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Preface

The bottom-up approach for the self-assembly of molecules, macromolecules, and
particles into well-defined superstructures provides superior structural control of
materials compared to top-down methods. Nature largely utilizes macromolecules to
construct supramolecular materials, which ultimately contribute to the great array of
forms and functions of life. Thus, the self-assembly of materials and the formation of
superstructures have been of great interest in the fields of materials science, nanosci-
ence, and nanoengineering.

This book describes the self-assembly of materials and supramolecular chemistry
design principles for a broad spectrum of materials, including bio-inspired ampbhi-
philes, metal oxides, metal nanoparticles, and organic-inorganic hybrid materials.

It provides fundamental concepts of self-assembly design approaches and supra-
molecular chemistry principles for research ideas in nanotechnology applications.
Written by leading scientists in their fields, this book includes six chapters organized
into three sections: “Introduction to Self-Assembly and Supramolecular Chemistry”,
“Amphiphiles Self-Assembly”, and “Nanoparticles Self-Assembly and Their
Applications”. We hope that this book will provide a foundation on supramolecular
chemistry principles to students and active researchers who are interested in nanosci-
ence and nanoengineering.

Hemali Rathnayake and Gayani Pathiraja
Nanoscience Department,

University of North Carolina at Greensboro,
Greensboro, USA

Eram Sharmin

Department of Pharmaceutical Chemistry,
College of Pharmacy,

Umm Al-Qura University,

Mecca, Saudi Arabia
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Chapter1

Introductory Chapter:
Self-Assembly of Molecules into
Supramolecular Structures

Hemali Rathnayake

1. Overview

The bottom-up approach for the self-assembly of molecules, macromolecules,
and particles into well-defined superstructures provides superior structural control
of materials compared to top-down methods. Nature largely utilizes macromolecules
to construct supramolecular materials, ultimately contributing to a wide range of
applications. Thus, the self-assembly of materials and the formation of superstruc-
tures have been of great interest in the fields of materials science, nanoscience, and
nanoengineering.

This book provides the self-assembly of materials and supramolecular chemistry
design principles for a broad spectrum of materials, including bio-inspired ampbhi-
philes, metal oxides, metal nanoparticles, and organic-inorganic hybrid materials. It
describes the fundamental concepts of self-assembly design approaches and supra-
molecular chemistry principles for research ideas in nanotechnology-enabled applica-
tions. The book focuses on three main themes, which include: the self-assembly and
supramolecular chemistry of amphiphiles, the supramolecular structures and devices
of inorganic materials, and the assembly-disassembly of organic-inorganic hybrid
materials.

2. Self-assembly of bioinspired amphiphiles

Assembly of amphiphilic molecular and polymeric materials into precise func-
tional structures is being explored actively for patterning and fabricating periodic
array structures from mesoscale to nanoscale. Leading examples can be found in bio-
systems where assemblies of different amphiphilic components yield unusual micro-
structures that enable the performance of highly specific cellular functions [1-3].
For example, cell membrane’ lipid bilayer, which is constructed from self-assembled
phospholipids (PLs), is one of nature’s well-organized nanoscale machines and is
vital to cell’s signal transduction. The self-assembly of biologically based lipids into
unusual microstructures provides superior structural control due to the amphiphilic
nature of lipids that are composed of a polar head group and a nonpolar hydrocarbon
tail [4]. The dimensionality of the hydrated hydrophilic head group (0.7 to 1.0 nm)
and the hydrophobic core of the bilayer (2.5 to 3.5 nm) results in varied tail lengths,
which provide unprecedented control over the structural complexity and function at

3 IntechOpen



Self-Assembly of Materials and Their Applications

the nanoscale. For instance, most long-chain PLs self-assemble into spherical bilayer
aggregates, known as liposomes [5]. However, by exploiting the subtle interplay
between appropriately modified head groups and fatty acid chains, certain synthetic
phospholipids self-assemble into novel microstructures [6]. One such example
consists of synthetic PLs with photopolymerizable diacetylenic moieties in the acyl
chains that self-assemble into hollow, cylindrical structures, known as tubules [7, 8],
which have also been observed in other synthetic surfactants [9] and in bile [10].

Owing to these remarkable supramolecular assemblies, bio-conjugated nanomate-
rials, consisting of lipid bilayers and inorganic nanomaterials, such as metal nanopar-
ticles [11-13] and nanocarbon [14, 15], have been demonstrated as new functional
materials for electronic devices. In these devices, lipid bilayers are used as electrically
insulating substrates that confine the nanomaterials. Particularly, the recent research
advancements in this field set forth the supramolecular design principles, enabling
access to many of the current examples of nanomaterials conjugated lipid bilayer
architectures [11, 16-21]. These efforts toward biological mimicry of supramolecular
assemblies suggest that metal-nanoparticle arrays can be self-assembled in the lipid
bilayer vesicles, and one can separate an array of nanoparticles with a uniform gap
distance through supramolecular principles. By controlling the separation distance
between nanoparticles or arrays with nanoscale precision using selective molecular
interactions of lipids, many variations in the size and shape of the assembled nano-
structures are possible [22, 23]. Additionally, it has been demonstrated that lipids can
alter the dielectric properties of metallic nanoparticles, providing a way to modulate
the optical properties of an integrated architecture and serve as optical sensors [24].
It has also been proven that the interaction between the lipid and nanoparticle can
be adjusted by altering the nature of the polar head groups [25]. Because the study
of PLs assembly is used to model biological membranes [26], current studies of the
hybrid structures of metallic nanoparticles and PLs have shown the potential for the
development of new biosensing devices and drug delivery methods across cellular
membranes.

Utilizing bioinspired molecular and polymeric systems, stimuli-responsive nano-
materials with a variety of functionalities that respond to light [27], pH [28], temper-
ature [29], and chemical [30] stimuli have been also developed. Although a variety of
synthetic strategies enables the development of responsive materials, their structures
exhibit limitations in morphological deformation in response to external stimuli.
Transition metal ions are a unique tool for engineering responsive character based on
their various binding stoichiometries and geometries, allowing a single material to
have a diverse set of responses to different metal ions.” Utilizing the dynamic nature
of transition metal coordination bonds, structural control in small molecules [31-34]
and proteins, [35-37] to develop responsive films, [38, 39] self-healing soft materials,
[39-42] subcomponent self-assembly of polymeric materials, [43-46] and hierarchi-
cal assemblies of nanoparticles has been demonstrated [47, 48].

3. Supramolecular nanoassemblies of t-conjugated molecular systems

Conjugated organic molecules have been the subject of continuous interest in
organic electronics. Synthetic efforts aimed at n-conjugated systems having well-
defined architectures are indeed driven by the desire to impart specific optical and
electrical properties to materials by controlling their molecular structure. Crafting
the structure and function of organic materials using the strategies of self-assembly
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and supramolecular chemistry has progressed over the past two decades in materi-
als chemistry. A variety of systems have been engineered where function is directly
linked to non-covalent interactions, such as ionic, hydrophobic, van der Waals,
hydrogen, and coordination bonds. They also influence solid-state self-organization
to produce an organized structure at any scale, ranging from the nano and microm-
eter scales to microscopic dimensions.

Great efforts have been directed to the solution-processable self-assembly of
- conjugated small molecules, oligomers, or polymers into shape-defined nanostruc-
tures. Bridging the gap between natural and artificial systems, well-organized nano-
materials can be prepared using self-assembly approaches [49-54]. The morphologies
of these self-assembled nanostructures cooperatively control by non-covalent interac-
tions, such as H- bonding, dipole-dipole attraction, n-n stacking, van der Waals force,
hydrophobic effect, electrostatic interaction, and metal-ligand coordination. Most
predominantly, intermolecular n-7 interactions and H-bonding have been the major
driving forces, which often cooperatively drive other weak non-covalent interactions
[50, 55]. Moreover, non-covalent interactions are highly dependent on the molecular
structure where external environmental parameters, such as solvent, temperature,
concentration, and fabrication process are responsible for the morphology of the
supramolecular structure [50, 52, 56].

1D nanostructures of organic semiconductors with morphologies, including
nanowires, nanobelts, nanorods, nanotubes, and helices, have merited intensive study
over the past two decades. These 1D functional nanostructures hold great potential
for enabling next-generation electronic and optoelectronic nanodevices [57, 58].
Consequently, the self-assembly of n-conjugated organic molecules into 1D nano-
structures has been an active and rapidly developing field [52, 59-64].

In recent years, the application of Watson-Crick pairing of nucleic acids, that
is, the pairing of nucleic acids, using specific hydrogen bonding to pattern self-
assembling and supramolecular organic materials, has transformed how we design,
engineer, and synthesize structures at all scales [65-68]. In the context of organic
materials, the ability to generate ordered one-dimensional structures (1D) is funda-
mentally useful and functional. Thus, there remains considerable untapped potential
in 1D organic materials. Successful fabrication of 1D nanostructures demands a
tight correlation between the self-assembling kinetics and the molecular design and
engineering. This usually requires a strong interplay between chemical synthesis,
materials fabrication, and physical characterization that relate to a broad range of
applications in electronic devices. Thus, understanding how to design molecules that
can form 1D structures through non-covalent interactions is a key objective in organic
material chemistry. So far, there is no universal principle that can predict the forma-
tion of any sort of 1D molecular self-assembly. Therefore, in order to design self-
assembled 1D nanostructures, the supramolecular chemistry approaches should not
only focus on the design principles of the molecular and supramolecular structure but
also control the dynamic assembly-disassembly of the architecture. For example, they
can be cylindrical assemblies, flat or twisted ribbons, tubes, and many other shapes
but retain their morphologies in one dimension during the assembly and disassembly
process.

Planar and rigid aromatic molecules are known to form one-dimensional (1D)
and three-dimensional (3D) nanostructures through strong n- interactions, evi-
dencing that such interactions could be an effective approach for the formation of
1D nanoassemblies [69-80]. However, it still remains a difficult task to fabricate
1D nanostructures with well-defined morphology and molecular arrangement of
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these systems. Although impressive research have been performed on covalent and
hydrogen-bonded dyads, triads, and higher order polycyclic aromatic systems in
solution and solid phase [69-80]. research on further self-assembly of these com-
plexes utilizing other strong non-covalent interactions, in particular, a combination
of 6-holes and n—= interactions, is relatively scarce. This is quite unfortunate since
self-assembly may have enormous potential for organic electronics, by providing a
pathway to arrange electron donating (donors) and electron-accepting (acceptors)
semiconducting fused-arene moieties into higher architectures through a wide variety
of functional groups. In the solution phase, these systems can utilize for studying
energy transfer phenomena as well as for understanding the feasibility of making
dynamic self-assembled supramolecular structures by tailoring supramolecular
interactions. For example, synergistic effect of non-covalent interactions, such as n-n
stacking and hydrogen bonding on the chromophore stacking can reveal from their
solution phase assembly behavior. These studies eventually can lead to the transfer of
shape-persistent structures from solution to the thin film of the active layer of organic
devices. Regardless, it is necessary to be programmed the molecular building blocks
for the successful implementation of supramolecular electronics in practice, where
the design enables the organization of functional chromophores into ordered, nano-
sized aggregates.
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Porphyrin Self-Assembled
Nanostructures and Applications

Shiqi Liu, Zengyin Li, Huiwei Tong, Yong Zhong and Feng Bai

Abstract

Porphyrins are a class of macromolecular heterocyclic compounds formed by the
inter-carbon atoms of four pyrrole-like subunits through the submethyl bridge
(—CH-). Porphyrin rings have 26 electrons in highly conjugated system and are
easily modified peripheral structures, often serve as ideal building blocks to construct
self-assembled nanostructures with excellent physical and chemical properties.
Porphyrin nanostructures have excellent visible light absorption properties, which
will significantly improve the efficiency of electron-hole separation, and are also
commonly used in photocatalysis fields. Porphyrin photosensitizers have superior
strong phototoxicity and little side effects, and are widely used in tumor photother-
mal/photodynamic treatment. This chapter summarizes the self-assembly methods of
porphyrins, the applications progress of porphyrin self-assembled nanomaterials in
photocatalysis and tumor therapy, and discusses the development trend in future of
porphyrin nanomaterials.

Keywords: porphyrin, photosensitizer, self-assembly, photocatalytic, therapy

1. Introduction

Porphyrins are widely found in animals’ blood and plants in nature. They are
macromolecular heterocyclic compounds, have highly conjugated system, and are
formed by the cross-carbon atoms of four pyrrole subunits through a submethyl
bridge (—CH—) [1]. Because the rigid conjugated electron ring and adjustable
geometry endow porphyrin molecule the self-assembly characteristics [2], conju-
gate molecular framework of delocalized aromatic electron ensure them excellent
physical, chemical, photochemical, and biological characteristics, which make them
applicate in supramolecular electronics, light collection, energy conversion system,
chemical/biosensors, and biomedicine fields [3, 4].

Self-assembly process is that smaller structural units spontaneously assemble
into nanostructures with confined morphology driven by various non-covalent
intermolecular interactions, such as hydrogen bonds, -7 packing, hydrophobic
interactions, electrostatic interactions, and van der Waals forces. Porphyrin self-
assembled nanostructures will inherit the characteristics of porphyrin monomer,
and possess electronic buffer, photoelectric conversion, photosensitivity, and high
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chemical stability, so they have been a hot object of research in photocatalysis and
nanomedicine fields [5].

Molecular self-assembly is an effective method for preparing nanostructured
materials [6]. The unique properties of porphyrin self-assembled nanostructures
depend not only on the size, morphology, and composition of molecular units, but
also on the large-scale spatial arrangement order of the assembly. Therefore, the con-
struction of porphyrin self-assembled nanostructures is an important research direc-
tion in the current field of materials science. This chapter focused on the preparation
methods of porphyrin self-assembly, characterization methods, and application fields
of porphyrin self-assembled nanomaterials, and explore the future development
trend of such materials.

2. Methods of porphyrin self-assembly

The preparation methods of porphyrin self-assembled nanostructures mainly
include acid-base neutralization/micelle confined self-assembled method, surfactant-
assisted mixing solvent assembly method, microemulsion-assisted/mesophase
transfer self-assembly method, peptide or nanocrystal, and porphyrin coassembly
method. Of course, there are other strategies, such as ion self-assembly [7] and drop-
let volatilization-induced self-assembly, which will not be described in this chapter.

2.1 Acid: base neutralization/micelle confined self-assembled method

Most porphyrin monomer is insoluble in water, which affects their wide applica-
tion in catalysis, biotherapy, etc. In order to solve this problem, Bai developed an
acid-base neutralization micelle confinement self-assembly method. They dissolved
the pyridyl porphyrin in an acidic solution, or dissolved the phenol, phenylcarboxyl
porphyrin, etc. in an alkaline solution, and then poured them into the alkaline or
acidic solution of the emulsifier, and an acid-base neutralization reaction occurs
(Figure 1A), and the porphyrin molecules are reprecipitated and self-assembled to
form a regular and orderly stacked self-assembled nanostructure (Figure 1B) [8].
Therefore, the pH of the solution and the ratio of porphyrin emulsifier, and assem-
blies of different sizes can be obtained [9].

Typically, 5,10,15,20-tetrakis(4- (hydroxyl) phenyl) porphyrin (THPP) was
dissolved in NaOH aqueous solution forming a water-soluble TPP*~ anion, then was
quickly poured into an acidic emulsifier solution (Ceyrfactant > critical micelle concen-
tration (CMC)), instantaneously occur acid-base neutralization, then TPP* anion
protonation and forms neutral THPP reprecipitation, and entered into the emulsifier
micellar, after stirring agitation and growth, THPP molecule self-assembled into
nanowires driven by the non-covalent interactions, such as hydrogen bond, - inter-
action, hydrophobic interaction, and van der Waals force. Scanning electron micros-
copy (SEM) (Figure 2A) shows the average length and diameter of THPP nanowires
and are about 4.5 pm and 110 nm, respectively. Besides, according to the transmission
electron microscopy (TEM) images (Figure 2B) and high-resolution TEM (HR-TEM)
image (Figure 2C), the nanowires are uniform and monodispersed without defects
with well-resolved lattice fringes with interplanar distance of 1.39 nm, indicating
the possible formation of multiple hydrogen bonds, such as (pyrrol) N + H--Cl and
OH---H, among THPP molecules within the nanowires (Figure 2D), which are bal-
anced favoring the formation of J-aggregates [8].
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NaOH HCl

Surfactant

Figure 1.

(A) Scheme of THPP dissolved in NaOH aqueous solution and protonation process. (B) Schematic illustration of
acid—base neutralization micelle confined self-assembled method. Reproduced with permission from reference [8].
Copyright 2018 American Chemical Society.

The pyridine and pyrrole groups are inclined to protonated and dissolve in large
amounts in an acidic aqueous solution, lead to pyridine matrix and form MTPyP-H,*"
soluble tetrapyridinium solution [9]. Then, the acidification porphyrin solution was
injected into a basic surfactant aqueous solution (Csyrfactant > CMC) under vigorous
stirring at room temperature (25°C), immediately triggers an acid—base neutralization
reaction. Then, the deprotonation of MTPyP-H,** produced neutral insoluble MTPyP
porphyrins and encapsulated into the hydrophobic cores of surfactant micelles.
Driven by intermolecular non-covalent interactions, such as n-x stacking, hydrogen
bonding, Zn-N axial coordination, hydrophobic-hydrophobic interactions, and so on.
MTPyP molecules started the self-assembly process with the assistance of surfactant
template and further initiated nucleation and growth to form uniform porphyrin
nanocrystals.

Based on this, the self-assembly process of Co-tetra(4-pyridyl) porphyrin
(CoTPyP) underwent very slow, and hardly get self-assembled product less than
10 days at 25°C. After continuous stirring and aging for 100 days [10], a small amount
of CoTPyP regular polyhedral nanoparticles with an average size 300 nm were
obtained (Figure 2E). Until continuous stirring for 150 days, the CoTPyP monomers
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Figure 2.

Strgucture characterizations of the self-assembled porphyrin nanostructures by acid—base neutralization micelle
confined self-assembly method. (A) SEM image of the THPP nanowires. (B) Corresponding TEM and (C)
HR-TEM image of (A), the inset is FFT. (D) Crystal structure simulated of THPP nanowires (chloride, green;
nitrogen, blue; oxygen, red; carbon, gray). Reproduced with permission from reference [8]. Copyright 2018
American Chemical Society. SEM images of CoTPyP nanocrystals were collected at (E) 100 d and (F) 150d.
Reproduced with permission from veference [10]. Copyright 2020 The Materials Research Society. (G) SEM of
the self-assembled H,TPyP nanooctahedra. (H) SEM of the self-assembled Zn-metalated H,TPyP nanowires.
Reproduced with permission from veference [11]. Copyright 2016 American Chemical Society.

completed the self-assembly process and formed uniform and regular hexagonal
prism nanocrystals. The size of CoTPyP prism is 700 nm x 1000 nm x 750 nm
(Figure 2F), and the interplanar distance of lattice fringes is 1.53 nm. Contrarily, the
meso-tetra(4-pyridyl) porphine (H,TPyP) can self-assemble into well-defined 3D
octahedral morphology (Figure 2G) with no apparent defects in 12 h. Moreover, the
self-assembled structures obtained by different central metalloporphyrins are also
different. When Zn** (through Zn(NOs),) was added in the H,TPyP self-assembly
solution, Zn-metalation into the core of H,TPyP forming ZnTPyP [11], the mor-
phology turned in nanowires (Figure 2H). The porphyrin self-assembled structure
synthesized based on this method can be easily controlled by the solution pH, the
concentration of the emulsifier, the concentration of the porphyrin, etc., and can be
prepared in large amounts.

2.2 Surfactant-assisted mixing solvent assembly method

The good solvent solution of porphyrin is poured into the poor solvent of porphy-
rin, and the porphyrin reprecipitates and assembles to form nanostructures with the
surfactant-assisted due to the change of solubility. Therefore, the size and morphol-
ogy of self-assembled nanostructures can be controlled by the solvent polarity and the
mole ratio of surfactant and porphyrin.

