises the

or novel mechanical, thermal, magnetic, electronic, opti-I
cal, and catalytic properties [1, 15, 16].|

study of properties of matter at the nanoscale, and par-

[Nanomaterials have different surface effects compare

ticularly focuses on the unique, size-dependent prop-
erties of solid-state materials [2]. Nanotechnology is
the branch that comprises the synthesis, engineering,

and utilization of materials whose size ranges from 1 to
100 nn{ known as nanomaterials [3]. The birth of nano-

to micromaterials or bulk materials, mainly due to three
reasons; (a) dispersed nanomaterials have a very large

surface area and high particle number per mass unit,

(b) the fraction of atoms at the surface in nanomateri-

als is increased, and (c) the atoms situated at the surface

science and nanotechnology concepts is usually linked to

the famous lecture of Nobel laureate Richard Feynman

at the 1959 meeting of the American Physical Society,
“There’s Plenty of Room at the Bottom” [4]. However, the

in nanomaterials have fewer direct neighbors [1, 14]. As

a_consequence of each of these differences, the chemi-

cal and physical properties of nanomaterials change

compared to their larger-dimension counterparts. For

use of nanotechnology and nanomaterials goes back inl

[history long before that.|

History of nanotechnology

instance, having fewer direct neighbor atoms for the

Long before the era of nanotechnology, people were

unknowingly coming across various nanosized objects

atoms situated at the surface results in lowering the
following the Gibbs—Thomson equation, e.g., the meltin

and using nano-level processes. In ancient Egypt, dye-|

than the melting point of bulk gold [14]. Larger sur-

ing hair in black was common and was for a long time
believed to be based on plant products such as henna [5].

face areas and larger surface-to-volume ratios generally|

increases the reactivity of nanomaterials due to the larger

[However, recent research on hair samples from ancient

reaction surface [1], as well as resulting in significant

Egyptian_burial sites showed that hair was dyed with|

effects of surface properties on their structure [17]. The

paste from lime, lead oxide, and water [6]. In this dye-

dispersity of nanomaterials is a key factor for the surface

ing process, galenite (lead sulfide, PbS) nanoparticles

effects. The strong attractive interactions between parti-

are formed. The ancient Egyptians were able to make the

cles can result in the agglomeration and aggregation of

dyeing paste react with sulfur (part of hair keratin) and

nanomaterials, which negatively affects their surface are

produce small PbS nanoparticles which provided even

and their nanoscale properties [18]. Agglomeration can

nd steady dyeing.

o

Probably the most famous example for the ancient use

of nanotechnology is the Lycurgus Cup (fourth centur
CE). This ancient roman cup possesses unusual opti-|

) be prevented b

increasing the zeta potential of nanoma-
terials (increasing the repulsive force) [19], optimizing

the degree of hydrophilicity/hydrophobicity of the nano-
material, or by optimizing the pH and the ionic strengt

tion of the light source. In natural light, the cup is green,

cal properties; it changes its color based on the loca-

of the suspension medium [201.!

iNanomaterials display distinct size-dependent prop-

but when it is illuminated from within (with a candle),

erties in the|1-100 nm| range where quantum phenom-

it becomes red. The recent analysis of this cup showed

ena are involved. When the material radius approaches

that it containg 50100 nm| Au and Ag nanoparticles [7],

the asymptotic exciton Bohr radius (the separation dis-

which are responsible for the unusual coloring of the cup

tance between the electron and hole), the influence of]

through the effects of plasmon excitation of electrons [8].

quantum confinement becomes apparent [17]. In other

The ancient use of nanotechnology does not stop here, i
fact, there is evidence for the early use of nanotechnology

words, by shrinking the size of the material, quantum
effects become more pronounced, and nanomaterials

processes in Mesopotamia, Ancient India, and the May

become quantal. Those quantum structures are physical

[9, 10].

Why nanomaterials are different|

structures where all the charge carriers (electrons and

holes) are confined within the physical dimensions [21].

As a result of quantum confinement effects, for instance,

Today, due to their unique properties, nanomaterials are

some non-magnetic materials in bulk such as palladium,

used in a wide range of applications, such as catalysis,

platinum, and gold become magnetic in the nanoscale

water treatment, energy storage, medicine, agriculture,

[14]. Quantum confinement can also result in signifi-

etc. [11-13]. Two main factors cause nanomaterials to

cant changes in electron affinity or the ability to accept

behave significantly differently than the same materials

or donate electrical charges, which is directly reflected

at larger dimensions: surface effects and quantum effect

on the catalytic properties of the material. For example,

[14]. These factors make nanomaterials exhibit enhanced|

the catalytic activity of cationic platinum clusters in/N,O
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decomposition is dictated by the number of atoms in the
cluster. 6-9, 11, 12, 15, and 20 atom-containing clusters
are very reactive, while clusters with 10, 13, 14, and 19
[atoms have low reactivity [14].|

Classification of nanomaterials|
The key elements of nanotechnology are the nanomateri-

confined to the nanoscale in any dimension. This
class contains bulk powders, dispersions of nano-
particles, arrays of nanowires and nanotubes, etc.|

Nanoparticles (NPs)|
The International Organization for Standardization (ISO)

als. Nanomaterials are defined as materials where at least

defines nanoparticles as nano-objects with all exter-

one of their dimensions is in the nanoscale, i.e. smaller
than/100 nm|[22]. Based on their dimensionalities, nano-

nal dimensions in the nanoscale, where the lengths of]

the longest and the shortest axes of the nano-object do

materials are placed into four different classes, summa-|

not differ significantly. If the dimensions differ signifi-

rized in Fig. 1.

cantly (typically by more than three times), terms such
as nanofibers or nanoplates maybe preferred to the term

|!1[ Zero-dimensional nanomaterials (0-D): the nano-

materials in this class have all their three dimen-

NPs?
NPs can be of different shapes, sizes, and structures.

sions in the nanoscale range. Examples are quan-

They can be spherical, cylindrical, conical, tubular, hol-

tum dots, fullerenes, and nanoparticles.|

low core, spiral, etc., or irregular [23]. The size of NPs

[(2)

One-dimensional nanomaterials (1-D): the nano-

can be anywhere from 1 to| 100 nm| If the size of NPs gets

materials in this class have one dimension outside

lower than|1 nm), the term atom clusters is usually pre-

the nanoscale. Examples are nanotubes, nanofibers,

ferred. NPs can be crystalline with single or multi-crystall

nanorods, nanowires, and nanohorns.|

solids, or amorphous. NPs can be either loose or agglom-

Two-dimensional nanomaterials (2-D): the nano-

erated [24] |

materials in this class have two dimensions outside

the nanoscale. Examples are nanosheets, nanoﬁlms,'

NPs can be uniform, or can be composed of several lay-
[ers. In the latter case, the layers often are: (a) The surface

and nanolayers.|
[(4) Three-dimensional nanomaterials (3-D) or bulk
[ nanomaterials: in this class the materials are not

|2 [SOURCE: ISO/TS 80,004-2:2015, 4.4] |
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Fig. 2 Types of organic NPs. A Dendrimers; B liposomes; C micelles; and D ferritin
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| Fig. 3 Different types of carbon-based NPs. fuIIerene; B carbon black NPs; and C carbon quantum dotsl

layer, which usually consists of a variety of small mole-

different parameters that determine the potential field

cules, metal ions, surfactants, or polymers. (b) The shell

of application of organic NPs, e.g., composition, sur-

layer, which is made of a chemically different material

face morphology, stability, carrying capacity, etc. Today,

from the core layer. (c) The core layer, which is the central

organic NPs are mostly used in the biomedical field in

portion of the NP [25]

Classification of NPs|

targeted drug delivery [23] and cancer therapy [28].|

Carbon-based NPs|

Based on their composition, NPs are generally placed

This class comprises NPs that are made solely fro

into three classes: organic, carbon-based, and inorganic

carbon atoms [23]. Famous examples of this class are

[23].

Organic NPs |

fullerenes, carbon black NPs, and carbon quantum dots

(shown in Fig. 3). Fullerenes are carbon molecules that

This class comprises NPs that are made of proteins, car-

are characterized by a symmetrical closed-cage structure.

C,|fullerenes consist of 60 carbon atoms arranged in the

bohydrates, lipids, polymers, or any other organic com-

shape of a soccer ball [29], but also other types of fuller-

pounds [26]. The most prominent examples of this class

enes such as|C7J and||C;m| fullerenes have been described

are dendrimers, liposomes, micelles, and protein com-

[30]. Carbon black NPs are grape-like aggregates of

plexes such as ferritin (shown in Fig. 2). These NPs are

highly fused spherical particles [31]. Carbon quantum

typically non-toxic, bio-degradable, and can in some

dots consist of discrete, quasi-spherical carbon NPs with

cases, e.g., for liposomes, have a hollow core. Organic

sizes below| 10 nml [32]. Carbon-based NPs unite the dis-

NPs are sensitive to thermal and electromagnetic radia-
tion such as heat and light [23]. In addition, they are

tinctive properties of|sp%hybridized carbon bonds with

the unusual physicochemical properties at the nanoscale.

often formed by non-covalent intermolecular inter-

Due to their unique electrical conductivity, high strength,

actions, which makes them more labile in nature and

electron affinity, optical, thermal, and sorption proper-

offers a route for clearance from the body [27]. There are

ties [25, 33], carbon-based NPs are used in a wide range
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[35], bioimaging [36], photovoltaic devices, and environ-

Mechanical properties

Mechanical properties refer to the mechanical charac-

mental sensing applications to monitor microbial ecology

teristics of a material under different conditions, envi-

or to detect microbial pathogens [33]. Nanodiamonds

and carbon nano onions are more complex, carbon-

ronments, and various external forces. As for traditional
materials, the mechanical properties of nanomaterials

based NPs. Due to their characteristic low toxicity and

generally consist of ten parts: strength, brittleness, hard-

biocompatibility, they are used in drug delivery and tissue

ness, toughness, fatigue strength, plasticity, elasticity,

engineering applications [37, 38].|

Inorganic NPs

ductility, rigidity, and yield stress [49]. Most inorganic,

non-metallic materials are brittle materials and do not

have significant toughness, plasticity, elasticity, or ductil-

This class comprises NPs that not made of carbon or

ity properties. Organic materials on the other hand, are

organic materials. The typical examples of this class are

flexible materials and do not necessarily have brittleness

metal, ceramic, and semiconductor NPs. Metal NPs are

and rigidity properties.l

purely made of metal precursors, they can be monome-

[Due to surface and quantum effects, NPs display dif:

tallic, bimetallic [39], or polymetallic [40]. Bimetallic

ferent mechanical properties compared to bulk materi-

NPs can be made from alloys or formed in different lay-

als [49]. For example, conventional FeAl powder which is

ers (core—shell) [39]. Due to the localized surface plas-

composed of microparticles (larger than|4 pm), is brittle,

mon resonance characteristics, these NPs possess unique

while ultrafine FeAl alloy powder displays a good combi-

optical and electricals properties [25]. In addition, some

nation of strength and ductility as well as enhanced plas-

metal NPs also possess unique thermal, magnetic, and

ticity [50]. These new properties are believed to arise due

biological properties [23]. This makes them increasingly

to the diverse interaction forces between NPs or between

important materials for the development of nanodevices

them and a surface. The most important interactio

that can be used in numerous physical, chemical, bio-

forces involved are van der Waals forces, which consist

logical, biomedical, and pharmaceutical applications [41,

of three parts, Keesom force, Debye force, and London

42] (these applications are discussed in detail later in the

force [51-53]. Other relevant interaction forces are elec-

applications section of the review). In present days, the

trostatic and electrical double layer forces, normal and

size-, shape-, and facet-controlled synthesis of metal NPs

lateral capillary forces, solvation, structural, and hydra-

is important for creating cutting-edge materials [43].]

tion forces [54].|

[Semiconductor NPs are made of semiconductor mate-

[There are different theories on how the interaction|

|rials, which possess properties between metals and

forces between NPs give them new mechanical proper

| non-metals. These NPs possess unique wide bandgaps|

ties, such as the DLVO (Derjaguin—Landau—Verwey—|

and show significant alteration in their properties with

bandgap tuning compared to bulk semiconductor mate-

Overbeek) _theor KR __(Johnson—Kendall-Roberts
theory, and DMT (Derjaguin—Muller—Toporov) theory.

rials [25]. As a result, these NPs are important materials

The DLVO theory combines the effects of van der Waals

in photocatalysis, optic, and electronic devices [44, 45].

attraction and electrostatic repulsion to describe the

Ceramic NPs are inorganic solids made of carbonates,

stability of colloidal dispersions [54]. This theory can

carbides, phosphates, and oxides of metals and metal-

explain many phenomena in colloidal science, such as the

loids, such as titanium and calcium [46]. They are usually,

adsorption and the aggregation of NPs in aqueous solu-

synthesized via heat and successive cooling and they can|

tions and the force between charged surfaces interact-

be found in amorphous, polycrystalline, dense, porous

ing through a liquid medium [55, 56]. Nevertheless, the

or hollow forms [25]. They are mainly used in biomedi-|

DLVO theory is inadequate for the colloidal properties in

capacity [47]. Nevertheless, they are also used in other

cal applications due to their high stability and high load

the aggregated state [54].|

[When the size of objects decreases to the nanoscale,

applications such as catalysis, degradation of dyes, pho-

the surface forces become a major player in their adhe-

tonics and optoelectronics [46, 48]

Physicochemical properties of NPs|

sion, contact, and deformation behaviors. The JRK the-

ory is applicable to easily deformable, large bodies withl

high surface energies, where it describes the domination

As mentioned earlier, NPs can be used in a long list of]

of surface interactions by strong, short-range adhesion

applications due to their unique physical and chemical

forces. In contrast to this, the DMT theory is applicable

properties that do not exist in their larger-dimension

to very small and hard bodies with low surface energies,

counterparts of the same materials. The following sec-

where it describes the adhesion being caused by the pres-

tions summarize the most import physicochemical prop-

ence of weak, long-range attractive forces. Although the

erties that are changing on the nanoscale

DLVO, JKR and DMT theories have been widely used to
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describe and study the mechanical properties of NPs [57,

temperatures is determined by the vibration degrees of]

58], it is still a matter of debate whether or not contin-

freedom, i.e., the peculiarities of phonon spectra (vibra-

uum mechanics can be used to describe a particle or col-

tional energy that arises from oscillating atoms withinl

lection of particles at the nanometer scale [54].|

| Thermal properties|

a crystal) are responsible for the anomalous behavior of]

heat capacity of NPs [68]. NPs usually exhibit a signifi-

cant decrease in melting temperature compared to their

IHeat transfer in NPs primarily depends on energy con-
duction due to electrons as well as photons (lattice vibra-

analogous bulk materials [71]. The main reason for this

phenomenon is that the liquid/vapor interface energy is

tion) and the scattering effects that accompany both [59].

generally lower than the average solid/vapor interface

The major components of thermal properties of a mate-

energy [72]. When the particle size decreases, its sur-

rial are thermal conductivity, thermoelectric power, heat

face-to-volume ratio increases, and the melting tempera-

capacity, and thermal stability [59, 60].|

ture decreases as a result of the improved free energy at

|NP size has a direct impact on electrical and thermal

the particle surface [73]. For instance, the melting tem-

conductivity of NPs [60]. As the NP size decreases, the

perature of 3 nm Au NPs is 300 degrees lower than the

ratio of particle surface area respective to its volume

melting temperature of bulk gold [14]. In addition, NP

increases hyperbolically [60]. Since the conduction of

composition plays an important role in thermal stabil-

electrons is one of the two main ways in which heat is

ity. For example, the thermal stability of Au in|Au, tFe,

transferred, the higher surface-to-volume ratio in NPs

is significantly higher than of pure Au or|Au,,Fe,q| [74].

provides higher number of electrons for heat transfer

Generally, bimetallic alloy NPs show higher thermal sta-

compared to bulk materials [61]. Moreover, thermal con-

bilities and melting temperatures than monometallic NPs

ductivity in NPs is also promoted by microconvection,

[due to the alloying effect [75, 76].|

which results from the Brownian motion of NPs [62].

Nevertheless, this phenomenon only happens when solid

Magnetic properties|

NPs are dispersed in a liquid (generating a Nanofluid)

All magnetic compounds include a ‘magnetic element

[63]. As an example, the addition of Cu NPs to ethylene

in their formula, i.e., Fe, Co, or Ni (at ambient tempera-

lycol enhances the thermal conductivity of the fluid up|

tures). There are only three known exceptions that are

[ to]40% [64].]

made from mixed diamagnetic elements,|Sc.In}| ZrZn,)

The thermoelectric power of a material depends on its

and |TiBe, . Cu,| [77-80]. Otherwise, elements such as

Seebeck coefficient and electrical conductivity lP = S20),

Pd, Au, or|Aglare diamagnetic. This all changes in the

cient, and|o]is the electrical conductivity). The scattering

where| Plis thermoelectric power, S is the Seebeck coeffi-|

nanoscale. Several materials become magnetic in the

form of NPs as a result of uneven electronic distribution

Iof NPs in bulk materials (doping) is known to enhanc

[25]. For instance, FeAl is not magnetic in bulk but in the

the thermoelectric power factor [65]. This enhancement

form of NPs, it is becomes magnetic [50], other examples

could come from the enhancement of the Seebeck coef-

include Pd and Au [81]. In bulk materials, the key param-

ficient or the enhancement of electrical conductivity. The

eters for determining magnetic properties are composi-

embedding of size-controlled NPs in bulk thermoelectric

tion, crystallographic structure, magnetic anisotropy, and

materials helps to reduce the lattice thermal conductiv-|

vacancy defects [82, 83]. However, on the nanoscale, two

ity and enhances the Seebeck coefficient due to electron

more important parameters are strongly involved, i.e.,

energy filtering [66, 67]. Generally, the enhancement

size and shape [84].|

[ of electrical conductivity is accompanied by the reduc-

|One of the interesting size-dependent phenomena

[tion of the Seebeck coefficient and vice versa [65] How-

of NPs is superparamagnetism [84]. As the size of the

ever, the doping of InGaAlAs material with|2—3 nm|Ex]

NPs resulted in the significant increase of thermoelec-

INPs decreases, the magnetic anisotropy energy per NP

decreases. The magnetic anisotropy energy is the energy

tric power of the material through the enhancement of |

keeping the magnetic moment in a particular orientation.

the conductivity while keeping the Seebeck coefficien

At a characteristic size for each type of NPs, the anisot-

unchanged [65]. Depending on NP size, volume fraction,

ropy energy becomes equal to the thermal energy, which

and band offset, a NP-doped sample can either enhance

allows the random flipping of the magnetic moment [85],

or suppress the electrical conductivity in comparison

in this case, the NP is defined as being superparamag-

with undoped bulk samgle.|

Experimental studies have shown that the heat capacity

netic [86]. Superparamagnetic NPs display high magneti-

zation only in the presence of a magnetic field, and once

of NPs exceeds the values of analogous bulk materials by

it is removed they do not retain any magnetization [87].

up to|10%! [68], e.g. in the case of] Al,O. and|SiO,|NPs [69,

Superparamagnetism was long believed to form only

70]. The major contribution to heat capacity at ambient]

in small ferromagnetic or ferrimagnetic NPs [88], but
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|interestingly, other paramagnetic materials show mag-

smaller reversal magnetic field is required to make the|

net magnetization zero [84].|

netism in the nanoscale too [81].|
NP size effects can also be observed in changes inl

The second key parameter for determining the mag-

magnetic coercivity, i.e., the resistance of a magnetic

netic properties of NPs is the shape of NPs. In compari-

material to changes in magnetization (Fig. 4). In con-

son to the size parameter, there is significant less research

multiple magnetic domain structures, small NPs possess

trast to large particles or bulk materials, which possess|

on the effect of shape on the magnetic properties of NPs

single magnetic domain structures below a certain criti-
cal radius|(r.), where all magnetic spins in the NP align|

unidirectionally (blue arrows in Fig. 4). However, the

having the same volume [86]. However, large differences
i ivity were fo
[91]. Unlike the curved topogra-
phy in spherical|CoFe,O,|NPs, cubic|/CoFe,O, NPs have