Typically, Pd (II) tetra (4-carboxylphenyl) porphyrin (PdTCPP) powder is
insoluble in water but has good solubility in N, N-dimethylformamide (DMF) solution.
Therefore, PATCPP powder dissolved in DMF to obtain a PdATCPP/DMF homogeneous
solution, and then quickly added into to the 1-decanesulfonic acid sodium salt (DASS)
aqueous solution at one time under stirring at room temperature. Instantly, PdATCPP
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molecules are precipitated from the DMF system and started to self-assemble driven
by hydrophobic-hydrophobic interaction between porphyrin molecules and the end of
the surfactant and n-x stacking and hydrogen bonding [12]. The SEM and TEM images
of the PATCPP assemblies showed that these assemblies are two-dimensional leaf-

like nanostructures with highly regular morphology and uniform size (Figure 3A),
and the surface of the PATCPP nanoleaf is smooth without obvious defects. The fine
structure of TEM showed that the edge of PATCPP nanoleaf showed a jagged irregular
shape, and the structure was superimposed layer by layer (Figure 3B). The AFM
results further demonstrated that the surface of the PATCPP nanoleaf was smooth and
the thickness was about 200 nm (Figure 3C and D). The long and short axes of the
PATCPP nanoleaf are 5.43 pm and 1.64 pm, respectively.

In order to acquire the internal fine structure, the PATCPP nanoleaves were
embedded in epoxy resin and made ultrathin sections. The cross-section of the
PATCPP nanoleaves was rectangular and uniformly distributed in the slice, and the
thickness of the vertical interface is about 200 nm (Figure 3E). HR-TEM of cross-
sectional showed that there was 1.5 nm distinct and well-resolved lattice fringe on the
cross-section of the PATCPP nanoleaf (Figure 3F). Moreover, the obvious diffraction
spots of the layered structure are obtained by fast Fourier transform (FFT), indicat-
ing that the PATCPP nanoleaf has a good crystal structure (Figure 3F). The XRD test
showed that the films and powders of PATCPP nanoleaf had strong diffraction peaks
at 5.95, 11.67, 17.39, 23.16, and 28.97° (Figure 3G), and the positions of the diffraction
peaks were approximately 1:2:3:4:5, which also proved that the PATCPP nanoleaf is
a layer-by-layer structure. While the commercial PATCPP powder has no diffraction
peak as a control. The density functional theory calculation of the crystal structure
shows that the PATCPP nanoleaf is mainly formed through an orderly arrangement
of porphyrin intermolecular by the hydrogen bonding and zn-n stacking interaction.
(Figure 3H).

231.8 nm

N
3
T

i
2
T

-
2
v

Height (nm)

£ o 8

|
00 08 1.0 15 20 25 |
Cross section (um)

~—— PdTCPP powder
—— Nanolsaves film
de1.5nm —— Nanoleaves powder
- (020)
3
s
2
? (080) o0
(048
£ \
e
5 10 15 20 28 30
20 (degree)

Figure 3.

Th%f self-assembled PATCPP nanoleaves were prepared by surfactant-assisted mixing solvent assembly method.
(A) SEM image, (B) TEM image, and (C) AFM image of the nanoleaves. (D) the thickness of the vertical
interface in panel (C). (E) TEM image of the cross-section, (F) HRTEM image of the corresponding (E); the
inset is the corresponding FFT, (G) XRD patterns, (H) simulated crystal structure of the nanoleaves. Reproduced
with permission from refevence [12]. Copyright 2022 American Chemical Society.
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2.3 Microemulsion-assisted/mesophase transfer self-assembly method

Microemulsion refers to a thermodynamically stable, isotropic, transparent, or
translucent dispersion system formed by two immiscible liquids in the presence of
surfactants, and their particle sizes distribution is within 10-100 nm. The microemul-
sion system is composed of oil phase, water phase, and surfactant [13]. Nanoparticles
prepared by microemulsion technology have a controllable shape and size, relatively
narrow particle size distribution, and hard to agglomerate [14, 15]. In the process of
preparing microemulsion, the oil phase and the water phase are emulsified under
ultrasonic probe, and microemulsion droplets with narrow size distribution are
obtained. These droplets can exist stably in the aqueous phase in the presence of sur-
factants or stabilizers and can act as nanoreactors for the reaction. This “nanoreactor”
can change the particle size according to the number of solubilized substances in the
droplet. The more solubilized substances, the larger the radius of the reaction core,
and the larger the radius of the generated nanoparticles, which can control the shape
and size in the preparation of the nanoparticles process.

Liu et al. reported a microemulsion droplet nanoreactor using cetyltrimethylam-
monium bromide (CTAB) as a surfactant. Typically, the CHCI; solution of In (III)
mesotetraphenyl porphine chloride (InTPP) was injected into CTAB aqueous solu-
tion. Then, the reaction solution was placed under an ultrasonic probe to emulsify
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Figure 4.
Schematic illustration of the microemulsion-assisted/mesophase transfer self-assembly process. Reproduced with
permission from reference [16]. Copyright 2019 American Chemical Society.
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and sonicated at 80 W for 1 min. The microemulsion then transfers in a 60°C water
bath to volatilize chloroform solvent for 30 min, the InTPP molecules self-assembled
into regular nanostructures driven by non-covalent interactions (Figure 4). After
that, the porphyrin solution was centrifuged to separate the precipitate, then washed
with water to remove excess surfactant. By changing the mole ratio of porphyrin and
surfactant, the size and morphology of the resulting assemblies can be regulated.
Starting from here, InTPP self-assembled nanorods were successfully synthesized
depending on the concentrations of CTAB [16]. Representative TEM images show
that the resulted InTPP nanocrystals are uniform and monodisperse nanowires

or nanorods (Figure 5A-D). Moreover, the well-defined nanowires or nanorods
with controlled aspect ratios of 81.3, 21.0, 4.6, and 1.6 can be adjusted by the CTAB
concentration. These results further confirmed that the surfactant microemulsion
droplets are good nanoreactors to control the size of nanoparticles.

Similarly, the microemulsion droplet approach is also applicable to the self-assem-
bly of phthalocyanine nanocrystals. As shown in Figure 5E, when the emulsifier is
sodium dodecyl sulfate (SDS), the morphology of the manganese phthalocyanine
(MnPc) assemblies is mainly spherical nanoparticles with a diameter of ~62 nm,
and the size changes with the SDS concentrations. When sodium dodecyl benzene
sulfonate (SDBS) was used, the morphologies of the MnPc assemblies were all linear
(Figure 5F) with a 1 pm in length. With the decrease of the emulsifier concentration,
the MnPc assemblies gradually grew from linear (0.02 M) to sheet-like assemblies
(0.01 M), further reducing the concentration of SDBS (below 0.005 M), the length of
the assembly gradually decreased [17].

Comparably, the Au(III) tetra-(4-pyridyl) porphine (AuTPyP) can self-assemble
into nanospheres with an average diameter of ~65 nm (Figure 5G) using SDS aqueous

200 nm
—

Figure 5.

Stfucture chavacterizations of the self-assembled porphyrin nanostructures by microemulsion-assisted/
mesophase transfer self-assembly method. TEM images of the self-assembled InTPP nanocrystals at different
CTAB concentrations of (A) 2.5, (B) 10, (C) 15, and (D) 25 mM, respectively. Reproduced with permission
from reference [16]. Copyright 2019 American Chemical Society. SEM images of the self-assembled of MnPc NPs
(E) and MnPc NWs (F). Reproduced with permission from refevence [17]. Copyright 2021 Tsinghua University
Press and Springer-Verlag GmbH Germany, part of Springer Nature 2021. TEM images of the self-assembled

of AuTPyP NPs (G) and FeTPP@Fe;0,, (H). (G) Reproduced with permission from reference [18]. Copyright
2021 American Chemical Society. (H) Reproduced with permission from reference [19]. Copyright 2022 Tsinghua
University Press and Springer-Verlag GmbH Germany, part of Springer Nature 2022.
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solution/CHCI; as microemulsion droplet [18]. More interestingly, the microemulsion
droplet technology can well integrate the organic-inorganic interface, and then be
used to construct the organic-inorganic composite coassemblies. Typically, the CHCl;
solution of 5,10,15,20-tetraphenyl-21H, 23H-porphine iron (III) chloride (FeTPP) and
oleic acid (OA) modified magnetic Fe;0, NCs was injected into SDS aqueous solution
to create an oil-in-water microemulsion by an ultrasonic probe [19]. After evapora-
tion of the chloroform solvent, the FeTPP and OA-Fe;04 NCs randomly coassembled
into nanospheres driven by n-n stacking and hydrophobic-hydrophobic interactions
(Figure 5H).

3. Photoelectric response of porphyrin self-assemblies

Optical spectroscopy has been used to study the light absorption properties
of porphyrin nanostructures [20, 21]. The spectra provide information about the
intermolecular interactions in porphyrins nanostructures [22, 23]. The UV-vis
absorption spectra of self-assembled ZnTPyP with different morphologies show
that the porphyrin nanostructure has a larger spectral absorption broadening and
obvious redshift compared with the porphyrin monomer. After self-assembled into
the nanostructures (the nanodisk, hexagonal nanorod, tetragonal nanorod, and
nanoparticle), the absorption at 425 nm of the Soret band porphyrin monomer is
split into three absorption peaks at 421 nm, 449 nm, and 475 nm, respectively. The
tetragonal nanorod absorbs at 421 nm and 448 nm, and nanoparticle absorbs at
421 nm. The nanodisk has the largest redshift, which is usually associated with the
spatially ordered J-aggregate arrangement of porphyrin molecules. Basically, ordered
n-x stacking and long-range delocalization within porphyrin assemblies enable these
nanomaterials with tailored collective optical properties for a broader visible light

T
] I-'I-]Snm e——nanodisk
2.0 ====Hexagonal nanorod
1 Tetragonal nanorod

———=nanoparticle
1449nm P

Absorbance(a.u.)

300 400 500 600
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Figure 6.
UV—vis absorptions of zinc-tetra(4-pyridyl) porphyrin (ZnTPyP) self-assembled nanocrystals. Reproduced with
permission from reference [20]. Copyright 2014 American Chemical Society.
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Figure 7.
(A) UV-vis diffuse reflection spectroscopy of TCPP self-assembled nanostructures. (B) Photocurrent response of
SA-TCPP and TCPP powder. Reproduced with permission from reference [24]. Copyright 2018 Wiley-VCH.

absorption spectrum. Since the pyridyl group in the ZnTPyP molecule has a certain
angle with the plane of the porphyrin ring, the intermolecular force of the porphyrin
molecule in the self-assembly process is different, which lead to different close-
packed stacking and different morphologies [20]. The relationship between visible
absorption spectra-nanostructures of porphyrin nanostructures will also seriously
affect the photocatalytic activity (Figure 6).

The self-assembled tetra(4-carboxylphenyl) porphyrin (TCPP) (SA-TCPP)
exhibits a single absorption edge at 700 nm due to the spatial order aggregation of
TCPP molecules, suggesting the SA-TCPP could absorb the entire visible spectrum
(Figure 7A). In addition, the SA-TCPP could further utilize the UV spectrum because
of the blue-shift of the Soret band. Therefore, the SA-TCPP could collect the full
solar spectrum light and their theoretical spectral efficiency reached up to 44.4%
[24]. Compared with the commercial TCPP powder, the photocurrent of SA-TCPP
is as high as 3.52 pA cm ™ (Figure 7B), further confirming that the ordered packing
of porphyrin molecules is conducive to electron delocalization and transition and
further enhances the photoelectric response performance.

4. Applications of porphyrin self-assemblies
4.1 Photocatalytic degradation of methyl orange (MO)

Based on the excellent light-harvesting ability of porphyrins [25], porphyrin self-
assembled nanostructures are used in the field of photocatalysis. H,TPyP nanoocta-
hedra, Zn-metallized H,TPyP intermediate nanoparticles, and Zn-metallized H,TPyP
nanowires were used for photocatalytic degradation of methyl orange (MO) [26].

As shown in Figure 8, the regular 200 nm H,TPyP nanooctahedra has a degradation
efficiency of about 10% after 140 minutes of illumination (panel b). The degradation
efficiency of the mixture of octahedra and long wires after part of Zn-metallized,
degradation efficiency increased to nearly 80% (panel c), and the equivalent degra-
dation efficiency of Zn-metallized completely porphyrin long wires is close to 90%
(panel d). The self-degradation of MO as a control was almost unchanged under the
same condition [11]. These results confirmed that the addition of center metal atoms
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Time (min)

Figure 8.

Photocatalytic degradation of methyl orange (MO). (a) Self-degradation of MO as a control. (b) H,TPyP
nanooctahedra. (c) Zn-metallized H,TPyP intermediate nanoparticles. (d) Zn-metallized H,TPyP nanowires.
Reproduced with permission from reference [11]. Copyright 2016 American Chemical Society.

played a very important role in the improvement of the catalytic efficiency. On the
other hand, the long-range ordered -t conjugated stacking in nanowires promoted
better electron transport and electron-hole separation, thereby showing better pho-
tocatalytic degradation efficiency than that of nanooctahedra. In addition, porphyrin
nanostructures have the advantages of less dosage, high activity, easy recycling, and
stability in photocatalytic applications, which makes them a potential photocatalytic
agent.

4.2 Photocatalyzed hydrogen evolution

The molecular ordered self-assembled PATCPP nanoleaf has strong absorption in
the range of 400 to 700 nm and high photogenerated charge separation efficiency under
visible light irradiation. In the absence of cocatalyst, the hydrogen production rate
of PATCPP nanoleaf (9.9 mmol g h™") was nearly 40 times higher than that of com-
mercial PATCPP powder (0.25 mmol g'1 h™Y) [12]. After loading 1 wt% Pt cocatalyst,
the hydrogen production rate of PATCPP nanoleaf reached 138 mmol g™ h™", which
was 14 times higher than that without cocatalyst (Figure 9A). This spatial arrange-
ment of porphyrin molecules' self-assembly effectively improved electron transport to
enhance photocatalytic hydrogen production. Interestingly, TEM images showed that
Pt nanoparticles were mainly deposited on the edge of the PATCPP nanoleaf after the
photocatalytic reaction, while there were almost no Pt nanoparticles on the surface
when Pt was cocatalyst (Figure 9B). That is, the edge of the PATCPP nanoleaf is the
active center for the photocatalytic reduction reaction. When K,PtCl, and Pb(NO3),
were used as precursors to conduct photodeposition experiments, TEM images showed
that Pt and PbO, nanoparticles were deposited on the edge and surface of PATCPP
nanoleaf, respectively (Figure 9C). The element distribution maps show that Pt and Pb
elements are concentrated on the edge and surface, respectively, that is, Pt nanoparticles
are selectively deposited on the edge of PATCPP nanoleaf, while PbO, nanoparticles
tend to be deposited on the surface of PATCPP nanoleaf (Figure 9D-G). The above
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Figure 9.

(A) H, production photocatalyzed by PATCPP nanoleaves without and with 1 wt % of Pt cocatalyst. (B) TEM
image of the nanoleaves with Pt NPs. (C) TEM image of the nanoleaves with Pt and PbO, NPs. (D-G) elements
mapping of the nanoleaves/Pt/PbO,. (H) under dark (I) and light irvadiation at 445 nm of kelvin probe force
microscopy images of the nanoleaves. (J) surface potential image of the cross-section in (H) and (I). Reproduced
with permission from reference [12]. Copyright 2022 American Chemical Society.

experimental results indicated that photogenerated electrons and holes are separated
and transported in different directions in the PATCPP nanoleaf. Kelvin probe force
microscopy (KPFM) can provide the contact potential difference (CPD) between the tip
and the sample, which can detect the charge distribution inside the single crystal. The
KPFM surface potential of PATCPP nanoleaf shown that in the dark state, the edge
potential of PATCPP nanoleaf is more negative than the surface, and there is a poten-
tial difference between edge and surface. The surface potential of PdATCPP nanoleaf
becomes more positive and significantly increased under 445 nm laser irradiation,
the potential difference was significantly enhanced, confirming the existence of space
charge regions between the edges and faces of the PATCPP nanoleaf (Figure 9H-J).
This work reported for the first time there is an electric field inside the PATCPP
nanoleaf, and the photogenerated electrons and holes were transferred and gathered
to the surface under visible light irradiation, respectively. This selective transfer

of photogenerated electrons and holes to specific sites on the edge and surface of
PATCPP nanoleaf immensely improved the spatial separation efficiency of photogen-
erated charges, thereby enhancing photocatalytic activity.
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4.3 Photodynamic therapy

Porphyrins as a class of biocompatible and easily modified photosensitizers, have
shown great application value in tumor photodynamic therapy (PDT) [27-30]. The
co-assembly of biomimetic Gd(III) meso-tetraphenyl porphyrin 2,4-pentane dionate
(GATPP) and zinc meso-tetraphenyl porphyrin (ZnTPP) mGZNs were used for PDT
functions research of HeLa cells [31]. Firstly, singlet oxygen (*0,) has been shown to
be the key photooxidation species for PDT that efficiently kills cancer cells [32]. The
PDT efficiency and the generation of intracellular reactive oxygen species (ROS) were
further evaluated by the specific green fluorescence probe (2',7'-dichlorodihydro-
fluorescein diacetate, DCFH-DA). The comparison of PBS control was performed and
showed mGNs have the highest fluorescence intensity of ROS including 'O, for PDT
(Figure 10A). Additionally, a clear, nearly linear increase in fluorescence intensity
as mGZNs concentration increased was shown (Figure 10B). Cell viability indicated
an irradiation time- and dosage-dependent PDT efficiency with a maximum value of
80.6% at 200 pM of mGZNs and an irradiation duration of 9 min (635 nm, 0.15 W/
cm’; Figure 10C). Moreover, flow cytometry analyses of HeLa necrosis and apoptosis
induced by mGZNs showed that irradiation of mGZNs induced greater cell death
compared to the blank groups (Figure 10D).

4.4 Synergistic chemo-photothermal therapy

The random aggregation of porphyrin molecule will limit the separation and
transfer of photoelectrons and charges, which is more conducive to photothermal
conversion. AuPNS showed a dose- and irradiation time-dependent photothermal
effect. After 10 min of irradiation, the AuPNS solution rapidly increased to 78°C, and
the photothermal conversion efficiency of AuPNS was ~48.2% (Figure 11A) [18].

The infrared thermal image of the AuPNSs droplets can reach up to 50.2°C, while the
deionized water droplets hardly change as control, and the AuPNSs show excellent
photothermal stability without obvious photothermal decay after five irradiation cycles
(Figure 11B). Water-insoluble pyridyl porphyrins can be protonated into water-soluble
monomers under acidic conditions. Moreover, high temperatures can accelerate the
release of pyridyl porphyrin in an acidic solution. Therefore, the release percentage of
AuPNS showed that AuPNS was rapidly released at high temperature (50°C) and low
pH (5.0) with a release rate as high as 54.0% (Figure 11C). Subsequently, AuPNS was
applied to the antitumor activity test. After modifying cRGD-AuPNS with its cRGD,
the confocal images showed stronger red fluorescence, indicating that cRGD promoted
the endocytosis of nanodrugs (Figure 11D). Time-dependent flow cytometry analysis
showed that cRGD-AuPNS reached a maximum after 6 hours of incubation in the cyto-
plasm (Figure 11E and F). Au(III) in AuTPyP molecule can inhibit the activity of TrxR
and enhance ROS production (Figure 11G). Quantitative testing of the kit revealed
potent TrxR inhibition and ROS generation (Figure 11H). Since the level of TrxR in
tumor cells was higher than that in normal cells, cRGD-AuPNS showed chemotherapy-
killing effect on tumor cells, but no obvious killing on normal 293 T cells. In particular,
the killing of HeLa cells was the most pronounced and reached to 85.2% (Figure 11I).

4.5 Peroxidase-like activity for anti-tumor therapy

Porphyrins and phthalocyanines (Pc) are a class of N-doped carbon-based
macrocyclic compounds, and the central ring can combine with different metal ions
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Figure 10.

In vitro experiments with mGZNs. (A) Images showing intracellular production of various porphyrin self-
assembled nanostructures. Scale bar: 100 um. (B) the fluorescence intensity of 'O, in cells. (C) Irvadiation
durations and dosages-dependent phototoxicity of HeLa cells incubated with porphyrin self-assembled
nanostructures. (D) Flow cytometry analyses of annexin V-FITC/PI double-stained cells treated with various
porphyrin self-assembled nanostructures. Reproduced with permission from reference [31]. Copyright 2020
Elsevier.

to form metal complexes. Among them, iron porphyrins are often used to simulate
the catalysis of biomimetic enzymes iz vivo [33]. Similar to porphyrins, Pc has been
widely used in biological phototherapy. Manganese phthalocyanine (MnPc) mole-
cules coordinated with divalent manganese ions (Mn?*) were selected as the building
blocks, and MnPc assemblies were prepared by microemulsion droplets method.