[NP radius has to be lower than the threshold radius fo
superparamagnetism|(r,. ) in order to be superparamag-

fewer missing oxygen atoms, and it was hypothesized

that this led to less surface pinning and to lower coerciv-

netic [89]. In the single-domain regime, between|r, |an

[ity for the cubic structures [86]. Other studies also found

r.| the magnetic coercivity increases as the size of the

differences in magnetism between spherical and cubic

NP increases until it reaches the maximum at. 84]. In

this size regime, due to the high magnetic coercivity, the

Fe,O, NPs [92, 93].|
[Similar to bulk materials, the composition also affects

NPs behave similarly as their larger dimension counter-

the magnetism of NPs. The magnetocrystalline phase of]

parts despite having a single domain structure, i.e., they

the NP is significant in determining its magnetic coerciv-

become ferromagnetic for ferromagnetic materials or

[ity [94]. This effect can be observed in magnetic bimetal-

paramagnetic for paramagnetic materials etc. Above|r_,|

lic core—shell or alloy NPs with anisotropic crystalline

the magnetic coercivity starts to decrease when multiple

structures. For example, Co@Pt core—shell NPs com-

magnetic domains are formed in a single NP. The critical

radius represents the size where it is energetically favored

posed of an isotropically structured face-centered cubic

Co core and a non-magnetic Pt shell exhibit superpara-

for the NP to exist without a domain wall [86]. The calcu-

magnetic behavior with zero coercivity at room tempera-

lated critical radii for some common magnetic materials
are|35 nﬂof Ni]8 nalfor Co, anall na for Fe [90]. Above

ture [95]. In general, the compositional modification of

NPs by the adoption of magnetic dopants is known tol

|that point, multi-domain magnetism begins in which a

significantly change the magnetism of NPs [96].|




Joudeh and Linke Journal of Nanobiotechnology (2022) 20:262 Page 8 of 29
A B AD
[ORIOLHORIC)]
+++  ---
o .
E Nanoparticle
o Light wave
e
-
19
2
m

Electronic and optical propertie.

NPs also is critical for the optical properties, the plas-|

Metallic and semiconductor NPs possess interesting lin

mon resonance wavelength shifts to the red as the NPs

ear absorption, photoluminescence emission, and non-|

become more oblate [99], demonstrating that plasmon

linear optical properties due to the quantum confinement

resonance strongly depend on NPs shape. With respect

and localized surface plasmon resonance (LSPR) effect

to the dielectric environment of the NPs, both the sur-

[[97, 98]. LSPR phenomena arise when the incident pho-|

rounding solvent and the support (substrate) were found

ton frequency is constant with the collective excitation of]

to be critical for the optical properties. For Ag NPs, both

the conductive electrons [25].Due to this phenomenon,

experimental and theorical studies on the effect of sur-

noble metal NPs exhibit a strong size-dependent UV

rounding solvent show that plasmon wavelength linearly

visible extinction band that is not present in the spectra
of bulk metals. Generally, the optical properties of NPs

depends on the refractive index of the solvent [99, 101].

At the same time, 10 nm Ag NP supported on mica sub-

depend on the size, shape, and the dielectric environment

strates displayed LSPR wavelength shifts to the red com-|

of the NPs [99] |

pared to unsupported NPs [102]. The biogenic synthesis

[The collective excitations of conductive electrons in|

of NPs can also improve the optical properties. Biologi-

metals are called plasmons [100]. Depending on the

cally produced|CeO, NPs using Simarouba glauca leave

boundary conditions, bulk plasmons, surface-propagat

extract were found to have different absorption bands

ing plasmons, and surface-localized plasmons are distin-|

and higher band gap energies compared to chemically

guished (Fig. 5A—C). Because of their longitudinal nature,

produced |CeO, NPs. These superior optical properties

the bulk plasmons cannot be excited by visible light. The

were attributed to the better crystallinity and small size

surface-propagating plasmons propagate along metal

of biogenic NPs compared to chemical NPs [103]. Bio-

surfaces in a waveguide-like fashion [98]. In the case of

genic NPs can also offer higher photocatalytic activities,

NPs, when they are irradiated by visible light, the oscil-

e.g., ZnO NPs produced by Plectranthus amboinicus leaf|

lating electric field causes the conductive electrons to

extract had higher photocatalytic activity in the photo-

oscillate coherently. When the electron cloud is displaced

degradation of methyl red under UV illumination com-

relative to the nuclei, a restoring force rises from Cou-|

pared to chemical produced ZnO NPs [104].|

lomb attraction between electrons and nuclei that results

in oscillation of the electron cloud relative to the nuclear

Catalytic properties|

framework [99]. This creates uncompensated charges at

the NP surface (Fig. 5D). As the main effect producing

Nano-catalysis, i.e., the use of NPs as catalysts, is a
quickly evolving field within chemical catalysis. Sig-

the restoring force is the polarization of the NP surface,

nificantly enhanced or novel catalytic properties such

these oscillations are called surface plasmons and have a

as reactivity and selectivity have been reported for NP

well-defined resonance frequency [98].|

catalysts compared to their bulk analogues. The catalytic

|Experimental studies on|Ag NPs showed significant dif-
ferences in their optical properties based on the size of]

roperties of NPs depend on the size, shape, composi-
tion, interparticle spacing, the oxidation state, and thel

NPs. For| Ag NPs with{30 nm!radius, the main extinction|

support of the NPs [76] |

peak was at|369 nm|wavelength, while for Ag NPs withl

| The dependency of catalytic activity on the size of NPs

60 nm| radius, a totally different behavior was observed

is well studied. The relation is an inverse one, i.e., the

[99]. The same researchers found that the shape of th

smaller the NPs the more catalytically active they are.
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This relationship was found e.g., in the electro-catalysis

Spectroscopy. It was found that the sample with smaller

oxidation of CO by size-selected Au NPs (1.5, 4, and

interparticle spacing was poisoned and subsequently

6 nml) deposited on indium tin oxide. The research-

deactivated while the sample with longer interparticl

ers observed that the smallest NPs provided the highest

spacing showed longer lifetime [123]. At the same time,

normalized current densities [105]. The same relation-

the oxidation state of NPs was shown to affect the cata-

ship was also found in several other studies [106—110].

lytic activities. Ru NPs under richm conditions and

Goodman et al., 1998 [111] speculated originally that

moderate temperatures oxidize and form|RuO.,) the reac-

this behavior could be attributed to quantum-size effects

tion of CO oxidation was found to occur on the metal

generated by the confinement of electrons within a small

oxide surface not the metal surface [124]. A similar

volume. Later, size-dependent changes in the electronic]

effect on CO oxidation was also observed with Pt NPs in

structure of the clusters [112] and the resulting larger

which the reactivity of| PtO.f was found to be higher than

number of low-coordinated atoms available for interac-

Pt [125]. The reaction of CO oxidation was compared

[tion by the larger surface-to-volume ratios with smaller

for several metal NPs (Ru, Pd, Ir, Os, and|Pt) and their

[NPs were discussed [76].]

corresponding oxides, and the oxides were indeed more

[The shape is also known to affect the reactivity and

reactive than the metals [126, 127]. The superior catalytic

selectivity of the NPs. For the oxidation of CO by Aul

performance of |RuQ,| over their metallic counterparts

NPs, hemispherical NPs were found to be more active

is generally agreed on, nevertheless, the same cannot be

than spherical ones [113]. For the oxidation of styrene

said for other catalytically active metals such as Pt [76].

by Ag NPs, nanocubes were found to be fourteen times

In general, these differences in catalytic performance

more efficient than nanoplates and four times more effi-

are attributed to the electron transfer processes at th

cient than nanospheres [114]. The reason for these dra-

metal/metal oxide interfaces. Consequently, the view that

matical changes are attributed to the increase/decrease

NP oxidation is an undesirable process that leads to the

in the relative area of the catalytically active surface fac-

reduction of catalytic performance needs to be reconsid-

ets [76] or to the differences in stability for different NP|

ered [128].

shapes [115].]

| An example for the effect of the support material is the

[As for composition, several studies have shown that

role of the MgO support for Au NPs, where MgO| was

[the use of alloys in NPs can enhance the catalytic activ-|

found to be important for CO oxidation and particu-

| ity as a result of the alloying effect causing changes in thel

larly, for controlling the rate of CO oxidation through

[electronic properties of the catalyst, decreasing poison-

oxygen vacancies [129]. Later, the process of electron

[ing effects, and providing distinct selectivities [76]. For]

charge transfer from oxygen vacancies at the metal-

example, the alloying of Pt with other metals such as Ru,

substrate interface of supported Au NPs was suggested

Ni, and Co, was reported to enhance the hydrogenation

to be an ideal environment for| O, activation and oxida-

and oxygen reduction activity of the NP catalyst material,

tion reactions [130]. A similar behavior was also found

as well as enhancing the resistance against CO poisoning
[116—118]. However, the alloying of Pt with Fe, Ru, and

in the decomposition of|SO.| and dissociation of water

by Au NPs supported on|CeO,| in which| CeO,| supports

Pd, resulted in reduced reactivity for methanol decompo-|

played a critical role [131]. The experiments showed that

sition [119]. This reduction in reactivity was explained by

not only the chemical composition of the support affects

the possible occupation of the surface with the addition

the reactivity of the catalyst, but the crystal structure of

metal atoms, since pure Fe, Ru, and Pd clusters are les

the support, too [132]. Enhanced catalytic performance

reactive for methanol decomposition than similarly-sized

for CO oxidation and|SO,| dissociation have also been

pure Pt clusters. In general, the change in the composi-|

reported for Au NPs supported on metal carbides such

tion of NPs changes the electronic structure of metal sur-

as TiC [108, 133]. In addition to enhanced catalytic reac-|

faces by the formation of bimetallic bonds as well as the

tivities, the support also plays an important role in NP

modification of metal-metal bond lengths [76]. In addi-|

stabilization [106], i.e., the stabilization of NPs against

tion, the charge-transfer phenomenon between different

coarsening, the stabilization of metal oxides at the NP

metals may favorably change the binding energy of adsor-

surface, and the stabilization of intermediate reactions

bents, lower the barriers for specific chemical reactions,

species [76]. |

and enhance resistance against poisoning [120—122])

[The catalytic activity and stability off2 nm Au NPs| dis-

Characterization of NPs|

|gersed on golzcrzstalline TiC films disglazed a_strong
dependence on interparticle spacing. In this study,