The blended assembly of emulsifier and MnPc reduced the close-packed structure of
MnPc molecules, exposed more active sites, and exhibited morphology-dependent
POD-like catalytic activity [17]. The kinetic curve of POD-like catalytic reaction of
MnPc nanoparticles (MnPcNPs), MnPc nanowires (MnPcNWs), tetraphenyl man-
ganese (III) porphyrin (MnTPP) assemblies (Figure 12A), tetrapyridyl manganese
(III) porphyrin (MnTPyP) and N, N-diethyl-4-anilinoporphyrin (MnTNPP) single
molecule shows that MnPcNPs exhibit the best POD-like catalytic performance,
while MnTPPNPs have almost no catalytic activity (Figure 12B). The catalytic
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Figure 11.

Synergistic chemo-photothermal therapy of AuTPyP self-assembled nanospheres (AuPNSs). (A) AuPNSs
concentrations-dependent photothermal effect. (B) Photothermal stability of AuPNSs. (C) pH values and
temperatures stimuli-responsive released plot profile of AuPNSs. (D) Confocal images of HeLa cells treated by
cRGD modified AuPNSs. (E) the corresponding flow cytometry analyses of (D). (F) the detailed time-dependent
uptake in cRGD-AuPNSs group. (G) Western blot analyses of TrxR and Trx proteins in HeLa cells treated with
cRGD-AuPNSs. (H) Kits test of (G). (I) Cytotoxicity comparison of various cell lines treated with cRGD-
AuPNSs. Reproduced with permission from reference [18]. Copyright 2021 American Chemical Society.

performance of MnTPyP molecules is better than that of MnTNPP molecules, and
this difference in catalytic performance is more intuitively reflected in the color
change of the reaction system (Figure 12C). These results indicate that the catalytic
activity of MnPc assemblies is higher than that of Mn porphyrin assemblies, which
may be related to the larger N doping ratio in the phthalocyanine ring and the differ-
ent oxidation states exhibited by the central metal. MnPc assemblies can be used as a
nanozyme to simulate the POD catalytic performance, and exhibits morphology, pH
value, and temperature-dependent catalytic performance [34]. The nanomaterials
are expected to realize catalytic properties in tumor microenvironment for antitu-
mor therapy.
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Figure 12.

(A) TEM of MnTPPNPs. (B) the time-dependent absorbance change curves of various porphyrin-assembled
nanostructures. (C) Photographs of TMB peroxidation catalyzed by different materials. Reproduced with
permission from reference [17]. Copyright 2021 Tsinghua University Press and Springer-Verlag GmbH Germany,
part of Springer Nature 2021.
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Figure 13.

Ph%ta-enhanced peroxidase-like activity of FeTPP@Fe;0, NPs. (A) Schematic illustration of photo-enhanced
POD-like activity of FeTPP@Fe;0, NPs. (B) the pH-dependent and (C) temperatures-dependent POD-like
activity of FeTPP@Fe;0, NPs. (D) the time-course POD-like activity of FeTPP@Fe;0, NPs as a function of
concentration of TMB. (E) the corresponding Michaelis—Menten kinetics and (F) photo-enhanced POD-like
activity of various nanoparticles. Reproduced with permission from reference [19]. Copyright 2022 Tsinghua
University Press and Springer-Verlag GmbH Germany, part of Springer Nature 2022.

Since the POD catalytic performance exhibits temperature-dependent catalytic
performance. Similarly, Fe;0, NCs have excellent POD properties (Figure 13A),
but due to the limitation of insufficient hydrogen peroxide (H,0O,) concentration in
tumor cells, the generated hydroxyl radicals (*OH) from Fe;0, Fenton reaction are
far from enough to kill tumor cells [35, 36]. Through the self-assembly driving force
of porphyrins, FeTPP@Fe;0, NPs were prepared by microemulsion droplets method.
Under laser irradiation, the photothermal generated by FeTPP assemblies promotes
POD performance of Fe;04 NPs, and instantaneously generates a large number of free
hydroxyl groups to kill tumor cells (Figure 13B-F). These results clearly demonstrate
that FeTPP@Fe;0, NPs can effectively accelerate the catalytic decomposition of
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endogenous H,0, in an acidic environment under laser irradiation, further accelerate
the generation of *OH, and improve the CDT efficacy iz vivo [19].

5. Conclusions

Porphyrins possess excellent light-harvesting properties, and have tunable spec-
tral features, functional groups, and central metals, which endow them with unique
photophysical properties. Porphyrin self-assembled nanostructures will inherit the
characteristics of porphyrin monomer, which make them widely used in photocataly-
sis, tumor therapy, and other fields. Porphyrin nanostructures have the advantages
of less dosage, high activity, easy recycling, stability in photocatalytic applications,
excellent photothermal and photodynamic therapy, and nanozyme catalytic per-
formance, which makes them a potential photocatalytic agent and nanotherapeutic
platform. However, the current research on the assembly mechanism is still unclear.
Various in situ techniques and integrating-sphere-assisted resonance synchronous
(ISARS) spectroscopy methods need to be introduced to detect the self-assembly
process for a deeper understanding of the packing nucleation process [37]. Moreover,
the influence of external fields on the assembly process of porphyrin molecules,
such as temperature, humidity, magnetic field, electric field, ultrasound, high-speed
centrifugation, need to be urgently explored in further works. More importantly, the
structure-activity relationship between the porphyrin morphology structure and
performance will provide important technical support and experimental basis for
revealing the self-assembly process in living organisms. The exploration of the self-
assembly of porphyrins with biofunctional molecules, such as amino acids, polypep-
tides, and nucleic acids, are very intriguing research direction to form a mature light
harvest antenna [38] and self-assembled nanomedicine platform [39, 40], which may
achieve major breakthroughs in life sciences. This chapter will provide an important
reference for the cognition of self-assembled nanostructures.
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Amphiphiles

Beheshteh Sohrabi

Abstract

Amphiphiles form a large group of supramolecular structures can aggregate
and be adsorbed spontaneously at the interface. Amphiphilicity is a feature of
polar contrast between the groups that make up a molecule and their spatial
separation. The most important classes of amphiphiles are surfactants, lipoproteins,
and polymers that have hydrophilic and hydrophobic chemical moieties covalently
bonded and spatially separated. Since surfactants are widely used in various
industrial fields, we decide to focus on surfactants in addition to a brief review of
the other amphiphiles. Surfactants are used in industrial applications and consumer
products, from medical to cosmetics and food industry. Various industries require
new surfactants from sustainable and renewable raw materials with improved
performance, biocompatibility and minimal environmental impact. For example,
liquid phase exfoliation and dispersion methods using surfactants in the solvent
media have recently gained lots of attention because of their great potential for
large-scale production. Notably, an ideal exfoliation for reaching desired graphene
and CNTs may be achievable by molecular engineering of surfactants to improve
the quality of molecular interactions. This chapter experimentally and theoretically
highlighted physico-chemical characteristic parameters, and interactions of the
components, which are essential to design and discover efficient exfoliation and
dispersion systems.

Keywords: amphiphilic, conventional amphiphiles, advanced amphiphiles,
hdyrophilicity, hydrophobicity, surfactants, critical micelle concentration

1. Introduction

Since amphiphiles mainly form a large group of supramolecular structures, it is
important to study their structure and properties. Amphiphilicity is one of the impor-
tant structural features because two opposing parts (hydrophilic and hydrophobic)
exist simultaneously in the structure of a molecule. This property causes such mole-
cules to be able to spontaneously assemble at the interface of polar and non-polar two
phases or to be forced to self-assemble to be in one phase. According to Figure 1,
amphiphiles are molecules consisting of a hydrophilic “head” and a hydrophobic
“tail”, which the two parts are linked on the basis of covalent bonds [1]. As can see in
Figure 2, their hydrophilic heads can contain ionic, polar, non-ionic groups or form
hydrogen bonds that lead to their dissolution in water. Their hydrophobic tail may
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Figure 2.
Schematic structure of amphiphiles.

also include saturated or unsaturated hydrocarbon chains or cyclic hydrocarbons.
Their dual nature leads to spontaneous placement at the boundary between two
phases, such as liquid-liquid, liquid—gas or solid-liquid, as a result reducing the
surface tension and surface energy between the phases. Amphiphilicity is a scalable
property that occurs in a molecular-level, nanoscale system and can probably be seen
on a micro scale. The scalability of amphiphilic properties is a fundamentally new and
hot topic and is considered in basic research [2-4].

2. Brief historical account of amphiphiles

The word amphiphile comes from the Greek words amphis, meaning “both,” and
philia, meaning “love.” Surfactants are found as amphiphiles in plants such as
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tomatoes, onions, mulberry leaves, ginseng, licorice, and all plants that contain glu-
cosides. In the past, humans used mulberry leaves to clean their hands, which were
stained with blackberry juice, without being aware of the dual nature of these sub-

stances and their washing.

Soap is another amphiphilic substance that has been made and used since ancient
times in Mesopotamia [5]. Soap is a surfactant of fatty acids, and in the past it was
made by natural synthetic methods from natural raw materials such as tallow, olive,
argan or palm oil, and alkali-rich ash, the ash left over from wood burning. After the
preparation of soap in Mesopotamia, its production has spread throughout continental
Europe (Figure 3). In addition to helping to improve the quality of life, soap can
eliminate or reduce many diseases in densely populated areas, and contribute to the
development of urban life. Additionally, many Mediterranean regions, such as Pro-
vence in the south of France, or Castile in Spain, Florence in Italy, earn money by
producing soap and cosmetics due to the rich resources of natural olive oil they have
[6]. Olive oil is rich in palmitic, stearic and unsaturated oleic, linoleic, and unsaturated
linolenic acids, which leads to the production of quality soaps. Sulfate oils were the
first synthetic surfactants to be prepared after soap in 1834 by Runge via mixing olive
oil and sulfuric acid. In 1875 sulfate castor oil, also known as Turkey red, was prepared
as a dye additive. Additives were used in the textile industry [7]. Sulfate oil is not a
pure surfactant, but a mixture of sulfate esters, water and fatty acid surfactants. In
1935, Colgate-Palmolive developed the first soap-free shampoo using mono surfac-
tants and sulfated diglycerides [7]. Despite the long history of amphibians, these
compounds are still of interest to scientists, who are looking to design new types of
amphiphiles for use in a variety of fields.

[ -
[ N 1
LRSS (I
4 A I
1 Ppetroleum derived
" surfactants
Florence, Provence:
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Figure 3.

Time axis for the evolution of surfactants toward the present and future. Sources: Ash photo: (Pile of ashes after the
fire went out. Ash texture. Burned out ashes grunge texture. Australia Shutterstock stock photo ID: 1611309511
(https://www.shutterstock.com/image-photo/pileashes-after-fire-went-out-1611309511)). Soap photo Soap of
Marseille Royalty-free stock photo ID: 60864694 (https://www.shutterstock.com/image-photo/soap-marseille-
isolated-60864694).
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3. Types of amphiphiles

As mentioned earlier, amphiphilic molecule is a general term for a compound
that contains two parts with different covalent bonds and affinity for polar and non-
polar solvents. The polar part has a high affinity for polar solvents (such as water)
and the non-polar part has a high affinity for non-polar solvents such as hydrocar-
bons, ethers and esters. Surfactants, simple fatty acids, polymeric amphiphiles, and
some lipid molecules, containing hydrophilic and hydrophobic components, are
typical examples of amphiphilic molecules. Now a dayes, due to the use of amphi-
philic compounds in various industrial and medical fields, scientists are looking to
design and synthesize new types of these compounds. The hybrid of conventional
building blocks with biomolecular and mineral components has led to new struc-
tures of these compounds with unique self-assembly properties. For example, the
combination of an alkyl chain and a short peptide sequence results in the synthesis of
amphiphile peptides that can aggregate spontaneously into various one-dimensional
structures [8]. Other examples include giant amphiphiles from a single-protein
hybrid [9]. Polygonal oligomeric silescoyoxanes [10] or polyoxometates [11], which
spontaneously accumulate in new structures such as toroids and other complex
architectures, show interesting features that are significantly different from ordi-
nary amphiphiles. Interestingly, these new designs have led to the synthesis of giant
amphiphiles (supraamphiles). Unlike conventional amphiphiles based on covalent
bonds, new amphiphiles are designed based on non-covalent interactions or
dynamic covalent bonds [12-15]. In supraampbhile, functional parts can be connected
by non-covalent bonds. In this way, these compounds can be synthesized without
the need for boring chemical syntheses. Building blocks for superaphiphiles can be
small molecules or polymers. The development of supraamphiphiles not only
enriches the common amphiphilic family, but also provides a new type of building
block for complex self-assemblies, including hierarchical self-assemblies and func-
tional nanostructures. Since surfactants are the most obvious and widely used group
of amphiphiles, after a brief review of the types of amphiphiles, we will try to
explore this group of amphiphiles in more detail. Amphiphilic molecules can be
divided into two major categories based on the type of bond that connects all parts of
the molecule as follows.

3.1 Conventional amphiphiles

In this type of molecule, all the parts are connected only by covalent bonds.

3.1.1 Bioamphiphiles

Many biological molecules, such as proteins, phospholipids, cholesterol, glyco-
lipids, and bile acids, are also made up of two parts, hydrophilic and hydrophobic, and
have a dual amphibian property called bioamphophiles.

3.1.1.1 Amphiphilic proteins

Amphiphilic proteins are composed of sequences of polar and non-polar parts of
amino acids. For example, a protein may consist of hydrophilic moieties of polar amino
acids (such as Asp-Ser, Tyr-Glu) and hydrophobic moieties of nonpolar amino acids (such
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as Gly-Pro, Ile-Pro-Met). This is the structure of membrane proteins in biological mem-
branes. Their hydrophobic nature causes them to place themselves in the hydrophobic
and non-polar regions of a biological membrane and expose their hydrophilic part to the
polar environment. These hydrophilic parts of the protein lead to their interaction with
polar molecules. Most of these amphiphilic proteins have these seemingly opposite inter-
actions due to their amphiphilic helix structure. An amphiphilic helix is a protein helix
that has two opposite sides. The face along the long axis of the spiral is hydrophilic, while
the opposite face is hydrophobic. Thus, it can separate the hydrophobic and hydrophilic
parts of a protein, resulting in a protein—protein interaction. Amphiphilic helices are a
common structural feature in proteins. Ion channel membrane proteins, lung surfactant
proteins, and apolipoproteins are examples of proteins with this structure [16].

3.1.1.2 Phospholipids

Phospholipids are also bio-amphiphilic molecules which are lipids with a glycerol
group attached to two fatty acids and a phosphate group. Glycerol forms a phospholipid
hydrophilic head by binding to a negatively charged phosphate group. The phosphate
group may bind more to hydrogen, choline, serine, ethanolamine, or inositol, thus
converting to phosphatidic acid, phosphatidylcholine, phosphatidylserine, phosphati-
dylethanolamine, and phosphatidylinositol phosphatidyl, respectively. Two long chains
of fatty acid form the hydrophobic tail of phospholipids, which is lipophilic. The
amphiphilic nature of phospholipids has made them an essential component of biolog-
ical membranes. For example, the plasma membrane consists mainly of two phospho-
lipid layers. Phospholipids can interact with different molecules depending on their
polarity. Phospholipid heads readily interact with water and other polar molecules.
Conversely, phospholipid tails avoid water and other polar interactions. Thus, phos-
pholipids in water accumulate by directing their tails toward each other while exposing
their heads to the aquatic environment. In fact, it is the amphiphilic nature of phospho-
lipids that leads to the formation of the bilayer structure of the plasma membrane.
Phospholipid tails are oriented in such a way that their tails are placed inside the plasma
membrane while the head of phospholipids is placed outwards.

3.1.1.3 Cholesterol

Cholesterol, which is composed of a hydrophilic hydroxyl group (-OH) and a
bulky hydrophobic steroid and hydrocarbon chain, is also a bioamphiphile. Choles-
terol is found in the plasma membranes of animals. Its hydrophilic part interacts with
the aqueous medium and with the polar heads of phospholipids, and its hydrophobic
part, in turn, is located next to the hydrophobic tail of phospholipids and the chain of
non-polar fatty acids of other lipids in the membrane.

3.1.1.4 Glycolipids

Glycolipids, which are composed of hydrophilic sugar groups attached by covalent
bond to the hydrophobic lipid tail, are considered amphiphiles. They are also present
in plasma membranes like cholesterol. Their carbohydrate portion extends to the
outer surface of the cell while the lipid portion lies in the lipid bilayer. The residues of
the sugar group, which are located on the outer surface of the cell, allow
carbohydrate-carbohydrate interaction.
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3.1.1.5 Bile acids

Bile acids are steroid-structured amphiphiles consisting of four rings and a side
chain ending in carboxylic acid and hydroxyl groups. Bile acid salts, like surfactants,
can form micelles by accumulating around lipid droplets. They can also emulsify lipids
and prevent fat droplets from accumulating into larger fat particles.

3.1.1.6 Saponins

Saponins, which are abundant in plants, are made up amphiphilic compounds
composed of a glycoside, which forms their hydrophilic moiety, and a triterpene, or
steroid derivative, which is their hydrophobic moiety. These compounds are bitter
and toxic and reduce the good taste of plants.

3.1.2 Polymer amphiphiles

Polymer amphiphiles are copolymers that consist of a block as a hydrophobic
tail and a block as a hydrophilic head. While most copolymer amphiphiles are
composed of two blocks, some may consist of three blocks and other geometric
shapes and exhibit amphiphilic behavior. There are many polymer amphiphiles,
for example, Pluronics, also known as poloxamer, is a synthetic block copolymer
composed of hydrophilic poly (ethylene oxide) (PEO) and hydrophobic poly
(propylene oxide) (PPO), which are located in a triple structure A-B-A, and form
PEO-PPO-PEO.

3.1.3 Surfactants

According to Figure 4, surfactants are usually organic compounds that are amphi-
philic. These compounds are synthetic or biological (biosurfactant) or may be
extracted from natural materials such as some plants (glucosides or natural surfac-
tants). Careful studies show that surfactants have unique applications in nanotech-
nology, such as their use in the synthesis, modification of properties, stabilization,
self-aggregation, drug deliveries, and so on. Therefore, it can be said that they play a
key role in empowering future science and technology. Surfactants are promising new
areas of research in various industries of the future, as they can be used in the
preparation of important materials that form the basis of various industries, such as
carbon nanotubes or graphene. What makes surfactants attractive is that, unlike other
molecules that remain there after being dissolved in water, they will always look for
an adsorption interface after dissolution, whether solid-liquid, liquid-liquid, or lig-
uid-gas. They can be said to be a kind of “smart” molecule. This behavior leads to
their ability to assemble into extraordinary structures called self-aggregation. For this
reason, in this chapter, among the different types of amphiphiles, surfactants will be
explored in detail as part 3.

3.2 Advanced amphiphiles

These compounds are also called supermolecular amphiphiles (or
superamphiphyls). They are a new bridge between colloidal science and supramolec-
ular chemistry and provide a context in which we can make full use of our imagina-
tion. In these amphiphiles, all segments are connected by non-covalent such as
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Figure 4.
The chemical structure of some of surfactants.

electrostatic interaction, n-n stacking, charge-transfer interaction, hydrogen bonding,
and host—guest interaction [14, 15] or dynamic covalent bonds such as imine and
disulfide bonds, which are similar to noncovalent interactions under certain condition
[17, 18]. In other words, these types of amphiphiles, unlike conventional amphiphiles,
have hydrophilic and hydrophobic parts that are connected by physical bonding;
consequently, these compounds and their aggregations are smart to external stimuli
such as gas, light, temperature, etc.

3.2.1 Hybrid amphiphiles

Hybrid amphiphiles are compounds whose hydrophilic and hydrophobic moieties
can be organic or inorganic compounds that are joined by non-covalent or dynamic
covalent bonds. These compounds can exhibit additional functional properties such as
special magnetic or catalytic properties or new properties that none of the components
alone can have [19].

3.2.2 Janus amphiphiles

The word “Janus” in Greece is a word that is the opposite of itself. Thus, Janus
amphiphiles, which are usually much larger than conventional surfactants, have both
hydrophilic and hydrophobic components on the same (hard) particle in their struc-
ture. In recent years, Janus amphiphile particles have attracted a lot of attention due to
their asymmetric and multifunctional structure [20-24]. In contrast to particles with
uniform surface wettability, the surface of Janus amphiphile particles is divided into
two parts with different wettability. Since Janus amphiphile particles have a unique
structure, they exhibit special behaviors.
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4. Principal types of surfactants

Surfactants are classified in different ways based on the chemical structure of the
head group, the chemical structure of the tail group, the electrical charge of the head
group, the type of application in industry, and the raw material from which they are
derived.

On the one hand, the structure of the components of surfactants affects their
application in various fields, thus its study is of particular importance. On the other
hand, this book focuses on the self-assembled structures of materials and for the
accumulation of surfactants, the chemical structure and charge of the head group and
the chemical structure of the tail group are important, hence in this section we try to
classify them from this perspective.