The properties of NPs determine their potential appli-

cations. Hence, different methods and techniques are

Au NPs having two different interparticle spacing (30

used for the analysis and characterization of the various

and |80 nm| were analyzed by Thermal Desorption|

physicochemical properties of NPs. Table 1 summarizes
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|all characterization techniques mentioned in this review

these techniques might cause sample dehydration, which

and shows what properties and features can be resolved

might lead e.g. to sample shrinking and aggregation [136].

by each technique.l

Morphological and topographical characterization|

|Examples: TEM was used for the characterization of

Ag NPs produced by Arbutus unedo leaf extract. In this

example, the NPs have a spherical morphology with a

The morphological and topographical features of NPs are

uniform size of| 30 nm. The NPs were found to agglomer-

of great interest since they influence most of the proper-

ate into small aggregates, each including| 5—6 NPs| At the

ties of NPs as described above. These features include the

same time, the SAED approach was used to determine

size, shape, dispersity, localization, agglomeration/aggre-

the crystal structure of the NPs. The majority of the NPs

gation, surface morphology, surface area, and porosity of]

were found to be single crystalline cubic materials pre-

the NPs. The following techniques are regularly used for

dominately oriented along their (111) direction [137]. For

the characterization of morphological and topographica

the characterization of Ag NPs produced by Diospyros

features of NPsJ

kaki leaf extract, SEM helped to show that the NPs were

also spherical and the size was|32 nm| with some devia-|

Electron microsco ‘EM) Scanning electron micros-

copy (SEM), scanning tunneling microscopy (STM), andI

tions [138]. STM is less frequently used for the character-

ization of biogenic NPs. The features of Ag NPs|produced

transmission electron microsco TEM) are frequentl
employed for the analysis of NP size, shape, and surface.
In SEM, an electron gun is used to produce a beam of

by lime, sweet-lime, and orange juices were compared

using STM technique [139] |

electrons that is controlled by a set of lenses to follows

Dynamic light scattering (DLS) This technique is a com-

a vertical path through the microscope until it hits the

mon approach for the analysis of NP size and size distri-

samples. Once the sample is hit by the beam, electrons

bution. This approach involves the measurement of light

and X-rays are ejected from the sample. Detectors are

interference based on the Brownian motion of NPs in sus-

) then used to collect the X-rays and scattered electrons

pension, and on the correlation of NP velocity (diffusion

in order to create a 3D image of the sample. SEM pro-

coefficient) with their size using Strokes-Einstein equatio

Iv1des different information about the NPs such as size,
shape, aggregation, and dispersion [134]. Similarly, TEM

[140]. The size distribution range of NPs is shown as the

polydispersity index, which is the output of an autocor-

provides information about the size, shape, localization,

relation function [136]. The polydispersity index values li

dispersity, and aggregation of NPs in two-dimensional

images [25]. TEM employs an electromagnetic lens that

between 0 and 1, where O represents a completely homog-

enous population and 1 represents a highly heterogene-

focuses a very fine beam of electrons into an ultrathin sec-

ous population. This technique also allows the analysis

tion of the sample. This beam passes through the speci-

of non-spherical NPs through the use of multistage DLS

men where the electrons either scatter or penetrate the

[136]. This technique is also referred to as photon correla-

sample and hit a fluorescent screen at the bottom of the

tion spectroscopy (PCS) [141].|

microscope. The difference in electron densities is used

|Examples: DLS was used to measure the size and th

for the contrast to create an image of the specimen. TEM

size distribution profile of a wide range of biogenic NPs.

can be also used for the characterization of NP crystal

The average size of Ag NPs produced by Trichoderma

structure through the use of selected area electron dif-

koningii fungi was found to be around 25 nm/and the size

fraction (SAED), where the electron beam is focused on

distribution profile was between 14 and|34 ngl The poly-

a selected area in the sample and the scattered electrons

are used to obtain a diffraction pattern. STM is based on

dispersity index for those NPs was 0.681, which indicates
that they are polydispersed [142]. While the average size

the phenomenon of quantum tunneling, where a metallic

of| Ag NPs| produced by potato (Solanum tuberosum) was

. tip is brough very close to the sample surface and used to

apply voltage. When voltage is applied, electrons from the

found to be around|10-12 nml with a wider distribution

profile between|3—65 nm!|[143]. In a different application,

sample surface are extracted creating an electrical current

DLS was employed to study the size increase of biogenic

that is used to reconstruct an image of the surface with

MnO.| NPs overtime, demonstrating that their size is

atomic resolution [135]. STM is mainly used to character-|

7.5 nm| after|3 min|of the initiation of the reaction, then

ize the topography of NPs. For inorganic NPs, these tech-

their size grows overtime until it become |54 nm)| after

. niques offer excellent approaches for the determination of

morphological features of NPs. For organic NPs (or NPs

31 min [144].

coated with biological materials), these techniques require

Nanoparticle tracking analysis (NTA) This method is

sophisticated sample preparations which constitute majo

used for the analysis of NP size in suspensions based onl

restrictions to their use [136]. The sample preparation for

their Brownian motion. Like in DLS, the rate of NP move-
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Nitrogen desorption and
calculation of pore size
(BJH method)

Nitrogen adsorption
to NP surface

TS

Nitrogen desorption and
calculation of surface area

(BET method)

Complete pore filling
with nitrogen

Monolayer formation
covering whole NP surface

Fig. 6 Principles of the BET and BJH methods. The BET method (steps 1-3) is based_on the adsorption of nitrogen on the NP surface. After the|
formation of a monolaver, nitrogen is desorbed, and the surface area is calculated. The BJH method (steps 1, 2, 4, and 5) is based on the complete|
filling of NP pores with liquid nitrogen. When saturation is reached, nitrogen is desorbed, and pore size is calculatedl

[ ment is correlated with their size using Strokes-Einstein|

tial vacuum is created to produce adsorption between the

equation, allowing the measurement of size distribution

sample and liquid|N,| (because the interaction between

profiles for NPs with[10-1000 nml diameter. Its advan-

solid and gaseous phases is weak, the surface is cooled

tage over DLS is that NP motion is analyzed by video.

with liquid|N,|to obtain detectable amounts of adsorp-

Individual positional changes of NPs are tracked in two

tion). After the formation of adsorption monolayers, the

dimensions, which are used to determine NP diffusionl

sample is removed from the|N,| atmosphere and heated

rates, and by knowing the diffusion coefficient, the hydro-

to cause the adsorbed|N,| to be released from the mate-

dynamic diameter of the particles can be calculated. In|

rial (desorption) and quantified. The data collected is dis-|

DLS, individual NPs are not visualized, but instead, the

played in the form of isotherms (graphs representing the

|time-degendent intensity fluctuations caused by Brown-|

ian motion are used to calculate the polydispersity index

amount of| N,{adsorbed as a function of relative pressure

at a constant temperature). The data is displayed in five

[145]. NTA was found to be more precise for sizing mono-

isotherms where the information is used to determine the

Idisperse as well as polydisperse organic NPs compared to

surface area of the sample [25, 149]. Figure 6 graphically

DLS [146].|

illustrates the principle of this method.|

|Examples: NTA was used to measure the size and dis-

|Examnles: The BET method was employed to meas-

[ persity of| Ag NPs produced by Camellia sinensis (green

ure the surface area of| CeO,| NPs produced by Eucalyp-

|tea) powder, the NPs were found to be well dispersed i

tus globulus leaf extract. The surface area was found to

|an aqueous medium with an average size of|454 12 nm

[[147]. For Se NPs produced by lactic acid bacteria, NTAl

4 m?*/g| of biogenic!CeO,|NPs, much higher than

the commercial |CeO,| NPs |(8.5 m?/g)| [150]. BET was)|

was employed to measure the size and the concentration

also used to measure the surface area of|SiO,| NPs pro-

of NPs. The average size was found to be|187 +56 nm

duced by rice husk, CuO NPs produced by Leucaena

with a concentration of{(4.67 & 0.30) x 10°[Se NPs per m
[148].

leucocephala leaf extract, and| Ag NPs|produced by Acan-

thospermum hispidum leaf extract. In these examples, the

surface area was|7.15 m%/g,|47.54 m%/g} and 9.91| m%/g]

Brunauer—Emmett—Teller (BET) method This method is

respectively [151-153].|

based on the adsorption and desorption principle devel-

oped by Stephen Brunauer, Paul Emmett, and Edward

Barrett—Joyner—Halenda (BJH) method This method

| Teller, and it is considered one of the best methods for th

is based on the Barrett—Joyner—Halenda principle and

|analysis of NP surface area [25]. In BET analysis, a par-

is used for the determination of porosity (or pore size)
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of NPs. Similar to the BET method, this method also

Garcinia pedunculata Roxb leaf extract by XRD showed

involves the use 011 N;I gas to adsorb to the sample. In the

the distinct peaks of Pd, however, three other peaks were

BJH method, the process is extended so the gas conden-|

sates in the sample pores as pressure increases. The pres-

also observed at 26 of|34.227/55.727, and|86.381, indicat-
ing the presence of PdO phases along with Pd NPs [157].

sure is increased until a saturation point is achieved, at

which all the pores of the sample are filled with liquid.

Energy-dispersive| Xtray spectroscopy (EDX) This tech-

Afterwards, the condensated gas is allowed to evaporate

nique is based on the irradiation of the sample with an

where the desorption data is calculated and correlated to

electron beam. Electrons of the electron beam when inci-

the pore size using a modified Kelvin equation (Kelvin

dent on the sample surface eject inner shell electrons, the

model of pore filling) [154, 155]. Figure 6 graphically illus-|

transition of outer shell electrons to fill up the vacancy in

[trates this method.

the inner shell produces X-rays. Each element produces

|Examples: The BJH method was employed to study the

a characteristic X-ray emission pattern due to its unique

| pore size of a wide range of biogenic NPs, for instance,

atomic structure, and therefore can be used to perform

the pore size of,CeO, NPs produced by Eucalyptus glob-
ulus leaf extract was found to be|7.8 nm|[150], the pore

compositional analysis [158]. The shortfall of EDX is that

the resulting spectra give only qualitative compositional

size of CuO NPs produced by Leucaena leucocephala

information (it shows the chemical elements present in

leaf extract was|2.13 nm|[152], the pore size ofl SiO.| NPs

the sample without quantification). However, the peak

produced by rice husk and Ag NPs produced by Acan-

intensities to some extent give an estimate of the relative

thospermum hispidum leaf extract were much larger,

abundance of an element in a sample [159]. This technique

being 29.63 nm|and|36.34 nm), respectively [151, 153].|

does not require sophisticated additional infrastructures,

Structural and chemical characterization|

usually it is a small device that is connected to an existing
SEM or TEM. This allows the use of SEM or TEM for the

The structural characterization of NPs and the study of!

morphological characterization and EDX is used simul-

their composition is of high interest due to the strong

taneously for the analysis of chemical composition [160].|

influence of these parameters on the physicochemi-

|Examples: The EDX technique is usually used for the

cal properties. The following techniques are commonly

confirmation of the presence of the element in question

used for the analysis of NP composition, phase, crys-

in biogenic NPs. For instance, EDX was used to confir

tallinity, functionalization, chemical state (oxidation),

the presence of Au in Au NPs produced by Jasminum

surface charge, polarity, bonding, and electrochemical

auriculatum leaf extract [161], the presence of Pd in Pd

properties.|

NPs produced by Pulicaria glutinosa extract [162], the

[ presence of Te in Te NPs produced by Penicillium chry-

X-ray diffraction analysis (XRD) This technique is

| sogenum PTCC 5031 [163], and the presence of Agin AgI

based on irradiating a material with incident X-rays and

NPs produced by Trichoderma viride [164].|

then measuring the intensities and scattering angles of

the X-rays that leave the material [156]. This technique

Hi h-tmgle annular dark-field imaging (HAADF) This

is widely used for the analysis of NP phase and crystal-

method is used for the elemental mapping of a sam-

linity. However, the resolution and accuracy of XRD canl

be affected in cases where the samples have highly amor-|

ple using a scanning transmission electron microscope
(STEM). The images are formed by the collection of inco-

phous characteristics with varied interatomic distances orj

herently scattering electrons with an annular dark-field

when the NPs are smaller than several hundreds of atoms

detector [165]. This method offers high sensitivity to vari-

[25].

ations in the atomic number of elements of the sample,

Examples: For the characterization of biogenic A.

NPs, the XRD results of| Ag NPs| produced by Tricho|

and it is used for elemental composition analysis usually

when the NPs of interest consist of relatively heavy ele-

derma koningii [142], Solanum tuberosum [143], and

ments. The contrast of the images is strongly correlated

Acanthospermum hispidum leaf extract [153] displayed

with atomic number and specimen thickness [166].|

characteristic peaks occurring at roughly|20 =38 9,/ 445,

|Examples: The employment of HAADF-STEM in the

and|64°| corresponding to (111), (200), and (220) planes,

characterization of biogenic Au—Ag—Cu alloy NPs con-

respectively. These results are in good agreement with

firmed the presence of the three elements in the same

the reference to the face-centered cubic structure of]

NP [167]. Similarly, this approach revealed that Ag NPs

crystalline silver. However, the XRD results of Ag NPs

produced by Andrographis paniculata stem extract were

produced by Solanum tuberosum were not as clear as

coated with an organic polymer [168]. The employment

the other biogenic Ag NPs and had several impurities.

The structural characterization of Pd NPs produced by

of this approach in the characterization of Cu NPs pro-
duced by Shewanella oneidensis revealed that Cu NPs
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remained stable against oxidization under anaerobic con-|

synthesis, for instance for|Ag NPs|produced by Camel-

ditions, but when they were exposed to air a thin shell of |

lia sinensis, the FTIR results indicate the presence of]

Cu,O develop around the NPs [169].|

@—my photoelectron spectroscopy (XPS) This technique

Camellia sinensis phytocompounds, such as caffeine and

hin, on the surf; Ag ngl that could be respon-
sible for the reduction of|Ag or act as stabilizing agents

[is considered the most sensitive approach for the deter-
|mination of NP exact elemental ratios, chemical state, and|
exact bonding nature of NP materials [25]. XPS is based

| NPs were found to be capped by amide and amine groups
[143]. ForlCeOJI NPs produced by Eucalyptus globulus,

147]. For Ag NPs pr 7 h

on the photoelectric effect that can identify the elements

the polyphenol groups present in Eucalyptus globulus

within a material, or covering a material, as well as their

extract were found on the surface of NPs suggesting their

chemical state with high precision [170]. XPS can also be

involvement in the reduction/stabilization process [150].

used to provide in-depth information on electron transfer,

For microbe-mediated NP synthesis, FTIR results show

e.g., for Pt NPs supported on| CeO,) it was found that per

the presence of protein residues on the surface of NPs

ten Pt atoms only one electron is transferred to the sup-|

confirming the involvement of different proteins in the

port [171].]

reduction/stabilization process, such as in Ag NPs pro-

| Examples: The XPS technique can employed for dif

duced by Streptomyces sp. NH28 [179], in Te NPs pro-

ferent purposes. For instance, it was used for measuring

duced by Penicillium chrysogenum PTCC 5031 [163], and

the purity of Au NPs produced by cumin seed powder

in Se NPs produced by Azospirillum thiophilum [180].|

[172]. XPS was used for the determination of the oxida-

tion states of Pt NPs produced by Nigella sativa seeds

Zeta potential analysis Zeta potential measurements

and Ag NPs produced by Rosa canina. XPS results of Pt

are used for the determination of NP surface charge in

NPs showed the presence of three oxidation states for Pt

colloidal solutions. The surface charge of NPs attracts

(Pt (0), Pt (II), and Pt (IV)) and two oxidation states for

counter-ions that form a thin layer on the surface of the

Ag NPs (Ag (0) and Ag (I)). In both cases, the zero-oxida-

NPs (called Stern layer). This layer travels with the NPs as

tion state was the abundant one, the presence of a small

they diffuse thought the solution. The electric potential at

amount of the other oxidation states suggests that some

the boundary of this layer is known as NP zeta potential

of the NPs were oxidized or had unreduced species [173,

[136]. The instruments used to measure this potential are

174]. XPS was used for the determination of the exact

called zeta potential analyzers [181]. Zeta potential values

|elemental ratios and the bonding nature of||FeS NPs||pro-

are indicative for NP stability, where higher absolute value

duced by Shewanella putrefaciens CN32. For the exact

of zeta potential indicate more stable NPs [136].|

elemental ratios, the researchers compared biogenic and

|Examples: The zeta potential is a good indicator for th

abiotic FeS NPs and found that biogenic FeS NPs had

stability of NPs, where NPs with zeta potentials of more

a 2.3:1 Fe:S ratio while the abiotic NPs had a 1.3:1 Fe:S

than 4+ 30 mV|or less than — 30 mV|are considered stable.

ratio. For the bonding nature, it was determined that

Zeta potentials have been measured for a wide range of

the surface of NPs had Fe(II)-S, Fe(IIl)-S, Fe(II)-O, an

biogenic NPs. The zeta potential for] Ag NPs|produced by

Fe(I11)-O bonds [175].|

Fourier-transform infrared spectroscopy (FTIR
This technique is based on irradiating a material with

Ziziphus jujuba leaf extract of - 26.4 mV|[182]. Ag NPs

produced by other organisms have different zeta poten-

tial values, for example,| Ag NPs|produced by Punica gra-

natum peel extract have a zeta potential of — 40.6 m

infrared light, where the absorbed or transmitted radia-

indicating their higher stability [183], while Ag NPs pro-

tion is recorded. The resulting spectrum represents

duced by Aspergillus tubingensis have a zeta potential

a unique fingerprint of samples, where information

of + 8.48| indicating their relative instability [184]. The

about the nature of the sample can be obtained such as

of the sample is another important parameter for zeta

the bonds involved, polarity, and oxidation state of the

potential values, the higher pH the lower the zeta poten-|

sample [176, 177]. This technique is mainly used for the

tial value [185]. Having different zeta potential values for

characterization of organic materials such as the surface

the same type of NPs depending on the organism used

chemical composition or functionalization of NPs. It is

for their synthesis is not unique to silver, Se NPs also

also used for the identification of contaminants whe
high purity is sought [178]

show different potential values depending on the organ-

ism used for their synthesis [186].|

|Examples: For biogenic NPs, FTIR is usually used for

the identification of probable functional groups present

Cyclic voltammetry (CV) CV is an electrochemical tech-

on the surface of NPs that are responsible for the reduc-
tion and stabilization of the NPs. For plant-mediated NP

nique for measuring the current response of redox-active
solutions to a linearly cycled potential sweep between twol
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or more set values. The CV technique involves the use of]

face centered cubic phase which was in agreement with

three electrodes: a working electrode, reference electrode,

their XRD measurements [195]. Other researchers used

and counter electrode. These electrodes are introduced to|

Raman spectroscopy for studying the trace deposits of

an electrochemical cell filled with an electrolyte solution|

carbohydrates on ferrihydrite NPs produced by Klebsiella

and where voltage is in excess, the potential of the work-

oxytoca, the results showed that the pores of NPs had

ing electrode is cycled and the resulting current is meas-

more deposits of carbohydrates that the surface of the

ured. This technique is used for determining information

NPs [196]. For Au NPs produced by Raphidocelis subcap-

about the reduction potential of materials, the kinetics of]

itata (green algae), several biomolecules were suggested

electron transfer reactions, and the thermodynamics of]

for their involvement in this process. SERS technique was

redox processes [187—189])

used to study Au NPs surface-associated biomolecules in

[Examples: The CV technique can be employed for two

order to narrow down the list of biomolecules involved

different purposes in the context of biogenic NP charac-|

in the bioproduction process. The researchers found that

terization. Firstly, it can be used for measuring the sta-

several biomolecules such as, glutathione, |Bfcarotene,

bility of NPs in electrocatalysis. For this purpose, the

chlorophyll a, hydroxyquinoline, and NAD were asso-

biogenic NPs are assembled on an electrode of the elec-|

ciated with Au NPs surface, thus, ruling out other mol-

trolysis cell and are tested for their electrocatalytic behav-

ecules such as, glutaraldehyde fixing agent, saccharides,

ior against a redox reaction over different cycles. As an

FAD, lipids, and DNA from the list [197] |

example, Ag NPs produced by Citrus sinensis were found

to be stable in phenolic compounds redox reactions over

multiple cycles [190]. Secondly, CV can be used for mon-

|Characterization of optical, electronic, and electrical|

[properties|

itoring the progress of reduction of metallic NPs or for

In addition to Raman spectroscopy and SERS, also other

the determination of the reducing agent involved in the

techniques can be employed to study and character-

reduction. For example, for Ag NPs produced by Indian

ize the optical properties of NPs. These techniques give

propolis, four cyclic voltammograms were recorded,

information about the absorption, reflectance, fluores-

one for a water extract of Indian propolis, another for

cence, luminescence, electronic state, bandgap, photoac-

an ethanol extract of Indian propolis, and two for the

tivity, and electrical conductance properties of NPs.|

constituent flavonoids of Indian propolis (pinocembrin|

and galangin). The four cyclic voltammograms showed

Ultraviolet—visible spectroscopy (UV—vis) and photolu

similar behaviors indicating the involvement of these fla-|

minescence spectroscopy (PL) In absorption spectros-

vonoids in the reduction of Ag and in forming Ag NPs

copy such as UV-vis, the transition of electrons from the

[191].