4.1 The electrical charge of the head groups
4.1.1 Anionic

Anionic surfactants are surfactants that have a negatively charged head group. In
fact, any negatively charged organic compound with a positively charged ion (-
counter-ion) introduces an anionic surfactant.

4.1.2 Cationic

Cationic surfactants are surfactants whose head group has a positive charge. This
charge may be permanent or only within a certain pH range. According to Figure 5,
the negative charge of anionic surfactants is mostly on the oxygen atom and is avail-
able, while the positive charge of cationic surfactants is on the nitrogen group
surrounded by alkyl groups. Consequently, the distances from the micellar core-water
interface to the charges on anionic (SDS) and cationic (CTAB) surfactants, d., sps and
dch,cTaB, respectively, need not be the same.

dch. SDS
O
|
I -
| o,
O |
ASININISINN g ™
*-Yﬁ — CH;
A
den, cTaB - CH;

Figure 5.
The distances from the micellar core-water interface to the charges on anionic (SDS) and cationic (CTAB)
surfactants, dch, SDS and dch, CTAB.
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A new model has been proposed for estimating the surface potential and electro-
static free energy (gelec) using the capacitive model due to the difference in the
location of the charge of anionic and cationic surfactants. Compared to the work of
others, it is applicable to accurately study the changes in electrostatic energy and free
transfer energy in transition of the accumulation of surfactants to each other [25].

4.1.3 Zwitterionic
Zwitterionic or amphoteric surfactants are surfactants whose functional group has

both positive and negative charges. Like cationic surfactants, these charges can be
permanent or pH dependent.

4.1.4 Nonionic

Nonionic surfactants are surfactants with polar head groups without electric
charge. They usually have a functional group that can be slightly deprotonated.
Therefore, despite its good solubility in polar solvents such as water, it does not work

well as a Bronsted acid. In general, nonionic surfactants, unlike ionic surfactants, do
not have good solubility and cannot change the pH of the solution.

4.2 The chemical structure of the head groups
4.2.1 Carboxylic acid salt, RCOO" M*

Carboxylates or carboxylic acid salts are surfactants in which the head group
(hydrophilic group) is a carboxylate group, COO ™. Figure 6 shows the structure of
some of these surfactants.

4.2.2 Sulfonic acid salt, RC¢H,SO3 M*

The second most important class of anionic surfactants are sulfonic acid-based
surfactants. Figure 7 shows some of the most important compounds in this class. One

O
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R/ILOH 0

/\/\/\/\/\/\/\/\)]\0- Nat
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Figure 6.
The structure of some of carboxylic acid salt surfactants.
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Figure 7.
The structure of some of sulfonic acid salt surfactants.

of the most important surfactants in this category is sodium dodecyl sulfate, which is
the sodium salt of dodecyl sulfonic acid. This surfactant has many industrial and
medical applications. In addition to the surfactant made from aliphatic sulfonic acid,
sodium dodecyl benzene sulfonate, one of the most common anionic surfactants, is
made from aromatic sulfonic acid.

4.2.3 Sulfuric acid ester salt (sulfate salt), ROSO;  M"*

Sulfate salts consisting of a predominantly linear alkyl chain having a terminal
sulfate ester anion neutralized with an opposite ion. The most common structural
feature of these surfactants is the presence of a predominantly linear aliphatic hydro-
carbon chain with a neutral polar sulfate with an opposite ion (e.g. Na*, K", NH,", or
an alkanolamine cation; Figure 8). The hydrophobic hydrocarbon chain (with lengths
between C8 and C18) and the polar sulfate group provide surfactant properties in
these compounds and allow the commercial use of these materials as anionic
surfactants.

NN TN TN T T 0 Q‘
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Figure 8.
The structure of sulfuric acid ester salt surfactants.
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4.2.4 Phosphoric and polyphosphoric acid ester, R(OC,H,4),OP(0)(0O"M"),
and (R(OC,H,),0),P(0)0O"M*

Anionic surfactant-phosphate ester-contains phosphate fraction as a hydrophilic
head. Phosphate ester surfactants are produced by the reaction of alcohols with a
phosphoric acid derivative. The property of phosphate ester depends in part on the
structure of the primary alcohol used in its preparation. From the reaction of phos-
phoric acid with alcohol, polyphosphate ester surfactants can be prepared. Figure 9
shows the structure of anionic surfactants of phosphate ester and polyphosphate ester.

4.2.5 RNH;"Cl™ (salt of a long-chain amine), RN (CHs3)3" Cl™ (quaternary ammonium
chloride)

Cationic surfactants have almost exclusively nitrogen-containing functional groups
such as amines, quaternary ammonium, and almost imidazolium, and more recently
pyridinium functional groups (Figure 10). Ammonium surfactants are active and at low
pH values when the amine group is protonated, are cationic and hydrophilic. Thus, the
amine group is a potential factor in surfactants for making pH-responsive amphiphiles.

0 l() 0 HQ
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OH OH OH S
Poly phosphoric acid Phosphoric acid
O O
Il
RCHO-P-0OCHzR RCH,0-P-0O" M*
[
O M o M-
Phosphate ester surfactants
Figure 9.
The structuve of phosphoric and polyphosphoric acid ester surfactants.
R
B 1%
HsC, | N R
N_\ P R N
W R AN
N R R
H3
Imidazolium Pyridinium Quaternary ammaonium

Figure 10.
The structuve of some of cationic surfactants.

49



Self-Assembly of Materials and Their Applications

4.3 The chemical structure of the tail groups

The chemical structure of the tail group of surfactants is divided into
perfluoroalkyl, alkyl, alkyne, silicon, saturated, unsaturated, etc.

5. Surfactants self-assembly in solution

In the hydrophobic phenomenon, the hydrophobic tail of a surfactant molecule is
not soluble in water due to the presence of hydrogen bonds between water molecules
and the lack of strong bonds between surfactant molecules and water molecules.
According to Figure 11, when the surfactant is placed at the air/water interface, its
hydrophilic head group is in the water (liquid) phase, and its hydrophobic tail is in the
air, which is a more suitable environment for it. Since it takes less energy to bring a
surfactant molecule to the interface than a water molecule, adsorption is a spontaneous
process. In other words, the surfactant molecule overcomes the hydrogen bond between
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Figure 11.

The schematic of (a) surfactant adsovption at the air-water interface and (b) surfactant aggregation in bulk
solution.
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the water molecules at the water surface by adsorption at the interface, thereby reduc-
ing surface tension. For each surfactant, depending on the structure and charge of the
head group and the structure of its tail group and according to environmental condi-
tions at a certain concentration after saturation of the interface, the tail of surfactant
molecules assembles in a water bulk and forms aggregation. This specific concentration
is called the critical micelle concentration (CMC). Since the sphere is the most stable
geometric shape, the first micelle formed will be spherical. With the tail accumulation
of surfactants together, the entropy of the system decreases thermodynamically. This
accumulation, which occurs mainly due to the hydrophobicity of the tail group of
surfactants, minimizes their undesirable contact with water molecules because it is
more suitable for the tailings of surfactants to be placed together in bulk. As a result, the
combination of these factors will lead to the stability of the system and the formation of
aggregation. In other words, although the surfactant phase accumulates more regularly
(lower entropy), water molecules that had an unfavorable orientation around the sur-
factant sequences are now released, leading to a net increase in the net entropy of the
universe. Therefore, the process of micelle formation is a spontaneous process. At
concentrations below CMC, the adsorption of the surfactant molecule at the interface
between air and water depends on the surfactant concentration, and increasing the
concentration leads to an increase in adsorption and thus a decrease in surface tension.
However, after reaching the CMC, the additional surfactant molecules that are added to
the bulk phase simply form the micelles, because this path is energy efficient and the
surface tension of the liquid phase will remain constant after the CMC point and does
not alter with the concentration changes.

5.1 Aggregation and packing parameter

As mentioned earlier, the CMC point is the first concentration at which it is
thermodynamically preferred that surfactants accumulate in the form of spherical
micelles. This is a phenomenon known as self-aggregation, and almost all amphiphiles
spontaneously form regular structures that are thermodynamically stable. In these
self-aggregating structures, the aggregation number is an important parameter. In
fact, it shows the average number of surfactants in a micelle. On the one hand,
experimental studies prove that the radius of the micelles cannot be longer than the
length of the alkyl surfactant chain. On the other hand, these studies show that the
diameter of the micelle is very close to the length of its alkyl chain, so the inside of the
micelle is very compact and water or any other polar liquid cannot be placed in it.

The aggregation number can be obtained in two ways:

1.From the ratio of the volume of micelle to the volume of a surfactant molecule:

3
N — Vmic _ 47[Rmic (1)
Usur 30sur

2.From the ratio of micelle area to the area of the surfactant:

mic 4 Rz j
N = a _ o yic (2)

amr asur

The above two terms are equal thus we have:
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Vsur 1

=3 (3)

Rmicasur 3

This parameter, which is 1 for spherical aggregates, is called the packing parameter. As
the concentration of surfactants increases, the size of the micelles first increases, but since
the sphere can be somewhat stable, it either breaks into smaller spheres or translates into
rod, cylindrical, bilayer, or cyclic structures. The tendency of surfactants to form differ-
ent phases and structures in solution is controlled by the interactions between the surfac-
tant head groups, the tail and solvent groups, and the geometric factors. The packing
parameter mentioned above can be used to predict the shape of assemblies before pre-
paring them experimentally. The surfactant packing parameter was introduced by
Israelachvili et al. [1] and provides a criterion for predicting the shape that aggregates of a
given surfactant will adopt in aqueous solutions at a concentration well above the critical
aggregate concentration (CAC). The packing parameter, P, is

v
P =
aOlc

(4)

This parameter indicates that, in the structure of a typical surfactant, the alkyl
chain has the largest segment in the volume of the molecule and the dimensions of the
micelle, and the hydrophilic head group exclusively contributes to the interface of the
micelle and water. Therefore, the above equation can be interpreted as the volume of
alkyl chains divided by the area of the hydrophilic group at the common level multi-
plied by the length of the alkyl chain.

According to Tanford equations [26], the hydrophobic chain volume of the
micelle, v, and the critical chain length, 1C, can be obtained from.

v = (27.4+26.91,)A° (5)
and
I, = (1.5 +1.265n,) A (6)

where nc is the number of carbon atoms in the hydrophobic chain of the
surfactant. It has been proposed [27] that the surface area per headgroup, a,, is
the most important factor controlling aggregate size. According to Figure 12, the
packing parameter determines whether micelles are spherical (P < 1/3), nonspherical
(1/3 < P < 1/2), vesicles or bilayers (1/2 < P < 1), or [28] “Inverted” structures
(P>1).

In fact, the packing parameter is responsible for the curvature of the self-
assembled structure based on the surfactant geometry. Studies show that for charged
ionic groups, ao is not the area occupied by the hydrophilic group, but the area of
interaction of the two electrical layers determined by the length of Debye. The volume
of the hydrophobic micelle core is mainly affected by the branching and length of the
alkyl chain. The main weakness of the compaction parameter, which limits its practi-
cal use, is that first the type of self-assembly structures produced by a surfactant must
be determined, then the compaction parameter must be calculated. For example,
when this parameter is } <P < 3, the spontaneous curvature of the self-cumulative
structure as shown in Figure 12 should be spherical with a slight curvature. While this
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Graphic representation of individual surfactant geometry and the corresponding aggregate structure [29], with
permission from Elsevier.

structure does not form because there should be no water inside the hydrophobic
micelle core, there is an empty space under extreme hydrostatic pressure that causes
the spherical structure to become a cylindrical structure for further contact with the
alkyl chains, which causes stress. Closure is at the end of cylindrical, rod-shaped or
worm-shaped micelles (Figure 12). Closure stress in this type of micelles is the reason
that rod-like and cream-like micelles grow with increasing surfactant concentration
and eventually become surfactant mesophase [28]. The formed micelles can be
observed through electron microscopy studies [30, 31]. The geometry of the surfac-
tant can be adjusted not only by chemical design, but also by adjusting the area of the
hydrophilic head group, which is related to the length of Debye. Debye length is
affected by counter-ion valence, ionic group load, salt concentration [32], and so on.
In this way, the effect of surfactant geometry on the shape of the aggregates can be
adjusted by adding salt [33].

Eventually, the two most important parameters for identifying a surfactant and
preparing its solution are the Kraft point and the cloud point. The Kraft point is the
temperature at which the value of CMC is the same as the solubility of the surfactant.
The Kraft temperature for a given hydrophilic group increases with increasing carbon
content in the hydrophobic group and decreases with branching. For a given hydro-
phobic group, the Kraft temperature decreases with increasing number of hydrophilic
groups and for ionic surfactants decreases with increasing degree of counter-ion
hydration [34]. To prepare a low temperature surfactant solution, it is critical to select
surfactants with a low Kraft temperature. Cloud point is the temperature at which
non-ionic surfactants in water are insoluble, resulting in the solution becoming a
cloudy suspension that scatters light.

5.2 Inter-aggregation (long distance) and intra-aggregation (short distance)
interactions

In this section, we will try to examine the interrelationships between the interac-
tions that are responsible for the self-aggregation of surfactant molecules and
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amphiphiles and the interactions that occur between aggregations as they approach
each other.

Essentially, there are four types of interparticle interactions: hard-sphere, soft
(electrostatic), van der Waals, and steric. The hard-sphere interactions are repulsive
and only significant when the particles are close to each other at distances of slightly
less than twice the radius of the hard sphere [35].

5.2.1 DLVO theory: soft (electrostatic) and van der Waals interactions

The interactions between soft particles (electrostatic) and van der Waals (vdW)
are considered in a theory independently proposed by Derjaguin and Landau [36] and
Verwey and Overbeek [37], hence the so-called DLVO theory. According to this
theory, in order for particles to disperse, a balance must be struck between attractive
and repulsive energies. This theory states that the stability in the solution of surfactant
(colloidal solution) is determined by the sum of the electrostatic repulsion forces
associated with the double layer around the aggregates formed by these materials and
the attraction and vdW forces between them. This theory suggests that a potential
barrier to repulsive force prevents two particles from coming close to each other and
adhering to each other. Therefore, if the repulsive particles are high enough, the
dispersion will resist coagulation and the colloidal system will be stable.

Repulsive interactions are believed to be either due to double electrical layers with
the same charge surrounding the particles or due to particle-solvent interaction. In
other words, attractive interactions are mainly due to van der Waals forces between
particles. For particle dispersion, repulsive interactions must be large enough to over-
come attractive interactions. To accumulate particles, it must be reversed.

5.2.2 Steric interaction

One of the effective interactions in the formation of self-assembly structures is the
interaction caused by steric hindrance [35], which is also known as non-DLVO inter-
action. This interaction creates two effects: (1) mixing effect and (2) entropic effect.
The mixing effect is due to solvent-tail interactions and the high concentration of tails
in the tail-solvent contact area. This effect becomes noticeable when the interaction of
the tail of the surfactant with the solvent is stronger than the hydrophobic interaction
between the tails, in this case the tendency of the particles to accumulate will increase
and then the free energy of the system will decrease. In the other hand, if the tail-tail
interaction is more than the solvent-tail interaction, then the hydrophobic interaction
between the tails leads to the formation of aggregation. The entropic effect is due to
the limited motion of tails that expand in the liquid phase when adjacent particles
approach each other.

Both effects lead to an increase in the accumulation in the liquid phase by increas-
ing the number of tails and increasing their length. However, the length of the tails
should be optimized, because the possibility of aggregation increases with the
increase in the length of the surfactant tail and the increase in the hydrophobicity
phenomenon.

In cases where the liquid phase is a liquid other than water, the steric hindrance has
the best effect on the aggregation when the head group has limited solubility in the
liquid phase, as a result, despite the steric hindrance of the tails, monomers prefer to
accumulate to reduce the free energy of the system. In general, it can be concluded
that since the formation and deformation of self-assembled structures of surfactants
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largely depends on electrostatic, vdW, hydrophobic and steric interactions [38, 39]
and the balance between them; consequently, structural parameters such as head
group, chain length and counter ion on the surface charge density of micelles and the
interaction between them and as a result have an effect on the size and shape of the
aggregates. Also, environmental effects including ionic strength, temperature, elec-
trolyte conditions such as salts and ionic liquids also have an effect on the interactions
and as a result the size and shape of the aggregates.

Generally, it is possible to control the CMC parameter and the packing parameter
by properly designing the head and tail structure of surfactants in such a way that in
addition to reducing the CMC, different forms of aggregations can be produced based
on their application. For example, atoms such as nitrogen or oxygen that can form
intramolecular hydrogen bonds can be used in the surfactant head group structure.
Investigations show that the formation of intramolecular hydrogen bonds leads to a
decrease in CMC and an increase in aggregation number [40].

Since ions with the opposite charge are attached to the micelle surface, the nature
of these ions affects the properties of micelles. For example, the size of micelles
formed with a cationic or anionic surfactant increases with increasing counter ion size.
Micelle size is not only a function of the size and electronegativity of the counter-ion,
but also depends on the size of the hydration layer surrounding the counter-ion. So
that weakly hydrated ions (smaller and highly electronegative) that are adsorbed
closer to the micelle surface can neutralize the surfactant charge more effectively and
lead to the formation of smaller micelles.

6. Complex self-assemblies beyond the conventional self-assemblies

The chirality of a compound, which is its lack of mirror symmetry, is a fundamen-
tal concept that affects the assembly, creation, and biological, chemical, mechanical,
and optical properties of materials, and is intricately involved in the structure of life.
Helical self-assembled structures with controllable twists have recently attracted con-
siderable attention because they mimicks biological helices and can be used to design
new chiral materials. However, coordination polymers (CPs) with helical morphology
have rarely been discovered so far. In particular, chirality inversion via external
actuation has not been achieved in helical CPs. Based on this, Zhang et al. have been
able to synthesize coordination polymers (CPs), superhelices, which consist of metal
ion nodes and organic linkers. In this study, they succeeded in providing a new way to
fabricate helical CP nanostructures with desirable chirality, which have potential
applications in chiral catalysis, chiral separation, and chiroptics [41]. In another work
done by Diao et al., they were able to prepare hierarchical helical structures through a
multi-step aggregation pathway [42]. Using experimental techniques, they were able
to show that increasing the concentration of the solution leads to the production of
multi-scale helical aggregation of twisted polymers. In other words, polymers progress
from the nano scale to the micron scale. This study could pave the way for the field of
chiral optoelectronics. Because the emergence of hierarchical chirality in non-chiral
conjugated polymers can profoundly affect the way these polymers interact with light
and the transmission of signals resulting from biomolecular interactions and cause
properties that were not even imagined before. These new and advanced applications
of complex self-assembly structures prompted us to further study these compounds.

In the previous sections, the phenomenon of self-assembly and the factors affect-
ing it were explored in detail. This phenomenon forms the basis of many natural and
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biological processes such as protein folding and cell membrane formation. These
processes are controlled by complex intermolecular and intramolecular interactions
such as metal coordination, hydrophobic effect, hydrogen bonds, electrostatic inter-
actions, n—n interactions and van der Waals forces. While the self-assembly of amphi-
philes into conventional structures such as micelles or vesicles has attracted much
attention for many decades due to their wide application in materials science, medi-
cine, and gene delivery, with recent advances in nanoscience, the way to the emer-
gence of supramolecular self-assembly structures has opened up the development of
complex and hierarchical structures. In the other words, amphiphilic molecules, in
addition to micelles and vesicles, according to Figure 13 can be hierarchically assem-
bled in the form of more regular nanostructures such as fibers, helices, superhelices,
ribbons and tubes, which are of interest to supramolecular chemists. In these new
nanostructures, despite knowing the basic modes of supramolecular interaction, it is
difficult to predict the shape of the self-assembly system. So far, studies have shown
that some self-assembled structures are formed by creating a balance between hydro-
philic and hydrophobic components, while recent studies have shown that chirality
may play an important role in controlling the shape of self-assembled nanostructures.
Hence, the phenomenon of chirality can play an important role in the complexity of
these structures and functions at the molecular level. Also, these complexities have

Hierarchy

Hierarchical (complex)
structures %

Primary (simple)
structures

Molecular

Figure 13.

The diversity of chival nanostructures constructed through hierarchical self-assembly. Starting from the molecular
level, various primary structures can be formed through plausible packing modes. Hierarchical self-assembly of
higher order or complex structures can be attained by using these primary nanostructures as building blocks. In the
clockwise direction, (c1) zero-dimensional nanospheres can form helical sphere chains and microspheres; (c2) one-
dimensional nanofibers can further form single-helical fibers, double-helical fibers, helical bundles with two fibers
and multiple fibers, and chiral spirals; (c3) one-dimensional nanorods can assemble into helical and twisted
nanovods; (c4) two-dimensional nanobelts can form twisted ribbons, dendritic twists, helical ribbons, and chiral
tubules; (c5) two-dimensional nanosheets can assemble into helically arranged petals and microspheres; (c6)
three-dimensional nanotubes can form microtubule flowers and helical tubes [43, 44]. With permission from
Royal Society of Chemistry.
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been observed in right-handed alpha-helical structures of proteins or double-helix
DNA. Research has shown that these helical structures can be single, double, triple or
quadruple strands and exist as linear or circular sets [45].

Some research has shown that chirality can play an important role in controlling
the shape of self-assemblies such as tubes and the morphology of helical ribbons. In
order to design new supramolecular self-assembly structures for using in nanotech-
nology, in addition to understanding the form of chiral self-assembly, it is necessary to
control the size and shape of the aggregates by adjusting the chemical composition,
interactions, and conditions under which self-assembly occurs. In this regard, the
important step is to know how the three parameters of the elastic force, chirality and
the direction of membrane inclination control the structure and shape of the resulting
aggregation. Previously, presented models show that aggregates of cylindrical tubes or
spiral bands are formed due to chiral interactions, along with molecular tilt [46]. Since
this model only predicts the formation of ideal structures, as a result, other models
have been presented, including the theory that has been proposed for the effect of
chirality on the shape of nanostructures resulting from complex supramolecular self-
assembly [47-49]. According to these theories, the existence of some chiral restric-
tions in the systems leads to the non-parallel arrangement of macromolecules during
the formation of self-aggregates. In other words, the macromolecules are forced to
accumulate at a non-zero angle near to their closest neighbor, as a result, they will
prefer a specific orientation in the double layer structure, which causes double layer
deviation and as a result, the formation of a hollow cylinder will be followed by a
fibrous morphology.

Nowadays, metamaterials with better mechanical, optical and even electromag-
netic properties can be produced by manipulating the morphological chirality. Also,
studies have shown that chirality has a significant effect on physiological properties
and medicinal effects, so it can be said that chirality has been proposed as one of the
most important research from a biological and chemical point of view. However,
many features in nature, such as tunable and hierarchical chirality, which can provide
electromagnetic control of light polarization and enhancement of mechanical proper-
ties in man-made structures, are still an important challenge. In this section, an
attempt has been made to examine the concept of chirality and how it changes during
the formation of aggregate structures and the parameters affecting it, so that the way
to solve the existing challenges may be smoothed. Parameters such as the intensity of
interaction between components in the aggregate structure, their electronic proper-
ties, steric effects, geometric preferences, stoichiometry, as well as external factors
such as polarity, temperature, and pH play a central role in how chirality affects the
shape of aggregates [50]. In 2020, Chen et al. have provided inspiration from origami
techniques [51]. They have been able to propose egg-box-based chiral units for the
construction of homogeneous and heterogeneous chiral structures and show a theo-
retical approach to adjust the chirality of these structures by adjusting their geometri-
cal parameters and to achieve chirality change through the branching mechanism.
Gradually, they placed a helical bond between the chiral units and were able to design
hierarchical structures with chirality that is transferred from the structural elements
to the morphological level. Their proposed method can lead to the development of
artificial metamaterials with chiral properties, further these metamaterials may be
used in engineering applications, including switchable electromagnetic metamaterials,
morphing structures, and bionic robots. Put simply, chirality indicates the asymmetric
property of an object that has at least one asymmetric center in its structure, in which
case the object cannot conform to its mirror image. On the scale of macrochirality, it
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can usually be morphologically represented by a helix, Create a structure that exists in
most biological and synthetic materials. The presence of chirality in materials leads to
unusual mechanical, optical and electromagnetic properties and functions [52-55],
such as negative refraction, asymmetric electromagnetic waves transmission and
superior elasticity.

Investigations show that chirality translation, in other words, the conversion of
right-handed and left-handed chiralities into each other is an important phenomenon.
On the one hand, the transformation of these configurations is important in biological
[56, 57] and chemical processes [58, 59], and on the other hand, it is very important for
engineering materials. Because this conversion can help to control the electromagnetic
polarization of the light and also improve the mechanical properties. For example,
materials with different handedness have different transmission effects on circularly
polarized electromagnetic waves. It is extremely valuable to pay attention to this feature
in the construction of light dividing devices and detectors. Various external stimuli can
induce this transformation in natural or synthetic chiral materials. However, the chiral-
ity transfer coupled with the control of structural reconfiguration is a very difficult and
complex task. For example, with a photoactive medium, chirality can be changed
without any structural change in a chiral artificial metamolecule with only light [60].
Therefore, the chirality in multiple scales in a structure is called hierarchical chirality.
This type of chirality is very useful for the synthesis and properties of materials, for
example, to control symmetry in morphogenesis and increase mechanical properties
[61, 62]. Eventually, both chirality transfer and hierarchical chirality provide effective
ways to tune the mechanical, optical, or electromagnetic properties of a material.

7. Conclusion and future perspective

Amphiphiles, especially surfactants, due to their unique structure, have been able
to make significant progress in industry, various fields of medicine and nanoscience.
Since these materials can create aggregated structures in addition to reducing surface/
interfacial tension by controlling concentration, structural design and controlling
environmental conditions, they can be used as templates or drug carriers. Also, these
compounds can be used for household cleaning and other industrial applications, and
it is predicted that with the increase in the world population along with industrializa-
tion and the increase in living standards in developing countries, the demand for the
production of these compounds will increase sharply. On the one hand, the wide-
spread use of these compounds and on the other hand their chemical structure creates
environmental concerns regarding their toxicity to mammals, aquatic animals and
their accumulation in the soil. Therefore, considering that these materials should be
used in some industries because of their unique structure, the design of functional
surfactants with less risk for the environment is not far from expected.

The purpose of this chapter is to introduce the structure and assembly behavior of
surfactants, trying to find a way so that if we cannot eliminate the use of surfactants in
a particular industry due to more disadvantages than its benefits, at least we can
reduce the amount of disadvantages by changing its structure. On the other hand,
with detailed information about their structure and its effect on their properties, we
can suggest the best surfactant with the highest efficiency and minimum environ-
mental and economic harm for a specific application. For example, in 1970, the use of
phosphate detergents was banned because phosphate is a nutrient for algae. The entry
of the waste of these detergents into the water led to the excessive growth of algae and
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as a result, the reduction of oxygen in the water, followed by the death of aquatic
animals and fish [63]. Since substitutes for these surfactants were found, especially in
the current situation, using natural surfactants, so removing or limiting phosphate
surfactants will not create a problem in the detergent industry or other industries. But
another group of surfactants with chains that have fluorine atoms in their structure,
such as perfluorooctane sulfonates (PFOS) and perfluorooctanoic acid (PFOA), are
toxic to mammals and are suspected of causing cancer in these organisms [64]. The
prohibition on the use of these types of surfactants also forced manufacturers to
produce fluorinated surfactants with shorter linear chains. Later studies showed that
these types of surfactants have the same performance or in some cases better than the
previous surfactants, but their toxicity is less. In some industries, these fluorinated
surfactants are not yet easily replaceable because there are no high-performance
alternatives. Fluorinated surfactants usually have lower surface tension with excellent
wetting ability [65]. Therefore, in order to reduce their toxicity, we should seek to
change their structure.

In general, it can be said that with the advancement of computational methods
along with complex experimental methods such as X-ray or neutron scattering,
nuclear magnetic resonance and electron transfer scanning, the surfactant structure
can be designed according to the type of application. In other words, considering that
the chemical and thermodynamic laws governing the structures of aggregates formed
by surfactants are well understood and documented and the related theories are well
advanced, it is possible to use the results of experimental and computational studies
and their simultaneous application to design different structures. Surfactants are used
for their application in various fields such as nanomaterials, drug delivery, energy
efficiency and environmental cleaning.
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Chapter 4

Electrocatalytic Self-Assembled
Nanoarchitectonics for Clean
Energy Conversion Applications

Ingrid Ponce, José H. Zagal and Ana Maria Méndez-Torres

Abstract

The general trends in the construction of highly active electrode devices are
focused on the science of materials. These are useful for developing 2D nanostruc-
tured electrodes, with well-defined active sites, which are excellent approaches for
understanding the fundamentals of electrocatalytic reactions. Here we present an
overview of the experimental self-assembled molecular catalyst configurations to
develop excellent electrode materials containing molecular catalysts for energy con-
version device applications. First, by applying well-known reactivity descriptors for
electrocatalysis, nanoarchitectonics, and the self-assembled concept, we summarize
the main molecular building blocks to achieve a technology system for arranging by a
rational design, nanoscale structural units configuration that promotes electrocatalytic
reactions such as oxygen reaction reduction (ORR) and water-splitting reactions. We
focus the discussion on the MN4 molecular catalyst linked to electrode surfaces with
the help of the axial blocks, bio-inspired self-assembled approaches such as biomi-
metic models of metalloenzymes active sites, and molybdenum sulfide clusters for
hydrogen evolution reaction (HER). We briefly discuss the advantages of developing
host-guest self-assembled molecular catalyst systems based on cyclodextrins anchored
to electrodes to get well-defined active sites with local environment control.

Keywords: nanostructured electrode, molecular catalyst, oxygen reduction reaction,
water splitting, hydrogen evolution reaction

1. Introduction

Climate change is one of the worse problems humanity is facing and despite
different measures that different countries are taken to counteract this problem but
the situation is not improving. One of the main causes of global warming is the
widespread use of fossil fuels, among other factors like cattle farming. Thus, there is
an urgent need to find alternative non-polluting energy sources i.e., renewable
sources. Among these new energy sources, electrochemical systems appear to be very
interesting. For example, a water electrolyzer uses clean electricity to produce high
uruty electrolytic hydrogen which can be used as a fuel that upon combustion is
pollution free as it forms water. Hydrogen can also be used in a fuel cell producing
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electricity with high efficiency [1, 2]. For optimum operation of electrolyzers and H,/
O, fuel cells, it is necessary to develop highly active catalytic materials to be used in all
different electrodes [3, 4]. The development and optimization of these systems are
part of the energy revolution that is taking place in the world (UN 2030 agenda), with
particular emphasis on the development of new technologies that work more effi-
ciently to promote the decarbonization of the global energy matrix.

Among the most promising alternative energy devices are electrolyzers, fuel
cells, as mentioned above, and rechargeable metal-air batteries [5]. These electro-
chemical systems generally have two electrodes separated by a polymeric mem-
brane, called anode and cathode (Figure 1a). Four fundamental electrochemical
reactions occur in them for their operation: hydrogen evolution reaction (HER),
oxygen evolution reaction (OER), hydrogen oxidation reaction (HOR), and oxygen
reduction reaction (ORR). In the water electrolyzers, the H,O molecule is splitter to
give H, and O, fuels by applying a potential difference between the cathode (HER)
and the anode (OER). On the other hand, fuel cells, use H, and O, to generate
electrical energy through the HOR and ORR reactions that occur at the anode and
cathode, respectively Figure 1a.

HER
2H" +2¢ = H, acidic electrolytes 1)

OER
2H,0 =0, + 4H" + 4e™ acidic electrolytes 2)
40H™ = 2H,0 + O, + 4¢™ neutral or alkaline electrolytes 3)

HOR
H,=2H" + 2¢™ acidic electrolytes (4)

ORR
O, + 4H" + 4e~ = 2H,0 acidic electrolytes (5)
O, +2H" + 2 = H,0, (6)
O, + 2H,0 + 4e~ = 40H" alkaline electrolytes @
0y + H,0 +2¢~ = HO; + OH" ®)

The above reactions occur by multi-electron pathways and, therefore, can
proceed via several mechanisms. For example, in acid electrolyte environments,
HER follows two elemental reactions, proton adsorption on the active site of
electrode surface (M) by the Volmer mechanism, and desorption of the H, mole-
cule step by Heyrovsky or Tafel mechanisms. Thus, if the M-H interaction is too
weak, the adsorption step will limit the overall reaction rate, and if the M-H
interaction is too strong, the reaction — desorption step will limit the overall
reaction rate [7]. As a result, optimal catalytic surfaces exhibit a Gibbs free energy
of electrochemical H-adsorption (AGH) close to zero (Figure 1b) as Parson pro-
posed in 1958 [8]. On the other hand, HOR proceeds by the same steps but
reversely for HER [2, 5].
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H*+e¢ +M=M — H Volmer step 9)
M —H+H" +¢ =H, + M Heyrovsky step (10)
2M — H = H, + 2M Tafel step (11)

In this direction, the ORR can proceed by the four-electron pathway (4e—/4H+),
which is desirable for fuel cells and air batteries; the two-electron pathway (2e—/2H+)
promotes H,O,; as a product. Therefore, from the energy conversion challenges, an
efficient catalyst for ORR is the one that achieves to promotes a selectivity for 4e—/4H
+on 2e—/2H+.

The HER, HOR, OER, and ORR reactions occur through an internal sphere electron
transfer process and involve electrocatalytic phenomena. Thus, their efficiency is
directly related to the electrodic materials used as anode and cathode [3, 9, 10].
Therefore, it requires electrodes with specific activity for the reaction involved
(Figure 1b-d). However, in most known electrode materials, these reactions are slow
and require specific catalysts to reach rates compatible with their applicability at the
industrial level, which are based on expensive platinum-based materials or precious
metal oxides such as IrO, or RuO; [2, 5, 11]. Noble metals are scarce and expensive,
preventing the mass use of these devices. In this context, new alternatives to using
inexpensive materials have been proposed. Among them, the graphite materials
modified with the MN4 molecular catalysts, such as metallophthalocyanines,
metalloporphyrins, and their derivatives complexes of the metal transition (Figure 1e).

Graphite electrodes modified by a simple process involving the physical adsorption
process of intact MN4 complexes on their surface have made it possible to perform
fundamental studies to establish reactivity descriptors for specific reactions such as
ORR and, with this, advance in the search for the best catalyst for this reaction
through a rational design [9, 10] of the MN4 molecules. However, new experimental
strategies and surface characterization techniques have allowed the development of
more advanced electrode systems based on nanostructured systems of molecular
catalysts as the main active component [6, 12-14]. Thus, one of the fundamental
strategies to incorporate a molecular catalyst such, as MN4 complexes, on electrode
surfaces is using the self-assembled process, where the molecular catalyst is anchored
to the electrode surface using a molecular building block that can establish a link
between surface-molecular catalysts. [15] Among these systems, the most prominent
are the self-assembled organic monolayers (SAMs) on gold electrode surfaces and
their subsequent functionalization with MN4 complexes that can be converted into
regular molecular arrays by molecular-level nanoarchitectonics (Figure 1f) [16].

The concept of nanoarchitectonics has been proposed as a technology system for
arranging nanoscale structural units in a rationally pre-designed configuration for a
given function [17]. Thus, in self-assembled molecular catalyst systems on an elec-
trode surface, each functionalized SAM molecule fulfills the function of molecular
wire and, at the same time, as an axial ligand of the MN4 complex. This configuration
allows the catalyst to be anchored on the surface, permitting the electronic communi-
cation between the electrode and molecular catalyst (Figure 1f). Therefore, through
the self-assembly process, it is possible to obtain nanostructures with a specific func-
tionality on the electrode that has allowed the generation of efficient electrode sys-
tems with reproducible activity for specific reactions to advance the understanding of
reaction mechanisms achieving to obtain the control of one pathway reaction over
other [12, 14]. Moreover, self-assembled nanostructures provide the fundamental
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(a) Scheme of energy conversion devices: Fuel cells and electrolyzer. In the polymer electrolytic membrane (PEM)
fuel cell and electrolyzer, the cathode and anode systems are separated by a proton-conducting membrane. Shown
on the left is the fuel cell, which is supplied with hydrogen fuel by oxidizing at the anode, producing H" and e”.
while, at the cathode, the oxygen in the air reacts with H" and e”. on the right side, an electrolyzer is shown in
which the operation is reversed, i.e., at the anode, the water splitting reaction leads to the production of O,, while
the H, and electrons at the cathode side are used. To convert H* to H, reprinted by permission from [springer
nature customer sevvice Centre GmbH]: [springer natuve] [nature materials] [1] (energy and fuels from
electrochemical interfaces, V.R. Stamenkovic, D. Strmcnik, P.P. Lopes, N.M. Markovic), [COPYRIGHT] (2017).
(b) HER volcano plot for metals and MoS,. (c) ORR volcano plot for metals. (d) OER volcano plot for metal
oxides. Reprinted by permission from [the American Association for the Advancement of Science AAAS]: [science]
[2] (combining theory and experiment in electrocatalysis: Insights into materials design, Z.W. Seh, ]. Kibsgaard, C.
F. Dickens, I. Chorkendorff, J.K. Norskov, T.F. Jaramillo), [COPYRIGHT] (2017). (e) Schematic vepresentation
of MN4-modified ordinary pyrolytic graphite (OPG) electrode. (f) Self-assembled system made up of
electrocatalyst attached by a wire attached to the gold substrate. Reprinted (adapted) with permission from the
journal of physical chemistry C [6]. Copyright (2012) American Chemical Society.
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basis for constructing supramolecular nano-devices that can be used as active compo-
nents to build compact and efficient electrodic devices for energy conversion systems.
According to above, the following sections present the fundamental aspects of the
construction of molecular catalysts self-assembled to electrode surfaces, which serve
as self-assembled supramolecular electrocatalytic devices. For this, it is necessary to
consider each molecular building block that, through a rational design, allows the
formation of nanostructures guided by molecular self-organization processes on elec-
trode surfaces; in addition, the optimization of electrocatalytic properties of the
molecular catalyst for a specific reaction of energetic interest. We will focus mainly on
ORR and HER processes, ending with an overview of the new perspectives to consider.

2. Modified electrodes with MN4 complexes as electrocatalytic building
molecular blocks

The concept of modified electrodes refers to those electrodes whose surface has been
altered by incorporating compounds that can act as mediators in a charge transfer
reaction (Figure 2a-c) [18]. These compounds can be metal complexes, organometallic
complexes, conductive polymeric films, metallic atoms, and self-assembled molecules
confined, deposited, or adsorbed on the electrode surface. The last strategy is the first
approach to incorporate, by a simple method, new active sites on the electrode surface
by the physical adsorption process of molecular catalyst; in this process, the molecules
are attached to the surface through weak bonds such as van der Waals forces and =-
staking interactions, among others. Thus, the modified electrode can present
electrocatalytic activity for a given reaction. In this case, the electrocatalytic activity is
greater than that of the unmodified electrode (Figure 2f-g) [18].

MN4-type macrocyclic complexes are well-known to exhibit electrocatalytic
activity for different reactions of interest, including ORR. When incorporated into the
electrode surfaces, these act as charge mediators, creating new active sites on the
surface and reducing the overpotential needed to initiate the electrochemical reaction
(Figure 2f-g). In this direction, the studies have focused on exploring the reactivity
descriptors for a specific reaction such as ORR in ordinary pyrolytic graphite (OPG)
and glassy carbon electrodes modified directly with MN4. The importance of these
electrode surfaces modified with MN4 lies in the fact that, through certain experi-
mental conditions, it is possible to achieve a high degree of control of the surface in
terms of its structure and reactivity, being able to establish and control its reactivity
and specificity. Most MN4 complexes studied have involved transition metal phtha-
locyanines (MPcs), metal porphyrins (MP), and similar complexes based on biomole-
cules (e.g., Vit B12, Cytochrome c, and multicopper oxidase) adsorbed directly on
carbon, and pyrolytic graphite materials, among others [11]. This is due to the variety
of electrochemical reactions catalyzed by these systems.

In MN4 complexes, the metal center acts as an active site; in addition, they have a
flat and rigid structure with a highly delocalized electronic system (Figure 2a-c).
These can undergo very fast reversible redox processes with a minimum of molecular
reorganization. In addition, its redox properties can be tunned using electron donor or
acceptor substituents in the cyclic ligand, thus, regulating the electron density on the
metal center. The redox processes of MN4 are closely related to the energies of the
frontier orbitals, which are precisely those involved in the interaction with the
reacting molecule. [6, 12-14]. Among the most studied MN4 complexes are phthalo-
cyanines and porphyrins. However, new highly active complexes for ORR have
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Examples of commonly used macrocyclic compounds: (a) Metalphthalocyanine. (b) Metalloporphyrin, (c)
phenanthvoline derivative, (d) dicobalt cofacial porphyrin M = Co, and (e) cobalt phthalocyanine on graphite
M = Co. f) Voltammetric vesponse for O, reduction for a clean and/or modified (111) gold electrode with different
configurations containing MN4 complexes. (g) MN4 complexes: Iron phthalocyanine (FePc) and
hexadecachlorinated phthalocyanine (16(CIl)FePc). ORR schemes in the unmodified gold electrode (i) and
modified with FePc (ii) and 16 (Cl)FePc (iii) measurements made in a 0.1 M NaOH solution saturated with O,,
dE/dt = 50 mV/s. veprinted (adapted) with permission from ACS catalysis [12]. Copyright (2018) American
Chemical Society.

recently emerged, such as Fe phenanthroline derivatives, which mimic the M-N4 site
(Figure 2¢) [17].