ground state to an excited state is measured, while in pho-|

toluminescence spectroscopy, the transition of electrons

Raman spectroscopy This technique is based on irra-

from the excited state to the ground state is measured

diating a sample with monochromatic light emitted by

[198]. UV-vis spectroscopy uses visible and UV light to

a laser, in which the interactions between the laser light

measure the absorption or reflectance of a sample. In pho-|

and molecular vibrations (photons and phonons) are

toluminescence spectroscopy, usually UV light is used to

recorded. The technique records the inelastically scat-

excite the electron and then measure the luminescence or

tered photons, known as Raman scattering (named after

fluorescence properties of a sample [199].|

the Indian physician C. V. Raman) [192]. The output of this

[Examples: UV—-vis spectroscopy is a simple and com-

technique is a unique fingerprint for each sample, which

mon technique that is used for the characterization of th

is used to characterize the chemical and intramolecular

optical properties of NPs. For instance, for the character-

bonding of the sample. It can also be used to character-|

ization of the optical properties of/ Ag NPs| produced by

ize the crystallographic orientation of the sample [193].

Trichoderma viride, the UV—vis spectrum showed that a

Surface-enhanced Raman spectroscopy (SERS) enhances

Ag surface plasmon band occurs at|405 nm} which is a

Raman scattering of a sample and provides a more sen-|

characteristic band forj Ag NPs. The intensity of this band

sitive, specific, and selective technique for identifyin

over the reaction time increased as a result of increas-

molecular structures [194]. Both techniques are also used

ing| Ag NP| concentration in the solution. In the same

for the characterization of optical properties, where the

study, the photoluminescence properties of these NPs

recorded photons and phonons are used to understan

were recorded, with an emission in the range between

the plasmonic resonance of NPs [25].|

1320—520 nm}, which falls in the blue-orange region [164].

|Examples: Raman spectroscopy was used to charac-

For biogenic Cu NPs, the common absorption peaks

terize |Fe,O, NPs produced by Pisum sativum_peel, the
researchers found that the NPs were |Fe;O,| NPs with|

are located between |530-590 nm. The difference in NP
size and the bio-active molecules used for the reductio
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Lift height I

'—__) Second scan (magnetism)

P g

Frist scan (topography)

Nanoparticles

Fig. 7 Magnetic force microscopy lift height method. The first scan is done very close to the surface to obtain the topography of the sample. Then|

the tip is lifted and a second scan is performed following the topography outline obtained in the first scanl

[ process are believed to be the reasons behind the differ-

chemically produced NPs, the optical properties for dif]

[ences in the absorption peaks [200]. For instance,|15 nm

ferent-sized Au NPs partially embedded in glass substrate

spherical Cu NPs produced by Calotropis procera have an

were measured by spectroscopic ellipsometry. In this

absorption peak at|570 nm|[201], while|76 nm| spherical

example, a clear transition from LSPR to SPR mode was

Cu NPs produced by Duranta erecta have an absorption

found as the thickness increases. Moreover, the partially-

peak at|588 nm|[202]. The same applies to photolumi-

embedded Au NPs had much higher refractive index sen-

nescence effects, where|27 nm| spherical Cu NPs pro-

sitivity compared to Au NPs fully immobilized in a glass

duced by Tilia extract emit light of 563 nm|(dark brown)
203], while| 19 nm|sphericall Cu NPs|emit light 0fl 430 nm

substrate [211]. Spectroscopic ellipsometry was also used

to measure the changes in the optical constants of a layer

(green) [204].

of/5 nm ZnO| NPs induced by UV illumination. In this

case, it was found that the UV illumination of ZnO| NPs

UV—vis diffuse reflectance spectroscopy (DRS) This tech

in inert atmospheres resulted in a clear blue shift in the

reflectance of a material (the reflection of light in many
angles, as opposed to specular reflection). The resulting

absorption (Moss-Burstein shift). The UV illumination of]

7ZnO| NPs results in the desorption of/ O, from the NPs

diffuse reflectance spectra are used to determine the elec

surface leading to the population of the lowest levels in

conduction band with mobile electrons. This phenom-|

the bandgap [25]. Bandgap determination is crucial for

tronic state of a_sample, which is then used to calculate|

enon is reversible, in which the exposure toI O,|from air

results in the scavenging of these mobile electrons [212].'

determining conductance and photocatalytic properties

especially for semiconductor NPs [205] |

Characterization of magnetic properties|

[Examples: The DRS technique was used to calculate the

The magnetic properties of NPs are of high importance,

[bandgap for a wide range of biogenic NPs. For instance,

as they potentially give NPs great advantages in catalysis,

TiO, NPs produced by Andrographis paniculata exhibit
an optical energy bandgap of]3.27 eV]| [206]. Interestingly,

electronics, and medical applications. Several techniques

were developed for the detection and quantification of

biogenic ZnO NPs produced by different organism sho

small magnetic moments in NPs. |

different bandgaps, for example, ZnO NPs produced by

Pseudomonas putida have a bandgap of 4 eV|[207], while

Magnetic force microscopy (MFM) This technique isl

ZnO NPs produced by Calotropis procera leaf extract

a variety of atomic force microscopy (AFM), in which a

have a bandgap of 3.1 eV [208].

magnetic tip is used to scan the sample. The magnetic tip is

approached very close to the sample, where the magnetic

[Spectroscopic ellipsometry This technique is based o

interactions between the tip and the sample are recorded

[irradiating a sample with polarized light to measures

[213]. At closer distances to the sample (020 nm), other

forces such as van der Waals forces also interact with the

changes in polarization. It is widely used to calculate
the optical constants of a material (refractive index and

tip. Therefore, MFM measurements are often operated

extinction coefficient) [209]. This technique is also used

with two-pass scanning method (also called lift height

to characterize the electrical conductivity and dielectric

method) [214] (Fig. 7). In this method, the tip is firstly

properties of materials [210].|

used to measure the topography of the sample including

Examples: I ic ellipsometry is n mim
technique for the characterization of biogenic NPs. For

the molecular forces as van der Waals. Afterwards, the tip

is lifted and a second scan is operated following the same
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topography outline. In the second scan, the short-range

van der Waals forces disappear and the long-range mag-
netic forces are almost exclusively recorded. In an experi-

Sugerconducting quantum interference device (SQUID)
magnetometry This technique measures the magnetic
properties of materials based on the Josephson effect.

mental study, researchers found that|22 nm|was the opti-

Niobium (Nb) or other metal alloys are used in the device

mal scanning height for the second scan, at which van der

which needs to be operated at temperatures very close

Waals forces are very weak while the distance is still small

to the absolute zero to main superconductivity, where

enough to measure the magnetic interactions for Pd-Fe

liquid helium is used to maintain the cold environment

|bimetallic NPs [215]]

[223]. However, other kinds of SQUID also exist where

|Examples: MEFM was heavily used for the characteriza-

high-temperature superconductors are used [224]. After

tion of magnetite NPs produced by magnetotactic bacte

reaching superconducting environments, the Josephson

ria. For instance, the size and orientation of the magnetic

junctions contained in the device help to create a super-

moment of magnetite NPs produced by Magnetosgiril—
lum gryphiswaldense strain MSR-1 were studied by

current, which is recorded and used to calculate the mag-

netic properties of the sample [225].|

MEM [216], in which the size of the magnetic moment

[Examples: For the characterization of iron oxide NPs

was found to be|1.61 x 10°7 Am?2 In a different study,

produced by Cuidium monnieri seed extract, SQUID

MFM was used to characterize the magnetic proper-

magnetometry revealed that the NPs had a saturation

ties and to estimate the size of the magnetic kernel of

magnetization of|54.60 emu/ gj a remnant magnetization

the magnetosomes produced by the same strain, and it

of{1.15 emu/g, a coercivity of 11 Oe, and a_magnetic sus-

was determined that the NPs behaved like single mono-

ceptibility|of +1.69 x 10 emu/ cm®-Oe| at room tem-

domain nanomagnets [217]. The magnetic properties of |

peratures, indicating the superparamagnetic behaviour

NPs made from materials such as Pd that only exhibit sig-|

of these NPs [226]. SQUID magnetometry was also used

nificant magnetism on the nanoscale can also be studied

for the characterization of the magnetic properties of

by MFM, however, the magnetic moment of these NPs is

zinc incorporated magnetite NPs produced by Geobacter

much lower than for ferromagnetic NPs. The magnetic

sulfurreducens, showing that the loading of only|5%| zinc

decoration of Pd NP samples wittheQOJ NPs_strongly
enhances the weak magnetic signal of Pd NPs up to 15

results in the enhancement of saturation magnetization

of the NPs by more than|50% [227].]

times [218]. This approach could make the MFM tech-

nique useful for the characterization of weak magnetic

Electron spin resonance spectroscopy (ESR) This tech-

NPs.|

nique measures the magnetic properties of materials by

characterizing and quantifying the unpaired electrons

Vibrating-sample magnetometry (VSM) This tech-

in the sample. Electrons are charged particles that spin

nique measures the magnetic properties of materials

around their axis, which can align in two different orien-

based on Faraday’s law of induction. In VSM, the sample

tations|(+ % and — %] when the sample is placed in strong

is placed in a constant magnetic field in a special holder

magnetic field. These two alignments have different ener-

that vibrates vertically. As the holder starts vibrating, the

gies due to the Zeeman effect. Since unpaired electrons

magnetic moment of the sample creates a magnetic field

that changes as function of time. The alternating magnetic

can change their spins by absorbing or emitting photons,
in ESR the sample is irradiated with microwave pulses to

field created in the sample induces an electric current that

excite electron spins until a resonance state is reached

is recorded and used to calculate the magnetic propertie

[228]. This technique is also referred to as electron para-

of the sample [219, 2201.]