In these systems, reactivity descriptors have been found for ORR, such as the
number of “d” electrons in the metal center, the donor-acceptor intermolecular hard-
ness, the binding energy between the metal and oxygen, and the redox potential M"*/
M@ D*; the latter two being closely related [9]. These reactivity descriptors allow the
synthesis of new and optimized molecular catalysts based on these complexes. In iron
phthalocyanine, it has been shown that by incorporating electron-withdrawing substit-
uents at the periphery of the ligand macrocycle, the electrocatalytic activity for ORR
increases. Electron withdrawing ligands would promote a harder active site, tuning a
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better Fe-O, interaction since the O, molecule is a hard molecule; the Sabatier principle
supports this effect [12]. The control binding energies of the reacting molecule on an
active site of the electrode surface are the key to designing materials with improved
performance [2]. In this direction, multinuclear complexes onto graphite electrodes are
selective for the 4e—/4H+ reduction for ORR over the 2e-/2H+ pathway; thus, a high
selectivity has been obtained for dicobalt cofacial porphyrin and related complexes
(Figure 2d-e) [19]. In those models, the two metal centers help to improve the
electrocatalytic performance due to the interaction of the O, molecule linked to the
multinuclear active site [19].

2.1 Molecular catalyst self-assembled to electrode surface: a experimental
platform to obtain 2D nanomaterials for clean energy conversion applications

MN4 molecular catalysts and derivatives have functional electrocatalytic proper-
ties to be used as active components in constructing nanostructured electrode surfaces
for energy conversion systems. As mentioned in the previous section, their
electrocatalytic properties can be tuned by the action of the substituents on the cyclic
ligand (Figure 2g). Moreover, molecular catalysts such as metal phthalocyanines of
Fe, Co, Mn (FePc, CoPc, MnPc) can accept axial extraplanar ligands directly coordi-
nate with the metal center. Exploiting this ability, the complexes can be anchored to
electrode surfaces using an axial ligand by a bottom-up construction procedure to
obtain well-defined nanostructures [12, 14].

One strategy to immobilize MN4 complexes on electrode surfaces is
functionalizing self-assembled organic monolayers, SAMs; among the most used sur-
faces to carry out this process are gold surfaces.

SAMs are a set of molecular building blocks spontaneously formed in a 2D
arrangement (D = dimension) on an electrode surface, forming films of nanometric
height [15, 20]. The building blocks that form the SAMs have a well-defined structure
to give them a certain chemical functionality, which consists of a “head” and a
“terminal” group, which binds strongly to the substrate at one extreme and, another
extreme, limit toward the outer surface in contact with the electrolytic solution,
respectively. Connecting the head and terminal groups is carried out by a spacer or
backbone of variable structure and length [15]. Thus, if SAMs on an electrode surface
are considered 2D nanomaterials according to their dimensions, the functionalization
of the SAMs with molecular catalyst represents an excellent platform for the con-
struction of electrocatalytic patterned surfaces to apply to the fabrication of compact
and efficient electrodic devices (Figure 3a).

In the self-assembled arrays, there is a synergic contribution at the molecular level
by a self-controlled organization. Therefore, by a predesignated configuration, self-
assembled FePc among others, and related metal complexes systems have been devel-
oped on gold surfaces for ORR. In this surface configuration, at the nanoscale, each
electrocatalytic nanostructure has a molecular catalyst with an active site conformed
by a five-coordinated metal center forming an umbrella-like configuration
(Figure 3b). As mentioned above, axially coordinated molecular catalysts present
higher performance activity in comparison with the adsorbed systems. So, the axial
ligand apart from serving as a molecular anchor is not innocent and affects the
electron density on the metal center. Thus, in well-established electrocatalytic molec-
ular platforms involving this type of self-assembled nanoarchitectonic for FePc and
related complexes, the activity for ORR is enhanced by the axial ligand action com-
pared to the FePc directly adsorbed on the electrode surface. Similar self-assembled
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( agt;chematic representation of 3D nanostructured gold electrode obtained by the bottom-up construction of self-
assembled monolayers functionalized with FePc. (b) Lineal sweet voltammetry for ORR on Au(111) modified
with different configurations of pyridiniums molecules with a electron-withdrawing groups into molecular
backbone. Performed on 0.1 M NaOH O, saturated, dE/dt = 0.05 Vs~ *. Reprinted (adapted) with permission
from Electrochimica Acta [14]. Copyright (2018) Elsevier. (c¢) Optimized molecular structures of FePc-py-
SWCNT. Reprinted (adapted) with permission from Electrochimica Acta [21]. Copyright (2021) Elsevier. (d)
Construction of the electrode bearing the biosynthetic model. Adapted from Figure 2 in ref. [22].
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systems have been carried out on single-walled carbon nanotubes, SWCNTs, where
the axial ligand corresponds to a building block anchored to the carbon surface by a
covalent bond, SWCNTs-Py systems (Figure 3c). However, FePc is self-assembled in
SWCNTs-Py systems by spontaneous interaction between Fe and the axial ligand
available in SWCNTs-Py systems [21].

In a broad scene, three components are fundamental for obtaining self-assembled

molecular catalyst arrays:

1. The electrode surface, which is the crucial material for electrochemical systems
represents the source and sink of the electrons. The nature of the surface (such as
graphite, gold, and Ag) depends on the type of molecular building block and,
therefore, the kind of interactions that drive the bottom-up self-assembly
process (e.g., van der Waals interaction, n-stacking, among others).

2. A functional molecular building block to act as an axial ligand to the metal center

of the molecular catalyst. The general rational design of this building block must
consider incorporating an “anchor” functional group at one end, which has a
chemical affinity to bind to the electrode surface (e.g., SH and -SCHj; for gold
and pyrene for graphite surfaces). Also, a coordinating functional group binds to
the metal center of an MN4 complex (e.g., Pyridine and NH,, it contains atoms
that can donate a pair of electrons to the metal center). Moreover, the rational
design must be considered the reactivity descriptors for obtaining a molecular
backbone where it aids in exploiting the crucial factors to improve the activity of
the self-assembled systems for an interesting reaction. Thus, for ORR carried out
on FePc, the activity is increased when the molecular catalyst is anchored to the
gold surface by a building block with electron-withdrawing groups into the
molecular backbone (Figure 3b). This effect can be related to the

donor — acceptor Fe — O, intermolecular hardness. The electron-withdrawing
groups, although they decrease the electron density on the metal center, favor
the donor—acceptor electronic coupling, and increase the catalytic activity of
FePc for the ORR. In similar highly catalytic systems, FePc-Py-SWCNTSs the
presence of pyridine neutral axial ligand decreases the electron density on the Fe
site compared with that of FePc adsorbed on the SWCNTs surface [12, 21].

3. An electrocatalytic molecular building block, such as MN4 complexes. In the case

of incorporating the complex to the surface in an umbrella-/ike configuration
(Figure 3b), it is required that the central metal (Fe, Co, Mn) can accept
extraplanar ligands. In addition, as mentioned in the previous point and Section
2, a variety of reactivity descriptors have been proposed for the MN4 complexes
for the ORR. In addition, as mentioned in the previous point and Section 2,
various reactivity descriptors have been proposed for the MN4 complexes for the
ORR. Among them, the M(III)/(II) formal potential of the catalysts is an
excellent reactivity predictor that requires an accurate determination of the
surface modified with MN4 complexes. Furthermore, these complexes present
reversible redox peaks that have been assigned to M(II)/(I) and M(III)/(II)
processes supported by spectroscopic evidence [12].

The bioinspired nanostructured electrodes are an excellent experimental platform

for mimi kg the efficiency and selectivity of natural metalloenzymes (Figure 4a).
Thus, the electrode bearing the biosynthetic model has been constructed for
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electrochemical ORR by “exploiting” the bio-architecture of the active site configura-
tion. As mentioned earlier, multinuclear complexes are selective for the four-electron
reduction for ORR over the two-electron pathway. Thus, the biomimetic models of
Cytochrome c oxidase (CcO) have been carried out for ORR, where the active site
corresponds to a heteronuclear complex (Fe heme, a distal copper, and tyrosine
residues) anchored to a gold electrode surface by the action of imidazole ligand linked
to alkanethiols SAMs on gold electrodes. In those systems, the synergic contribution of
axial ligand and multinuclear active sites helps to improve the electrocatalytic perfor-
mance for ORR due to the improved interaction of the O, molecule linked to the
multinuclear active site [11, 23]. The same principle is fulfilled in self-assembled
monolayers functionalized by covalently attached mutant myoglobin based on the
biosynthetic model of CcO to carry out ORR where both the distal Cu and the redox-
active tyrosine residue can help both electron and proton transfer during O, reduction
[22].

In search of functional molecular building blocks to obtain a low-cost catalyst for
the hydrogen evolution reaction (HER), sulfur-rich transition metal clusters have
been used to modify graphite and gold electrodic surfaces due to containing groups
that resemble the active core groups in redox metalloenzymes, such as iron—sulfur
cluster-based enzymes as well as Mo-enzymes; in truth, many processes in nature also
rely on metal sulfide clusters [8, 24]. Thus, self-assembled inorganic monolayers of
incomplete cubane type [Mo3S,]** discrete clusters have been developed on the gold
electrode surface by direct interaction between atom sulfur linked to Au(111) surfaces
(Figure 4b). The [Mo03S4]** unit comprises three molybdenum atoms in the oxidation
state +4 positioned in a triangular plane capped by a i3-S°~ entity. The four sulfur
atoms in the cluster are in the reduced state —2 like —-SH “head” functional group in
organic thiols [8]. Therefore, in the self-assembled [M0384]4+/ Au(111) systems, the
most stable configuration would be three sulfur atoms acting as linkers to gold and one
sulfur atom exposed between the solution electrode interface (Figure 4b). This

” Mey o A=
ey - o .
e N Biomimetic supported incomplete
O=
(a) | ¥4 1 (b)  cubane-type [Mo3S4]++ clusters

Molybdenum-sulfur c.l{)sler
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Molecular
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Figure 4.

(a) Schematic representation of SAMs functionalized with synthetic CcO model. Adapted from Figure 3 in ref.
[23]. (b) in situ STM images of [Mo;S,]*" monolayer on Au(111) in 0.1 M HCIO, 10x10 nm?. Adapted from
Figure 7 in vef. [24].
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configuration has been characterized by different experimental techniques such as
cyclic and lineal voltammetry, XPS, and in-situ scanning tunneling microscopy, STM
[7, 24]. This system works efficiently for electrocatalysis for hydrogen evolution
reaction, where the onset potential (the potential at which catalytic current is first
observed) is shifted 200 mV, in an acidic environment, to favorable potentials
concerning the gold surface without inorganic SAMs [24].
Earlier, we mentioned the three possible reaction steps involved in the mechanism

for HER (reactions 9, 10, and 11). Whether the reaction proceeds via the

Volmer — Heyrowsky mechanism or the Volmer — Tafel mechanism, the reaction occurs
by hydrogen atoms adsorbed on the electrode surface, M-H (where M = active site on
electrode surface) [7]. On the other hand, these inorganic clusters consist of small
molecular units of molybdenum sulfide with undercoordinated sulfur abounding at its
surface, and it is generally assumed that hydrogen binds to under coordinated sulfur
edge sites. Therefore, this self-assembled discrete unit on electrode surfaces provides
an efficient active site for carrying out the HER process, where the overall reaction
rate is influenced by the free energy of hydrogen adsorption, AGH (Figure 1b) [7].

Because molybdenum sulfide clusters have shown great promise for

electrocatalysis for HER to generate carbon-free fuel from water, different experi-
mental techniques have been proposed to incorporate them on electrode surfaces.
Among these techniques, straightforward methods involving Mo-S clusters are
supported on various substrates by simple drop-casting from a specific solution. Thus,
the highly oriented pyrolytic graphite (HOPG) electrode surfaces have been modified
with [Mo3S4]** molecular clusters by physical adsorption or electrostatic interaction
on anodized surfaces. In this configuration, it was possible to obtain a structure—
function relationship of these electrocatalytic building blocks at the single-molecule
level; this latter, by combining electrochemistry and STM experiments. In those
systems, the molecule cluster activity was higher than in nonprecious metal HER
catalysts, such as Ni, Cu, or W. Similar behavior has shown [Mo3S;5]% nanoclusters
[7]. In this direction, Mo-S represents promising building block entities to obtain
electrocatalytic nanostructured electrode surfaces in well-established arrays directed
by different self-assembled ways such as quasi-covalent interaction (S-Au), van der
Waals interaction, electrostatic interaction (between surface groups and cluster unit),
and in-situ ligand substitution to obtain electrocatalytic linked blocks arrays [7].

2.2 Electrocatalysis based on host-guest systems

Recently, a new perspective has emerged in the development of nano-device with
potential applications in energy conversion reactions, which is the formation of host-
guest systems at the electrode interface [25, 26]. Within the wide range of hosts,
molecules are cyclodextrins, calixarenes, and cucurbit[n]urils, among others [27, 28],
which are based on the formation of inclusion complexes through non-covalent
interactions [29].

Cyclodextrins (CDs) are functional building blocks corresponding to a family of
macrocyclic oligosaccharides composed of D-(+)-glucopyranose subunits linked
through an a-1,4-glucosidic bond. The most common CDs are composed of 6, 7, or 8
glucopyranose subunits and are called o -CD, p-CD, and y-CD, respectively [30]. The
CDs exhibit two types of ~OH groups at three different positions: primary ~OH groups
at the C¢ position and secondary —~OH groups at C, and Cj positions. These -OH
groups are located on the edges providing a hydrophilic exterior, whereas C-H units at
the inside create a hydrophobic [31, 32]. Among the native CDs, the most widely used
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due to its greater accessibility and functionalization of its chemical structure is p-CD.
This CD can form inclusion complexes with a series of aromatic and heterocyclic
compounds [33]. In this direction, as an experimental platform, these entities are
suitable building blocks to obtain well-structured arrays in 2D conformation on elec-
trodes surfaces to study, at the single-molecule level, the influence of the local envi-
ronment hydrophobicity/hydrophilicity on the electron-transfer process, across the
self-assembled molecular catalyst for ORR, HER, OER, and HOR [31]. Therefore, the
host-guest self-assembled molecular catalyst could provide a directed via to develop a
fundamental understanding of the intrinsic activity of catalytic sites in the interface’s
electrode solutions, which is necessary to design highly active surfaces whit
well-defined active sites.

Komatsu. et al. reported the formation of a host-guest system building from a-CDs
units and porphyrin-pyridinium complexes with an iron penta-coordinated metal
center. In this system, a stable adduct with an oxygen molecule forms through the
direct interaction of Fe-O2, Figure 5a [34]. Other host-guest systems between
thiolated cyclodextrins (f-CDSH) and iron porphyrin (FeTMPyP) have been devel-
oped to promote the ORR via the 4-electrons reduction process [36]. In these self-
assembled systems, the MN4 complex is linked to the electrode surface modified with
CD by the favorable interaction of the axial ligand into de hydrophobic cavity into the
CD. On the other hand, cobalt porphyrins with different substituents on the periphery
of the macrocycle rings ((TPPS)Co, (TMPyP)Co, (TPP)Co)) were used to form
inclusion complexes with -CD polymers immobilized on gold to evaluate
electrocatalysis of ORR (Figure 5b) [35, 37]. This reaction at the electrode coated with
a polymer film, hosting the cobalt porphyrin catalyst, involves a 2e-/2H+ pathway
resulting in the formation of hydrogen peroxide.

Besides, the host-guest inclusion complexes have been carried out with ruthenium
electrocatalysts and per-thiolated -CDs [31] anchored on gold electrode surfaces.
This self-assembled configuration favors the ammonia electrooxidation reaction
(AOR) since ammonia (NH;) shows promise as a renewable hydrogen storage
medium, i.e., by electrochemical decomposition for on-site hydrogen generation or by
direct use of ammonia as fuel in a fuel cell. This shows that the development of AOR
electrocatalysts is essential to obtain a high yield in HER and ORR.
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Figure 5.

(a) Schematic representation of possible dominant aaap structure of the deoxygenated host-guest ensemble.
Adapted from veference [34]. (b) Scheme of electrocatalytic dioxygen sensing at the gold electrode coated with the
P-CD film containing cobalt porphyrin (Co(TPP)). Adapted from reference [35].
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3. Conclusion

We have described the crucial role of rational design in obtaining molecular build-
ing blocks as active components for constructing a self-assembled molecular catalyst
for the electrocatalysis of the energetic reactions interest, focusing on the ORR and
HER process. These reactions occur through an inner-sphere electron transfer process
and involve electrocatalytic phenomena; therefore, their efficiency is directly related
to the electrodic materials used as cathode. We summarized the reactivity descriptors
applied to build self-assembled molecular catalysts to promote electrocatalytic reac-
tions in the central molecular configurations to gain a fundamental understanding of
obtaining nanostructured electrode surfaces. We make the description for different
experimental approaches to achieve self-assembled arrays with synergic contribution,
at the molecular level, by a self-controlled organization. Among this configuration,
MN4 molecular catalyst linked to gold electrodes and graphite surfaces by the axial
ligands have been developed to improve the activity for ORR compared with catalyst
adsorbed directly on electrode surfaces. Furthermore, we described a few bio-inspired
self-assembled approaches based on biomimetic architecture to emulate similar
metalloenzymes active sites. Finally, we describe the advantages of developing host-
guest self-assembled molecular catalyst systems based on cyclodextrins anchored to
gold electrodes to obtain highly active surfaces whit well-defined active sites with
local environment hydrophobicity/hydrophilicity control on the electron-transfer
process.
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Abstract

Silver nanoparticles (AgNPs) synthesis from plants that already have been
reported for medicinal purposes demonstrated better efficacy for curing diseases.
Recently, a number of researches have been reported where AgNPs act as promising
antibacterial and anticancer agent. Biosynthesized silver nanoparticles (AgNPs) are a
type of environmentally friendly, cost-effective, and biocompatible substance that has
gotten a lot of attention in treatment of cancer and inhibition of pathogenic microbes.
In this chapter, a comprehensive report on the recent development of AgNPs as
nanomedicine synthesized from plant extracts. The role and mechanism of AgNPs as
antibacterial and anticancer agent was reported that leads towards development of
targeted nannomedicines to treat infectious diseases and world most challenging
disease like cancer. Reported literature give imminence importance of AgNPs and
demonstrated more potency to treat cancer and bacterial infections.

Keywords: silver nanoparticles, biolabeling, conjugation, phagocytosis,
polydispersity

1. Introduction

Silver has been used widely from ancient times as it is a noble metal. Hippocrates
advocated for the use of silver in the treatment of sickness and for healing purposes
[1]. Silver is found abundantly in nature with multiple biological and biochemical
properties making silver most suitable candidate for the biomedical applications, can
be used as an antiseptic, part of medicines, antimicrobial efficacy, pharmaceutical
industry, Food preservation, cosmetics, biolabelling, and optical properties. AgCl and
AgNO3, ionic forms of silver, caused cardiac alterations in rats, such as left ventricular
hypertrophy, hypersensitivity, and inhibition of normal fibroblast function [2]. Silver
nanoparticles (AgNPs) are comparatively safe and more effective in medical treat-
ment to silver ions [3].

Recently, nanotechnology has played a critical role in biomedical, diagnosis, treat-
ments, the industrial sector, scientific purpose, and environmental protection [4].
Nanomaterials have a size range of 1-100 nm, or particles with at least one dimension
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smaller than 100 nm [4]. Due to unique physicochemical and biological characteristics,
such as large surface area to volume ratio, excellent surface plasmon resonance, conju-
gation with various ligands to obtain desired property, inhibition against microbes,
potent toxicity towards cancer cells, catalytic operations, silver nanoparticles are one of
the most widely studied metal nanoparticles for a variety of scientific purposes. Due to
very small size they penetrate the blood capillaries and tissues and become more
effective in cancer treatment. Moreover they carry the multiple drugs on their large
surface area and have capability to modify and combine chemically. Antimicrobial and
anticancer activities of green synthesized AgNPs is due to phytoconstituents attached
on their surface [5]. Several research studies have been conducted a green method to
synthesize a range of metallic nanoparticles in concern with growing worldwide burden
of cancer that showed potential anticancer effect against a range of cancer cell types [6].
Unicellular or multicellular living organisms are typically with 10 pm, so AgNPs in small
size (1-100 nm) can interact with cell wall of bacterial, viral, and fungal pathogens and
their active nano-complexes can penetrate and break the external capsule. The perme-
ability of the plasma membrane to small-sized AgNPs permits them to accumulate in
cell compartments. Phagocytosis, endocytosis, or micropinocytosis is the uptake mech-
anisms of nanoparticles in eukaryotic cells [7].