magnetic resonance spectroscopy (EPR). It can be used to

Examples: For the characterization of| Fe,O, NPs pro-

measure the ferromagnetic and antiferromagnetic prop-

duced by Tridax leaf extract, VSM studies revealed that

erties of NPs [229, 230].|

the NPs had a saturation magnetization of|7.78 emu/g

|Examples: ESR was used to characterize the magnetic

a remnant magnetization of]0.054 emu/g} and a coerciv-

properties of iron oxide NPs produced by Ficus carica.

ity of —| 1.6 G| [221]. In other studies, VSM was used to|

The trees naturally produce iron oxide NPs as a defenc

compare the magnetic properties of iron oxide NPs pro-

mechanism when are they are subjected to stress. The

duced Moringa oleifera with the magnetic properties of

researchers found that the magnetic properties of iron

the same NPs but coated with chitosan. The researchers

oxide NPs produced by the same tree but grown in dif-

found that saturation magnetisation, remnant magnetiza-|

ferent environmental conditions have different magnetic

tion, and coercivity have lower values when the NPs are
coated with chitosan [222].|

roperties. In addition, a magnetic anisotropy of the sig-
nal was visible as the magnetic properties of these NPs
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varied strongly at different temperatures [231]. ESR was

measure structural-phase transition points [245], thermal

also used to characterize the magnetic properties of Se

activation energies [246], and oxidative stability [247]. The

nanomaterials produced by anaerobic granular sludge.

resulting thermogram is unique for each compound and

The ESR results revealed the presence of l-fe(III) atoms

therefore can also be used for the determination of mate-

incorporated in the Se nanomaterial, which enhanced

rial composition [248]. TGA and DTA are usually com-

their overall magnetic properties, giving it ferromagnetic

bined in the same thermal analyzing instrument, called

behaviour [232].

Characterization of thermal properties|

thermogravimetry/differential thermal analysis (TG/
DTA) [244].|
[Examples: TG/DTA is a common technique for the

Several techniques can be used for the characterizatio

characterization of thermal properties of biogenic NPs.

of the thermal properties of NPs, such as melting points,

For instance, the thermal properties of Ag NPs|produced

crystallization and structural-phase transition points,

by Daphne mucronate leaf extract were studied in the

heat capacity, thermal conductivity, and thermal and oxi-

range between|0—1000 °C|where the sample was heated at

dative stabilitz.l

a rate of| 10 °C/minl. The researchers found that between
400-500 °C the NPs faced a dominant weight loss, whil

| Differential scanning calorimetry (DSC) In this tech-

[ nique the analyte and a well-defined reference sample are

Ithe weight loss below] 400 °Cland above|500 °C|was neg-
ligible. The DTA curve showed an intense exothermic

put at the same temperature, then, the amount of heat

peak in the range between|400—500 °C, this indicates that

required to increase the temperature of the sample an

the crystallization of NPs happens in this temperature

the reference in measured as a function of temperature.

interval. Some minor weight loss events were seen below

This technique is widely used to measure melting point

400 °C, this may be caused by the evaporation of water

[233], crystallization points, structural-phase transition

or the degradation of the organic components [249]. In

points [234], latent heat capacity [235], heat of fusion

another study, the thermal properties of Ag NPs pro-

[236], and oxidative stability [237].|

duced by two different plants (Stereospermum binhchau-

Examples: For the characterization ofl Ag NPs|produce

by Rhodomyrtus tomentosa leaf extract, DSC showedl

ensis and Jasminum subtriplinerve) were compared. The
researchers found that the major weight loss happens

three exothermic peaks at 44, 159, 243, and an endother-

between| 220-430 °C| which is attributed to the decom-

mic peak at'441 °C| The first peak (at|44 °C) indicates that

position of biomolecules from the NP surface [250]. This

at this temperature the NPs face a gradual loss of water

shows that| Ag NPs produced by these plants have much

from their surface. The second peak (at|159 °C| shows
that the thermal decomposition of the sample happens at

higher content of biomolecules on their surface than|A.
NPs produced by Daphne mucronate. TG/DTA showed

this temperature. The last temperature (441 °C} indicates

that Stereospermum binhchauensis Ag NPs crystallize at

the melting temperature for those NPs [238]. For/Ag NPs

|315 °Cland Jasminum subtriplinerve Ag NPs at|345 °C|

produced by Parthenium hysterophorus leaf extract, DSC

[around|100 °Clless than Daphne mucronate Ag NPs [250].|

showed that their melting temperature was at|750 °C| The

researchers also found that these NPs had completely

|Transient hot wire method (THW) This method is used

thermally decomposed and crystallized simultaneousl

for the determination of thermal conductivity based on

[239].

increasing the temperature of a material by a thin hot wire
as a function of time, where the heating wire is located

Differential thermal analysis (DTA) This technique is

directly in the test sample. The advantage of this method

based on heating or cooling a sample and an inert ref-

over other thermal conductivity measurement methods is

erence under identical conditions, where any tempera-

the very short measuring time, this gives high accuracy of|

ture difference between the sample and the reference is

thermal conductivity due to the negligible values of con-

recorded. This technique is primarily used for the study of|

vection in such short times [251]. In this method, the NPs

phase diagrams and transition temperatures [240]. How-

are added to a solution (usually water or ethylene glycol)

ever, it is also used to measure the melting points, ther-|

forming a colloidal dispersion called a nanofluid. Then,

mal, and oxidative stability [241, 242]|

the thermal conductivity of the nanofluid is measured and
compared to the thermal conductivity of the base fluid,

Thermogravimetric analysis (TGA) This technique

giving a thermal conductivity ratio which is used to evalu-

measures the change in the mass of a sample as a function

ate the thermal conductivity of different NPs.|

of temperature and/or time in a controlled atmosphere

|Examples: The thermal conductivity ratios of three

[243]. This technique is mainly used to study the thermal

different concentrations (0.12, 0.18, and |0.24%) of bio-]

stability of materials [244], in addition, it is also used to

genic |SnO,| NPs produced by Punica granatum seed |
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extract were measured in ethylene glycol at{303 K| The

Instrumented indentation testing This method is used t

researchers found a linear relationship between NPs con-

characterize the hardness features of materials by using

centration and the thermal conductivity. The thermall

a well-defined hard indenter tip typically made of dia-

conductivity enhancement of nanofluid to base fluid was|

mond. The indenter tip is used to make an indentation in

between 6 and|24% [252]. In another study, the thermall

the sample by placing incremental loads on the tip, after

conductivity of] FeOOJ NPs produced by Psidium guajava

which the area of indentation in the sample is measured

col. The researchers found that the thermal conductivity

leaf extract was measured in water and in ethzlene EIZ'.

and used to calculate the hardness features [257]. Light

microscopy, SEM, or ATM technique are usually used to

enhancement in ethylene glycol was better than in water,

visualize the indentation in the sample. The method is

the thermal conductivity enhancement for|0.025%| Fe,O

also called micro- or nano-indentation testing. |

NPs in water was|30%| while in ethylene glycol was|349%.

|Examples: This method was used to characterize the

|Moreover, the linear relationship between NPs concen-

mechanical properties of calcite NPs produced by Ophi-

| tration and thermal conductivity ratio was found for]

ocoma wendtii brittlestar. The arm plates of this brittle-

Fe,0, NPsin both water and ethylene glycol [253] |

Characterization of mechanical propertiesl

star are covered by hundreds of nanoscale calcite lenses

that focus light onto photoreceptor nerve bundles posi-
tioned beneath the brittlestar. The researchers used the

Several methods can be used for the characterization of|

nanoindentation method to compare Young’s modulus,

mechanical properties of NPs, such as tensile and com-|

hardness and fracture toughness of biogenic calcite with

pressive strengths, elasticity, viscoelasticity, hardness,

geocalcite. The results showed that the biogenic calcite

and stiffness.|

lenses have higher hardness and fracture toughness com-

pared to geocalcite (more than twofold) [258]. Bamboo is

| Tensometery The machine used for this method is called

well known for its high silica content in comparison to

| a universal testing machine (UTM) or a tensometer. It is|

other wood species. It produces|SiO,| NPs and deposits it

used to measure the elasticity (elastic modulus), tensile

in its epidermis in the form of silica cells. The mechanical

and compressive strengths (Young’s modulus) of materi-

properties of silica cells compared to other types of cells

als. In this machine, the sample is placed between grips

of Moso bamboo (Phyllostachys pubescens) were stud-

and an extensometer, where changes in gauge lengthl

ied by instrumented indentation testing. The researchers

are recorded as a function of load [254]. However, other

mechanical changes in addition to the change in gauge

found that the cell wall of silica cells display higher hard-

ness and elastic recovery compared to fibre and epider-

length are also recorded in this machine, such as the elas-|

mal cells, which is attributed to the presence of biogenic

ticity.

SiO,|NPs in the silica cells [259])

iExamples: The mechanical properties of different bio-

genic NP-containing composites can be measured by

Dynamic mechanical analysis (DMA) This method is

this machine. For example, the mechanical properties
of orthodontic elastic ligatures containing Ag NPs pro-|

used to study the mechanical properties of materials by

measuring the strain of a material after applying a stress.

duced by Heterotheca inuloides were studied by compar-|

This method helps to obtain three different values: stor-|

ing the maximum strength, tension, and displacement

age modulus, loss modulus, and loss tangent. These values

of the composite with and without the biogenic NPs.

are important to give an overview about the stiffness and

The researchers found that maximum strength, tension,

viscoelasticity behavior of materials [260].|

and displacement have improved after the addition of

|Examples: The DMA method was used to characterize!