The rising applications of AgNPs in field of oncology and microbiology, present
chapter emphasizes the significant antibacterial and anticancer properties of AgNPs
synthesized by the green approach, recent developments and finding new perspec-
tives in nanomedicine. In comparison with other methods, Ram Prasad’s methods
have been shown to be better due to their slow kinetics and ability to manipulate
crystal growth and stabilization in a better way. The biogenetic synthesis uses plant
extracts in aqueous form to create noble nanoparticles, as the extracts contain more
reducing agents than plants. The availability of silver nanoparticles and their various
metabolites makes plant-mediated silver nanoparticle synthesis a preferable method
[8]. There are several phyto-constituents that are believed to reduce silver ions,
including tannins, terpenoids, flavonoids, ketones, aldehydes, amides, and carboxylic
acids. Plant extracts (chemical composition, amount, conjugation method) and
nanoparticles (type, size, shape, polydispersity, etc.) play an influential role in the
properties of a bioconjugate method [9].

In addition to being expensive to manufacture, the silver ion method has not been
demonstrated to be clinically effective in randomized controlled trials and cannot be used
with oxidizing solutions such as hypochlorite or H,O, [10]. There are several drawbacks
to the generation of silver nanoparticles (AgNPs) using a tube furnace, including the fact
that it occupies a large space, consumes a lot of energy, raises the temperature in the
surrounding environment, and requires a lot of time to achieve thermal stability. To
achieve a stable operating temperature, a tube furnace typically requires several kilowatts
and several time of preheating [11]. The polysaccride method is very temperature sensi-
tive because the binding between the silver nano particles is very weak. If the tempera-
ture is increased slightly then the reversible reaction is started and the separation of the
silver nano particles is started so the nano particles are unstable [12].

2. Applications and importance of silver nanoparticles

Nanoparticles and nano-composites synthesized from plants containing noble
metals, silver nanoparticles are widely used metal due to incredible potential and
significant usage. The diverse chemical and physical nature of AgNPs suggests
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Figure 1.
Applications of AgNPs.

potential uses in the environment and for the well being of human life, promoting one
health program for example cover the field of agriculture, food industry, medicine,
and for the better human health (Figure 1) [13-15]. In the treatment of cancer cells,
AgNPs are used as therapeutic agents due to cellular oxidative and apoptotic potential
[15, 16]. AgNPs offer new uses due to their size-dependent actions and capacity to
form various complexes with natural or synthetic molecules [17-19].

AgNPs are the most studied zero-dimensional nanoparticles for their remarkable
and unparalleled uses in pharmaceutical science, infectious problems, wound care,
antimicrobial, food packaging, and the cosmetic sector [20]. In recent years,
biosynthesized AgNPs have shown potent larvicidal, bactericidal, fungicidal, antioxi-
dant, antiviral, antidiabetic, and anticancer activities [21]. There are approximately
383 commercialized nano silver-based products on the market worldwide, accounting
for 24% of all nano products [22].

2.1 Silver nanoparticles as anticancer agent

Cancer is one of the most challenging diseases to treat, and defined as the uncon-
trollable division of altered cells. It is the leading cause of mortality and about 70%
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deaths in middle and low income countries and 68% population suffer due to cancer
[23]. Globally cancer burden will be rise up to 27 million by 2040 [24]. Cancers most
commonly diagnosed in the human population include lung, thyroid, cervical, liver,
stomach, brain tumors, prostate, uterine, and breast cancers [19]. The most predom-
inantly prevalent cancer are breast and prostate cancer that effect women and men,
respectively. The field of cancer nanobiotechnology has provided new direction to
detect, diagnose, and treat cancer [25]. AgNPs produced through green method with
phytochemical covering give them more efficacy than AgNPs produced through
chemical method. The ability to combine AgNPs inherent anticancer property with
the pharmacological anticancer effects could be the key to treating malignancies that
have stopped responding to chemotherapy or radiotherapy. Metal-based AgNPs have
been found to be pro-oxidative in a variety of cancer cell types. The phytoconstituents
berberine isolated from plants in combination with AgNPs showed synergistic anti-
cancer activity [26]. Several studies in the published literature have looked into the
methods by which AgNPs exhibit anticancer action. Among studied cancer cell lines
most of the silver nanoparticles are studied against breast cancer cell line MCF-7. The
size of AgNPs evaluated for anticancer ranged from 5 to 100 nm; with varying shapes
such as spherical, cubical and hexagonal. The IC50 values of green synthesized AgNPs
extracts against studied cell lines ranged from 6 to 1200 pg/mL. Some important
studies regarding iz vitro evaluation of AgNPs on cancerous cell lines represented in
Table 1. AgNPs synthesized from Mentha species possess inhibitory effect against

Plant used Part Size (nm) and Cancer cell line ICso value Reference
used shape of AgNPs (pgml —1)
Avicennia marina Leaves 10 (spherical) A549 lung 15 [27]
cancer cells
Litchi chinensis Leaves 59 (spherical) MCEF-7 40 [28]
Fagonia indica Whole  10-60 (spherical) MCF-7 12.3
plant
Ganoderma neo-japonicum  Fruit 5-8 (spherical) MDA-MB-231 6 [29]
Putranjiva roxburgi leaves 8 (spherical) MDA-MB-231, 0.54-0.00025 [30]
HCT-116 and
PANC-1
Jasminum officinale Rhizome 9.2 (spherical) MCF-7, Bladder 9.3-1,13.0 [31]
(5637)
Noctiluca scintillans callus 4.2 (spherical) MDA-MB-231 50 [32]
Euprenolepisprocera Leaves 60 (spherical) MCF-7 9.63 [19]
Nostoclinckia Whole 9.39-25.89 MCF-7 27.79 [33]
(spherical)
Solanumtrilobatum Seed 41.90 (spherical) MCF-7 30 [34]
coat
Elephantopusscaber Peel 59 (spherical and Colo-259 17.4 [35]
polygonal)
Zingiberofficinale seed 20-51 (spherical) HT-29 150.8 [36]
Chlorophytumborivilianum  peel 52 (spherical) HT-29 7 [37]
Oleachrysophylla, Aerial 328.6-284.5 HCT116 99.35 [38]
Lavandula dentate parts (spherical)
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Plant used Part Size (nm) and Cancer cell line ICso value Reference
used shape of AgNPs (pgml —1)
Mentha arvensis Leaves 100 (spherical) HCT116 1.7 [39]
Zanthoxylumrhesta Leaves  10-68 (spherical) A549 65.17 [40]
Punicagranatum leaves 6-45 (spherical) A549 5 [41]
Derris trifoliate leaves 16.92 (spherical) A549 86.23 [42]
Dimocarpuslonganlour Peel 8-22 (spherical) H1299 5.33 [43]
Neptadeflersiana Aerial 33 (cubical) HeLa 23 [44]
parts
Detariummicrocarpum Leaf 81 (cubical) HeLa, PANC-1 31.5-1.84 [45]
Ginkgo biloba leaf 40 (spherical) HeLa, SiHa Dose [46]
dependent
Rhizophoraapiculata leaf >100 (spherical) HEK-293, HeLa  0.062-1.98 [47]
Punicagranatum leaf 46.1 (spherical) HeLa 100 [41]
Allium sativum leaf 100-800 HePG2 31.25 [48]
(spherical)
Biergavuaerecta leaf 15.9 (spherical) PA-1 25 [46]
Alternantherasessilis Whole  30-50 (spherical) PC3 6.8 [49]
plant
Dimocarpuslongan Peel 9-32 (cubical) PC3 10 [43]
Perillafrutescens Leaf  25.71 (spherical and COLO205, 39.28-24.33 [50]
cubical) LNCaP
Salvia miltiorrhiza leaf 100 (spherical and LNCaP 50 [51]
hexagonal)
Zingiber officinale Leaf 18.93 (spherical) AsPC-1PANC-1 312-1295 [36]
Punicagranatum leaf 35-69 (spherical) HePG2 70 [41]
Elephantopusscaber leaf 59 (spherical) MCF-7, A-549 10 [35]
and SCC-40
Tamarindus indica Fruit 20-30 (spherical) MCF-7 120 [24]
shell
Chaetomorphalinum Smaller size HCT-116 48.84 [52]
(spherical)
Andrographis paniculata Stem  Small size u-shaped Vero cells 31.25 [53]
Phyllanthus niruri Leaf 125
Tinospora cordifolia Leaf 250
Conocarpus Lancifolius Fruits 21to 173 nm MDA MB-231 16.8 pg/ml. [54]
Tridax procumbens Leaf 11.1-45.4 A459 42.70 [55]
Sambucus ebulus Leaf 35-50 AGS and MCF-7 240 [56]
Parthenium hysterophorus Leaf 20 spherical HepG2 50 [57]
Cleome viscosa leaf 20-50 A549 and PA1 28 and 30 pg/ [58]
mL
Bee pollens Leaf 44 MCF-7 90 [59]
chitosan, Leaf 23 MDA-MB-231 4.6 [60]
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Plant used Part Size (nm) and Cancer cell line  ICso value Reference
used shape of AgNPs (pgml —1)
Mimusops elengi Fruit 43 spherical shape HT-29 and 155 and 179 [61]
MCF7
Gloriosa superba Stem 7nm-14 spherical A549 46.54 [62]
Luffa acutangula, Leaves 8 spherical MCEF-7 90 [63]
MDA-MB-231 65
us7 80
DBTRG, 90
(Pistacia terebinthus) Leaves 32 spherical shape MCF-7 25 [58]
Hypericum Perforatum Leaves 100 HeLa 771 [64]
Hep G2 12.44
Alternanthera sessilis Aerial 10-30 nm/ MCF-7 3.04 [65]
part spherical
Alternanthera tenella Leaf 48 nm/— MCF-7 425 [55]
Andvographis echioides Leaf 68.06 nm/cubic, MCF-7 315 [65]
pentagonal,
hexagona
Achillea biebersteinii Flower 12 nm/spherical, MCEF-7 20 pg/mL [66]
pentagonal
Azadirachta indica Leaf 40 nm/spherical MCF-7 10 [59]
oriandrum sativum Leaf 37 nm/spherical, MCF-7 30.5 [67]
rod, triangular,
hexagonal
Citrullus colocynthis Leaf 7.39 nm/spherical MCEF-7 2.4 pg/mL [68]
Dendrophthoe falcata Leaf  5-45nm/spherical MCF-7 7 [57]
Erythrina indica Root 20-118 nm/ MCEF-7 23.89 [60]
spherical
Melia dubia Leaf 7.3 nm/irregular MCF-7 31.2 [69]
Olax scandens 30-60 nm/ MCF-7 30 [70]
spherical
Piper longum Root 46 nm/spherical MCF-7 67 [71]
Quercus (genus) Fruit 46 spherical MCEF-7 50 [34]
hull
Rheum emodi Root 27.5 nm/spherical MCEF-7 28 [47]
Sesbania grandiflora Leaf 22 nm/spherical MCEF-7 20 [72]
Solanum trilobatum fruit 41.90 nm/ MCF-7 30 [46]
spherical,
polygonal
Syzygium cumini Fruit 40 nm/spherical MCEF-7 10 [73]
Syzygium aromaticum Fruit ~ 5-20 nm/spherical MCEF-7 70 [74]
Tabernae montana Leaf Mean 22.85 nm/ MCF-7 20 [75]

divaricate

spherica
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Plant used Part Size (nm) and Cancer cell line ICso value Reference
used shape of AgNPs (pgml —1)
Taxus baccata Needles Mean 75.1 nm/ MCEF-7 0.25 [76]
spherical
Ulva lactuca Whole 56 nm/spherica MCEF-7 37 [71]
Butea monosperma LEAF 20-80 nm/ HNGC2 67
spherical
Azadirachta indica Leaf 2-18 nm/ shia 4.1 [77]
triangular,
hexagonal
Melia azedarach Leaf 78 nm/cubical, HeLa 300 [78]
spherical
Citrullus colocynthis Leaf  16.57 nm/Spherical HCT-116 30 [79]
Gymnema sylvestre Leaf Spherical HT29 85 [80]

Key: A-549; H1299; lung cancer, MCF-7, MDA-MB-231; breast cancer cell lines, SCC-40; oral cancer, HCT-116, HT-
29; colon cancer, PANC-1; pancreatic cancer, Bladder (5637); bladder cancer, HeLa ¢ SiHa; cervical cancer, HEK-
293; human embryonic kidney cells, HepG2; liver cancer, PA-1; ovarian teratocarcinoma cell, PC3; prostate cancer, and
LNCaP; prostate adenocarcinoma.

Table 1.
Anticancer activities of silver nanoparticles (AgNPs) synthesized from plants.

HCT116 colon cancer cells in human by inhibiting the cell division and reducing G1
phase [18]. In another study green synthesized AgNPs by using plant extract showed
potent cytotoxicity against lung cancer [23]. AgNPs synthesized from fruit of
Tamarindus indica and Nepeta deflersiana resulted into apoptosis and cytotoxicity for
human breast cancer and cervical cancer, respectively. A dose dependent anticancer
effect was observed may be induced due to oxidative stress that leads to mitochondrial
and DNA impairment [24]. Cell lines from liver, gastric, and prostate cancer showed
cytotoxic effects against AgNPs from lotus plants [26]. AgNPs prepared from
Crataegus microphylla (fruit) and Gossypium hirsutum (leaf) showed considerable dis-
tortion of gastric adenocarcinoma cells [81]. It has been reported that AgNPs target
the lung adenocarcinoma cells breaking DNA helix, chromosomal instability, and
damage the mitochondria of cancerous cells [81]. When AgNPs applied to MCF-7, it
changes the morphological parameter modifications, inhibition of cell growth and
significant loss of plasma membrane integrity.

Although AgNPs of large size >100 nm can be more effective but small size
<10 nm penetrate the cell, get localized inside the nucleus easily and can induce
cytotoxicity at greater level as reported by Avalos et al. that smaller size nanoparticles
exhibit more cytotoxicity than larger size in MTT assay and lactate dehydrogenase
assays [82]. The mechanism involved behind inducing cytotoxicity is (i)
interruption in cellular respiration and DNA replication due to uptake of free silver
ions (ii) production of free silver radicals and reactive oxygen species (ROS) (iii)
damage to cell membrane [83]. AgNPs induce ROS production and reduce
glutathione (SGH), nuclear factor kB (NF-kB) and tumor necrosis factor-alpha
(TNF-1) levels within cells). Increasing levels of superoxide radicals disrupt the mito-
chondrial signal transduction pathway, resulting in apoptosis [84]. The increase level
of reactive oxygen species and decrease glutathione elicit damage to different compo-
nents of cell such as breaking of DNA, peroxidation of lipid membrane and protein
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carbonylation. Apoptosis occurs when caspases 3 and 9 are activated as a result

of changing mitochondrial membrane potential. After that, it activates c-Jun
NH2terminal kinase (JNK), which causes DNA breaks to cause cell cycle arrest and
the creation of apoptotic bodies [85]. AgNPs prepared from plants increase the sub-G1
phases of cell cycle and exhibit potent cytotoxicity. Chang et al. demonstrated link
between sub-G1 arrests in cancer cells treated with curcumin showed more apoptosis
suggested that AgNPs induced apoptosis in cancerous cells by prolonged sub-G1 phase
[86]. This implies that the enhanced sub-G1 arrest of cancerous cells, which is
connected to the induction of apoptosis, may be resulting in the death of cancer

cells due to AgNPs application. In addition, green synthesized AgNPs prevented

the formation of new cells induced by vascular endothelial growth factor (VEGF).
After penetrating into the cell, AgNPs inhibited VEGF and through Src-dependent
pathway the vascular permeability 1 L-1pinduced occured. [87]. Due to this
anti-angiogenic efficacy AgNPs recommended as a new gateway of treatment for
cancer. Another mechanism suggested for the anticancer potential of AgNPs is
autophagy-induced cell breakdown, which results in cell death. Additionally, because
autophagolysosomes accumulate in cancer cells and are more prevalent there,
greenly produced AgNPs encourage autophagy, which ultimately results in cell

death [30].

2.2 Silver nanoparticles as antibacterial agent

Silver nanoparticles have antibacterial properties and they auspiciously appear to
be more potent and efficient antimicrobial agents than other nanomaterials from
noble metals, due to their unique properties such as a large surface to volume ratio,
toxicity, interaction with phosphorus and sulfur compounds in the cell [88]. These
characteristics make them excellent agents for treating a variety of microbial infec-
tious complaints, as well as for overcoming microbial resistance to conventional med-
icines, whether used in single or in combination with other therapeutic formulations
[89]. The synergistic action of nano-silver and a broad variety of phytoconstituents
exhibit wide range of antibacterial qualities, as silver nanoparticles are easily
manufactured from plant extracts with extraordinary stability and eco-friendly
approach. According to a report antimicrobial agent containing silver ions can damage
the external membrane of targeted cell by reacting with proteins (thiol group)
resulted in inactivation of bacterial enzymes. Silver reduces DNA replication and
uncouples electron transport from oxidative phosphorylation when applied. As a
result it interferes with membrane permeability and inhibits the respiratory chain
enzymes and kills the microbes at very low concentration [90, 91]. AgNPs have
suppressed the growth of bacteria at the minimum inhibitory concentration (MIC) for
example; Cestrum nocturnumat at 0.25 pg/ml concentration showed 36 mm zone of
inhibition against Citrobecter which support the above statement. At a dosage of 10 pg/
ml, B. vulgaris and B. nigra demonstrated substantial antibacterial activity against S.
aureus (93 mm) while Ceratonia siliqua leaves showed 8 mm inhibitory zone against E.
coli (Table 1). Ocimum sanctum at 5 pg/ml concentration showed 11 mm zone of
inhibition against E. coli. When tested at minimum inhibitory concentrations, AgNPs
showed excellent permeability through bacterial cell walls and plasma membranes.
AgNPs interacting with plasma membranes and releasing Ag + ions into cell cyto-
plasm, Thus, respiratory mechanisms and ion exchange processes were disrupted in
bacterial membranes and mesosomes, and the obstruction of sulfur-containing pro-
tein synthesis on ribosomes [92]. When biologically produced nanoparticles and
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AgNOj solutions were combined, the cytotoxic action was enhanced [93]. The addi-
tion of Ag + ions to the culture media reduced the production of biofilms by bacteria
during growth. In biological experiments, AgNPs were found to have anti-biofilm
formation properties against Gram positive (Enterococcus faecalis and S. aureus) and
Gram negative (Shigella sonnei and Pseudomonas aeruginosa) [94]. All of these mecha-
nisms of action show that AgNPs have antibacterial capabilities and that they can be
used as anti-pathogenic drugs to reduce microorganism proliferation (Table 2).