Ag NPs [255]. Interestingly, the addition of biogenic|Ag

the mechanical properties of polymethyl methacrylate

NPs produced by Diospyros lotus fruit extract to starch

denture base polymer filled with Ag NPs produced by

and polyvinyl alcohol hydrogel membranes resulted in anl
adverse effect. The tensile strength and modulus of the

Boesenbergia_rotunda. In this study frequency sweep|
test was used to determine the viscoelastic behavior of

hydrogel membranes containing 50 and/100 ppm Ag NP

this nanocomposite where the temperature was con-

were much lower than of the neat hydrogel membrane.

stant at| 37 °Cland the frequency was increasing from 0.5

The researchers attributed this adverse effect to the pos-

sibility that the addition of|l Ag NPs| could have resulted

tollOO Hé in tension mode. The researchers found a fre-
quency dependence for storage modulus, loss modulus,

in blocking the crosslinking between starch and polyvinyl

alcohol, or to the possibility of the formation of breakage

and loss tangent for the nanocomposite with various|Ag|
NPs loading concentrations. The frequency dependence

points in the polymer matrix due to NPs agglomeration|

of storage modulus, loss modulus, and loss tangent indi-

[256].

cates the viscoelastic response of this polymer. However,
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the results showed that the storage modulus for the nano-

Fe.O, NPs were efficiently used for targeted drug deliveryl

composite is much higher than the loss modulus over the

and selective destruction of tumor cells [269-271].|

range of frequencies, indicating the elastic dominance of|

|Moreover, NPs have been successfully used in differ-

the nanocomposite. Moreover, the researchers found that

ent medical applications such as cellular imaging [272],

storage and loss moduli increase with increasing| Ag NPs

or in biosensors for DNA, carbohydrates, proteins, and

loading concentrations, which is due to the interactio

heavy metal ions [273, 274], determination of blood glu-

between polymethyl methacrylate and Ag NPs [261].|

cose levels [275], and for medical diagnostics to detect

|In a different study, DMA was used to determine the

bacteria [276] and viruses [277]. For instance, Au NPs

thermomechanical properties of pol(S-co-BuA) polymer

were conjugated with SARS-CoV-2 antigens to rapidly|

filled with cellulose nanocrystals produced by Posidonia

detect the presence of SARS-CoV-2 IsM/IgA antibodies

oceanica. In this case, the behaviour of storge modulus|

in blood samples within|10—15 min| [278], At the same

and loss tangent were studied as a function of tempera-

time, due to their antimicrobial and antibacterial activi-

ture for different cellulose nanocrystals loading concen-

ties, NPs such as| TiO,| ZnO,/CuO} and|BiVO,| are being

trations. The results showed that the unloaded polymer

increasing used in various medical products such as cath-

behaves like an amorphous polymer, the storage modu-

eters [279, 280].|

lus remains constant until the temperature reaches|25 °C

then it starts to sharply decrease due to glass—rubber

Applications in electronics|

transition. A relaxation process was also evident for the

NPs, due to their novel electronic and optical proper-

unloader polymer, where the loss tangent reaches its

maximum at|35 °C|then it starts to fall. The addition of|

ties, have a wide range of potential applications in imag-
ing techniques and electronics. For instance, Gd-based

cellulose nanocrystals to the polymer positively enhanced

NPs can improve the imaging quality and the contrast

both effects. The dramatic drop of storage modulus at

125 °C| was less for the nanocomposite, where the drop|

agent administration dose of magnetic resonance ima; -
ing (MRI). The use oflGdZOj NPs as a contrasting agent

for the polymer loaded with| 15%| cellulose nanocrystals

was found to be more efficient than the commonly used|

was almost cancelled. Similar positive enhancement was

agent (Gd-DOTA) at the same concentration [281]. At

found for loss tangent. These enhancements could be

the same time, |GdPO,| NPs were successfully used for

attributed to the mechanical coupling effect, in which the

tumor detection using MRI in|1/10 of the dose typically

NPs connect and form a stiff continuous network linked

used with Gd-DTPA agent [282]. Interestingly, NPs also

through hydrogen bonding [262]]

Applications of NPs|

offer the ability to image and track a single molecule,

which can reveal important information about cellular

processes such as membrane protein organization and

NPs, due to their above-mentioned unique or enhance

interaction with other proteins. For example,| Eu® ldoped

physicochemical properties, are used in a wide range of]

oxide NPs were used to track a single toxin receptor with

applications in different fields. In addition, several poten-

a localization precision of 30 nml/[283].

|tial applications are in research and development. Here

[Regarding applications in batteries, an important com-

[ we present some examples of these applications.|

Applications in medicine and pharmal

ponent in lithium-ion batteries is the separators. Their

main function is to prevent the physical contact of anode

Metallic and semiconductor NPs have huge potential for

and cathode, and to provide channels for the transport of}
ions. The commonly used commercial material in battery

cancer diagnosis and therapy based on their enhanced

separators, a polyolefin microporous membrane, suffers

light scattering and absorption properties due to LSPR

from poor electrolyte uptake and poor thermal stability

effect. For instance, Au NPs efficiently absorb light and|

[284]. Due to the aerogel structure of some NPs (such as

convert it into localized heat, which can be exploited for

ZnO NPs), they are an ideal choice for separator plates

selective photothermal therapy of cancer (cancer cell

in batteries [284]. This makes the batteries store a signifi-

death by heat generated in tumor tissue) [263, 264]. In

cantly higher amount of energy compared to traditional

addition, the unique optical properties of Au NPs make

batteries. For lithium-air batteries, using Pt-Au bimetal-

them a great candidate for the photodynamic therapy of

lic NPs strongly enhances oxygen reduction and oxygen

cancer (the use of a drug that is activated by light to kil

evolution reactions [285]. Moreover, batteries made of

cancer cells) [265]. Gd based NPs have also shown great

nanocrystalline Ni and metal hydrides last longer and

abilities in tumor growth inhibition [266], metastasis

require less charging [23]. In addition to battery applica-

inhibition [267], and tumor-specific magnetic resonance

tions, several NPs such as CdS and ZnSe are also used

contrast enhancement [268]. Targeted drug delivery is

in light-emitting diodes (LED) of modern displays to get

also an important potential application of NPs. ZnO and

higher brightness and bigger screens [23, 286]. Other
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NPs such as CdTe NPs are also used in liquid crystal dis-
plays (LCDs) [287]. The addition of a NP layer to LED
and LCD enables them to generate more light using the

important role in r ing the ri f pathogens an

extending food shelf-life [294]. The efficiency of dop-

ing Ag and ZnO NPs to degradable and non-degradable

same amount of energy and enhances their lifetime. |

Applications in agriculture|

packaging materials for meat, bread, fruit, and dairy

products was tested against several yeast, molds, aero-

bic, and anaerobic bacteria [300]. For instance, polyvinyl

NPs have potential to benefit the agriculture field b

chloride doped with Ag NPs was evaluated for pack-

providing new solutions to current agricultural and

ing minced meet at refrigerator temperature |(4 °C); the

|environmental problems [288]. NPs are mainly used in

results showed that| Ag NPs|significantly helped to slow

| two forms in agriculture, as nanofertilizers and nanope-

down bacterial growth, increasing the shelf-life of minced

sticides. Chemical fertilizers have poor efficiency due to

meet from 2 to 7 days [301].|

leaching and volatilization. In these cases, the farmers

usually react by using excessive amounts of fertilizers,
which increases crops productivity but has an environ-

Effects of NPs on biological systems
Although the use of NPs is exponentially growing, their

mental cost [288]. In contrast, nanofertilizers are com-|

possible toxicological and hazardous impacts to human

pounds that are applied in smaller amounts than regular

health and environment cannot be ignored. NPs may get

chemical fertilizers but yet have better efficiencies [289].

released to the environment during production stages,

The difference in efficiency comes from the fact that they

usage, recycling, or disposal. These NPs may persist in

are able to release the nutrients just when and where

air, soil, water, or biological systems [302]. NPs can enter

they are required by the plants. In that way, they limit

the human or animal body though the skin, orally, or via

the conversion of excess amounts of fertilizer to gase-

the respiratory tract, and afterwards move to other parts

ous forms or from leaking into the ground water [290].

of the body. The exposure to NPs was found to activate

|Several NPs have been emplovyed in the development of]

proinflammatory cytokines and chemokines with recruit-

fertilizers, including| SiO,}|ZnO||CuO, Fe, and|Mg NPs

ment of inflammatory cells, which impacts the immune

[291-293]. These nanofertilizers provide the plants with

system homeostasis and can lead to autoimmune, aller-

increased nitrogen fixation, improved seed germination,

gic, or neoplastic diseases [302]. Moreover, the exposure

amelioration to drought stress, increased seed weight

and increased photosynthesis ability [291-293]. The largel
surface area and small size of these NPs are the main rea-|
sons for the better efficiencies of nanofertilizers over con-|

to ultrafine particles can cause pulmonary, cardiac, and
central nervous system diseases [303—305]. Similarly, NPs
can enter plants cells and cause harmful effects [306]. For
instance, the exposure of and Al NPs was found to|

ventional fertilizers [294] |

cause root growth inhibition in plants [307, 308].|

|Several NPs have proven antimicrobial, insecticidal,

and nematicidal activities, which makes them a promis-

Conclusion|

ing alternative to chemical pesticides and a potentially

Nanoscience and nanotechnology are inherently trans-

disciplinary fields of science. With new bio-based

cheaper alternative to biopesticides [294]. For ins‘cance,I
the photocatalytic activity of |TiO, NPs gives them a

approaches, there is a need for biologists to understand

potent antimicrobial activity against Xanthomonas per-

not only the basic principles of nanoscience, but also

forans, the causing agent of tomato spot disease [295],

the technologies and methods traditionally employed

CuOl NPs show insecticidal activity against Spodoptera

littoralis, known as African cotton leafworm [296]. A
NPs show nematicidal activity against Meloidogyne spp.,

to characterize nanomaterials. We hope that this review

can help to inspire new collaborations across different

scientific disciplines, by helping biologists to identify|

root-knot nematodes [297].

the best technologies—and partners—to characterize

their nanomaterials. At the same time, we recommend to
take potential biological risks of these new materials into

Applications in the food industry|
NPs, despite toxological concerns, have impactful appli-l

careful consideration already during the planning phase

cations in several food industry-related process such as|
food production, preservation, and packaging.|TiO, NPs
are a major promising player in this industry. Their pho-|

tocatalytic antimicrobial activity makes them an interest-
ing material for food packaging [298]. In addition, they

of such experiments. |

Abbrewatlonsl
f

are also used in sensors to detect volatile organic com-

pounds [299]. Ag NDs are also promising in food pack-|

aging due to their antimicrobial activity. They play an|
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