Plant used Concentration (pg/ml) Bacteria ZI (mm) Reference
Coptis chinensis 12.50 E. coli 12 [95]
Cestrum nocturnum 0.25 Citrobacter 36 [94]
1 S. typhi 28
2 E. faecalis 15
4 E. coli 23
8 P. vulgaris 26
16 V. cholerae 41
B. vulgaris 10 P. aeruginosa 77.57 [96]
E. coli 89.21
S. aureus 93.64
B. nigar 10 P. aeruginosa 73.83
E. coli 83.31
S. aureus 93.12
C. burspastoris 15.50 P. aeruginosa 92.62
E. coli 80.76
S. aureus 96.03
Ceratonia siliqua 10 E. coli 8 [97]
Helictere sisora 12.5 E. coli 2 [98]
100 V. cholerae 6
Ocimum sanctum 5 E. coli 11 [99]
S. aureus 10
Acalypha indica 10 E. coli [100]
Citrus aurantiifolia E. coli 7 [101]
Citrus sinensis 8
Citrus limetta 6
Citrus aurantiifolia K. pneumoniae 6
Citrus sinensis 8
Citrus limetta 5
Citrus aurantiifolia S. aureus 5
Citrus sinensis 5
Citrus limetta 4
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Plant used Concentration (pg/ml) Bacteria ZI (mm) Reference
Citrus aurantiifolia S. typhimurium 6
Citrus sinensis 6
Citrus limetta 4
Zingiber officinale 100 Staphylococcus spp 6.5 [102]
Coffea arabica 0.05 E. coli 2.3 [103]
0.1 3.1
0.05 S. aureus 21
0.1 2.7
Chlorophytum borivilianum 15 S. aureus 10 [37]
30 17
60 29
15 P. aeruginosa 9
30 11
60 14
Ficus sycomorus 50 E. coli 9 [104]
S. aureus 11
P. aeruginosa 11
K. pneumoniae 18
S. typhi 30
S. flexneri 16
Zataria multiflora 20 S. aureus [105]

P. aeruginosa

Malva verticillata 100 A. hydrophila n 12.44 [106]
A. salmonicida 28.64
Camilla sinensis 50 E. coli 12.5 [107]
Rhizophora apiculata 21 B. subtilis 11 [108]
E. coli 14
K. pneumoniae 14
P. vulgaris 14
P. aeruginosa 12
S. typhi 14
Dryopteris crassirhizoma 100 B. cereus 2 [109]
150 P. aeruginosa 3
Acacia leucophloea 25 S. aureus 15 [110]
50 B. cereus 17.50
75 S. flexneri 17
Olea europaea 7 S. aureus 2.7 [111]
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Plant used Concentration (pg/ml) Bacteria ZI (mm) Reference
Conocarpus Lancifolius 2.5 5. aureus 4 [54]
5 7.5
10 11
20 14
50 22
2.5 s. pneumoniae 3.8
5 7
10 10
20 1
50 19
Tridax procumbens 20 E. coli 11 [55]
Shigella. ssp 15
Pseudomonas aeruginosa 20.66
Pseudomonas aeruginosa 15.33
Candida tropicalis 20
Cleome viscosa 10 s. aureus 11 [101]
20 13
30 14
40 17
10 B. subtilis 10
20 12
30 13
40 14
10 E. coli 10
20 13
30 15
40 16
Bee pollen 100 pg/mL B. subtilis 18 [59]
P. aeruginosa 18
S. aureus 17
E. coli 1
Parthenium hysterophorus 60 E. coli 17 [60]
P. aeruginosa 18
B. subtilis 12
E. feacali 1
S. aureus 15
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Plant used Concentration (pg/ml) Bacteria ZI (mm) Reference
Gloriosa superba 40 Enterococcus faecalis 29 [62]
Bacillus subtilis 24
Staphylococcus aureus 23
Luffa acutangula 5 B. subtilis 7.2 [63]
S. aureus 7.9
E. coli 7.4
P. americana 25 P. vermicola 24 [102]
A. caviae 17
50 E. coli 10 [103]
Bacillus subtilis 8
Taxus baccata Linn 25 Shigella dysenteriae 10 [77]
E. coli 12
Salmonella typhi 08
Gardenia thailandica 50 S. aureus 12 [103]
Table 2.

Antibacterial activity of silver nanoparticles (AgNPs) from plants.

2.3 Antifungal activity of silver Nano particles

Drug resistance by pathogenic fungi has been continuously increasing, so it is
necessary to develop new antifungal agent. The antifungal agent was present in the
form of the chemically, physically and, biologically. The green plants which caring
affective metabolites and particles which use against the fungus disease. There are the
many nano particles which use against the fungi but Silver nano particles have the
drastic affect against the many disease which is caused by the fungi [25]. In many
study reported that the AgNPs as antifungal agent in treating fungal infectious dis-
eases [112]. This disease badly affected the human and the plants as well. Silver
nanoparticle are very effective against the four pathogens R. solani, F. oxysporum, S.
sclevotiorum, and S. volfsii which caused the disease in the vegetable and horticulture.
Silver nanoparticles activity was checked at the four different concentration against
these fungus species [113]. Silver nano particles was seen the most activity against the
candida albican species include C. tropicalis, C. glabrata, C. parapsilosis. C. glabrata at
different concentration (0.01 pg —300 pg) with different zone of inhibitions (05-70)
[114] (Table 3).

Plant name Concentration pg Fungus Reference
Garcinia kola pulp 75 Candida tropicalis 13 [115]
Fusarium oxysperium 15
Taxus baccata Linn 90 T. purpureogenus 22 [77]
Juniperus procera 50 C. albicans ATCC885653 14.3
50 C. neoformans ATCC16620 9.80
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Plant name Concentration pug Fungus Reference
red curran 30 Fusarium oxysporum 12 [116]
Botrytis cinerea 26
Pestalotiopsis mangiferae 50
E. tivucalli 923.4 B. cinérea 1.9 [117]
R. stolonifera 3.5
B. lanzan Spreng 50ppm Rhizoctonia solani. 47 [118]
100 ppm ?
Allium fistulosum 0.32 mg/mL Aspergillus niger 08 [119]
10 mg/mL T
0.32 mg/mL Candida albicans 07
10 mg/mL T
Cynara cardunculus 1.8 mg/mL C. albicans 26.6 [120]
Glycosmis pentaphylla 1 A. alternata 15.5 [121]
F. moniliforme 14.5
Colletotrichum lindemuthianum 9.5
Candida glabrat 12
O. vulgare 5uL Aspergillus flavus 7.7 [122]
10 uL T
5pL Fusarium moniliform 7
10 pL ?
5pL Candida albicans 10
10 pL 18
Borago officinalis 100 Candida albicans 7 [123]
Alhagi graecorum 0.01 mmol\ml C. albicans 14 [124]
C. glabrata 18
C. parapsilosis 22
C. tropicales 21
C. krusei 15
0.02 mmol\ml C. albicans 16
C. glabrata 21
C. parapsilosis 27
C. tropicales 25
C. krusei 17
Malva parviflora L 15 pg /mL F. solani 81.1 [125]
A. alternata 83
H. rostratum 88.6
F. oxysporum 80
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Plant name Concentration pg Fungus Reference

Allium ampeloprasum 25 pg /mL C. albicans 20.1 [126]

C. glabrata 20.6

C. krusei 151

C. tropicalis 16.4

C. parapsilosis 18.4
Melia azedarach 20 pg /mL Verticillium dahliae 87 [127]
Teucrium polium L 50 pg /mL F. oxysporum 46 [128]

100 pg /mL ST

150 pg /mL ST
plant essential oil 20 pg /mL Aspergillus niger 11.33 [129]

20 pg /mL Aspergillus flavus 13.27

Candida albicans 9.87

Candida tropicalis 14.66

Candida kefyr 15.17
maize 25 C. albicans 0.021 [130]
Maize 47g Candida albicans 62.5 [131]
Ferulago macrocarpa 250 pg/mL Candida albicans 34 [132]
Lotus lalambensis 6.25 Candida albicans 10 [133]

12.5 T3

25 ?

50 3
Grass waste 2 F. solani 20 [134]

5 E

10 60

Table 3.

Antifungal activity of silver nanoparticles (AgNPs) from plants.

3. Conclusions

Due to the vast range of activities and unique physical and chemical characteris-
tics, silver nanoparticles are currently the subject of in-depth research. AgNPs are
effective anticancer agents because they affect the cell cycle, prevent the growth of
cancer cells, cause oxidative stress, and promote apoptosis [135, 136]. They protect
against bacterial infections and showed potent antibacterial effect at minute concen-
trations. Due to the weakened immunological resistance of cancer patients, such
antimicrobial protection is preferred during chemo- and radiotherapy. Most of the
literature for use of AgNPs as antibacterial and anticancer agent is quite reported
recently in present century showing that nanomedicine has made many advances in
ongoing years and still there need to explored this field [137-139]. In order to gain
unique insights and improve silver NP characteristics, additional research on AgNPs
needs to be done.
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Future applications may involve certain contentious concerns, like dose for various
tissues; side effects from therapy, tissue-specific biocompatibility, or microbial resis-
tance to NPs. AgNPs have some actions that seem to be dual or even contradictory
depending on the situation. Examples include anti- or pro-oxidative, biosensing or
bioresisting activity depending on the type of cell or living organism. Before being
added to cells, NPs must be thoroughly described and their physical and chemical
characteristics must be understood. These characteristics are mostly the product of
various AgNP synthesis techniques, and only nontoxic ones should be favored in
bioassays involving living models.
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Abstract

Our cultural heritage is our invaluable social and environmental resource and
concern. Moreover, it is a key global economic driver. However, they are subjected to
deterioration process and aging. Particularly, microorganisms are nowadays consid-
ered harmful agents of biodeterioration of artistic materials due to the fact that their
interactions with the material cause not only an esthetical damage due to their visible
growth on the surface, but they may affect the interested materials in different ways
and at different degrees via mechanical and biochemical processes leading to the
formation of pitting, scaling and, in the worst scenario, to the loss of material by its
detachment. To protect our shared tangible cultural heritage from biodeterioration
and preserve it for future generations, several methods have been developed. Notably,
using nanomaterials, with antimicrobial features, has been considered an interesting
and economical method to preserve valuable heritage materials. In this chapter, we
will present an overview of the decay mechanisms that participate in the deterioration
of tangible artworks, in particular microorganisms’ colonization. Next, current works
that have been developed to use silver nanoparticles to protect heritage items from
microbial colonization and prevent their deterioration have been detailed.

Keywords: silver, nanoparticles, microorganisms’ colonization, stone biodeterioration,
conservation, heritage materials

1. Introduction

Cultural heritage consists of tangible or intangible assets that history has left for a
country and its future generations [1]. Heritage refers to the cultural legacies that we
inherit from the past, maintain in the present, and pass on to succeeding generations.
Moreover, investments in cultural heritage are frequently considered as having positive
effects on a local economy, including increased employment and revenue as well as
cultural consumption. However, famous works of art and historical artifacts have been
marred. The alteration of cultural assets is the consequence of the continuous cycle of
disintegration, by losing cohesion or strength, and reconstruction. Generally, in a natu-
ral condition, matter undergoes processes of alteration, degradation, or decomposition,
which means that original chemical, physical, and optical characteristics are lost [2].
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Among the decay mechanisms, the most known are as follows: (i) Physical or
mechanical processes: where the behavior of the material is modified without altering
the chemical composition of the material due to the contribution of several mechani-
cal forces such as traction and compression. (ii) Chemical processes: where the matter
is transformed due to a chemical reaction. (iii) Biological processes: where living
organisms, such as microorganisms, insects, plants, rodents, and others, can chemi-
cally attack the material [1]. For that reason, the preservation of monuments becomes
an obligation. Several products and methodologies have been studied and developed
for the preservation of monuments from decay [3].

Traditionally, solvents (both aromatic and non-aromatic), chelating agents in
addition to other cleaning products (including strong and mild acids and bases), have
been widely used in the restoration field and are applied on different materials such as
stones, paintings, and wall paintings [4]. However, the irreversibility of this technique
and the risk of altering the artwork as well as the toxicity of certain products make
this method not suitable for application on historic buildings [4]. Biocleaning has
been suggested and studied as an alternative to the traditional cleaning techniques
[5]. This method is based on using microorganisms for the treatment of deteriorated
historical materials by removing undesired sulfates, nitrates, and organic matter
[6]. Despite the efficiency of this method under laboratory conditions, the need of a
specified condition to ensure the viability of these microorganisms makes its practical
application very difficult and subject to further study [4]. The laser has been consid-
ered a friendly technique for cleaning heritage structures as well as for the environ-
ment. Its ability to alter and affect the artifacts’ surface on a variety of materials, such
aswood [7], paper [8], stone [9], easel paintings [10], and wall paintings [11] makes
this technique attract high attention. Nevertheless, the high cost of this method is still
the barrier to its widespread use.

Several products have been also developed and used as protective and consolida-
tion agents with the aim to preserve the historic buildings from decay such as poly-
mers [12, 13], biopolymers [14], gels [15], microemulsions [16], and ionic liquids [17].
However, the application of the abovementioned products requires caution owing
to the toxicological risks to the artwork and the operator in addition to the high cost
of maintenance. More recently, nanomaterials have been proposed as an alternative
method in the maintenance of the historical artifacts, particularly in the consolidation
and protection treatments of damaged art materials [18]. Unlike conventional materi-
als such as polymers that are frequently used in conservation, engineered nanomate-
rials do not modify the original physical and chemical properties of artifacts as well as
have a low environmental impact [19].

When the dimensions of particles decrease to be about 1-100 nanometers, the
properties of materials change considerably from those at larger scales. In this sense,
nanomaterials have larger surface areas compared with similar masses of larger-scale
materials, which enhance their chemical reactivity [18]. Moreover, due to the particle
size, these nanomaterials can deeply penetrate into the damaged stone materials.

The application of Nanoscience in the field of artifacts as a preservative agent
reverts to the end of the 1980s through the restoration of the wall paintings (i.e.,
Renaissance paintings) in the “Brancacci Chapel” in Florence, Italy [20]. After that,
different kinds of inorganic nanomaterials have been used as consolidant products
[21] such as calcium hydroxide (Ca(OH),) nanoparticles, which have been applied
on rocks (limestones and dolostones) and mortars [22-24]. In addition, consolidant
products based on Mg(OH), nanoparticles have been used for the conservation of
cultural heritage [25] and paper-based cultural archives [26]. Barium hydroxide

110



Silver Nanoparticles in the Cultural Heritage Conservation
DOI: http://dx.doi.org/10.5772/intechopen.109184

(Ba(OH),) has been extensively used as a consolidant product for carbonate stones
for decades [27, 28]. Strontium hydroxide (Sr(OH),) nanoparticles obtained by
bottom-up approach and their use as a consolidant product and also as a desulfating
agent for stone, mortars, and wall paintings were proposed [22, 29]. More recently,
studies concerning the behavior of commercial water-based silica dispersions, with
different particles size (from 9 to 55 nm), as consolidant products on heritage mate-
rials have been performed on limestone (Lecce stone) [30]. Silicon-based hybrid
polymer nanocomposites have also taken an interest in the domain of preservation
of historical materials. Alkoxysilane-based formulations, notably, tetraethoxysilane
(TEOS) and methyltrimethoxysilane (MTMOS), have been the most broadly used
stone consolidants principally due to their ability to penetrate easily inside the
porous matrix [18]. Another approach has been developed in order to reduce the
cracking of the consolidant products through the addition of different metal col-
loidal oxide particles to the TEOS-based polymeric resins [31]. Recently, Verganelaki
et al. proposed a novel crack-free calcium oxalate-silica nanocomposite for protect-
ing historic building materials [32]. During the last years, the use of polymeric
materials with hydrophobic properties has been broadly studied. The incorporation
of inorganic oxide nanoparticles, such as aluminum oxide (AL,03), silicon dioxide
(Si0,), and tin dioxide (SnO,), has been performed as a method to improve the
hydrophobic character of synthetic polymers such as silicone or hybrid siloxanes
polymers, which leads to super-hydrophobic coatings with higher water-repellent
capacity. Recently, the area of interest dealing with the treatment of monument
materials for their preservation from microorganisms’ colonization and pollution is
shifting into the application of nanotechnology with self-cleaning properties [18].
Heterogeneous photocatalysis using semiconductors such as TiO, and ZnO has been
considered an interesting method, used extensively to preserve heritage materials
[33-39]. The particular activity of these oxides, based on the generation of reactive
oxygen species (ROS) when they are exposed to UV light, makes them very attrac-
tive compounds [40].

Recently, nanoparticles of different elements (e.g., Ag, Ti, Cd, Fe, Pd, Zn, Pt,
and Co) have been investigated due to their interesting attributes. Indeed, the low
cost, nontoxicity, chemical stability, biological inertness, suitability toward visible or
near-UV light, sustained photoactivity, high conversion efficiency as well as higher
quantum yield [41]. In fact, these nanoparticles could react with an extensive range
of substrates and have high adaptability to several environments and good absorption
in the domain of the solar spectrum [41]. In addition, treatments by using the above-
mentioned nanoparticles can provide water-repellent features and inhibit the damage
generation performed by water [42]. In particular, Ag NPs display good antimicrobial
properties in comparison to other metals, which makes them widely used for several
applications, in particular, conservation of heritage materials from biodeterioration
[43]. To our knowledge, this is the first report on the application of silver nanopar-
ticles in cultural heritage conservation.

Several variables need to be taken into account in order to have an adequate
protective coating by selecting materials and procedures to be used. The intrinsic
properties of historic material, the environmental factors, the compatibility between
tested products and affected heritage materials, the durability of applied products,
the biological colonization, in addition to the application method, are significant fac-
tors that have to be taken into consideration [22]. However, it is essential to identify
firstly the main factors considered as threats to heritage materials, in order to delay
the deterioration processes [1] as much as possible.
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2. Decay mechanisms of cultural heritage materials

Historic materials are subject to several decay phenomena. The main deteriorating
factors will be explicated in the following sections.

2.1 Water

Many processes that can alter historical materials are often driven by water. In
fact, water is one of the most significant abiotic factors of deterioration of porous
stones, which are more susceptible to water. Highly porous materials with average
porosity values between 30 and 40% and above have been widely used over the world
as historic building materials [33]. When water penetrates the pores through capillary
force, water performs its deteriorating effect via both chemical and physical phenom-
ena such as dissolution of carbonate component of the stone, freezing/thawing cycles,
salt crystallization, and deposition [44, 45]. Such processes can affect the physical
as well as mechanical properties of stone in addition to inducing some changes in
its structure such as modification of porosity and pore structure, loss of stone cohe-
sion, and development of cracks [46]. The need of the surface protection, especially
against water penetration, is mandatory to conserve historical artifacts.

Dissolution is usually caused by water that frequently contains acid due to dis-
solved carbon dioxide. It is able to dissolve minerals from a rock body, leaving cavities
in the rock. These cavities may generate cave features [47].

The freezing-thawing cycles of the water inside the stone pores result in the devel-
opment of internal stresses, which can lead to cracking and progressive desegregation
of material [46]. Particularly, this phenomenon is widely observed in cold regions
exposed to excessive freezing and thawing during the year. Tensions that frequently
increase and decrease due to the formation of successive layers of ice result in the
fracture of the material [46]. The formation of ice in the pores creates a crystallization
pressure, that is, a pressure caused by the crystallization of ice against the pores in
walls of the material. This phenomenon can affect even stone with very fine pores,
(diameter smaller than 0.1 pm). Water freezes at temperatures considerably under
0'C; the freezing of water causes internal stresses that are the direct cause of the dam-
age. The pressure rises as the temperature decreases [48].

2.2 Salt crystallization

Salt crystallization affects heritage materials constructed from rocks. Indeed,
plenty of architectural heritage materials around the world are constructed prin-
cipally of carbonate rocks. However, historical monuments are frequently affected
by several degradation and alteration processes typically due to salt crystallization
[49]. Such phenomenon is considered as one of the most powerful weathering
factors in the case of porous materials, particularly limestone rocks. This problem
affects monuments and historical buildings around the world, from the cooler and
wetter conditions found in the United Kingdom to hyper-arid desert environments
and Mediterranean climates. Macroscopically, such a type of deterioration process
produces enormously aggressive damages such as loss of material, erosion, flaking,
exfoliation, and occasionally, even the complete disaggregation of the material [44].
Once a salt-rich solution enters into the pore structure of stone material, in favor-
able supersaturating and thermodynamic conditions, the salt crystallization occurs.
Besides, nucleation and growth of salt crystals inside the pore spaces can promote
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alteration and degradation of the stone [50]. Many factors would affect the damage
of the material such as the supersaturation of the salt, the shape of crystals, the pore
size, and the repulsion force between the salt and the walls of the pores [51]. Porosity
represents a critical parameter in the process of salt crystallization since it regulates
the fluid mobility inside the material. Salt crystals exert pressure on the capillary wall,
namely the linear pressure, which is proportional to crystal size and salt concentra-
tion and inversely proportional to the radius of the pore.

2.3 Microorganisms’ colonization

Physical and chemical processes were commonly assumed to be the principal fac-
tors in the degradation of materials. However, since 1967 and in later decades, dogma
has changed, and today, it is believed that one of the main causes of deterioration of
archaeological stone materials is the microbial action, leading to biodeterioration
[1]. Biodeterioration can be defined as “any undesirable change in a material brought
about by the vital activities of organisms.” The biodeterioration of cultural heritage
can also be defined as “the physical or chemical damage caused by microorganisms on
objects, monuments, or buildings that belong to the cultural heritage” [1]. The main
microorganisms that play a role in biodeterioration are both autotrophic and hetero-
trophic bacteria, fungi, cyanobacteria, algae, and lichens [1]. Microbial populations
present in a stone foundation are generally the result of successive colonization of
different microorganisms over many years [52].

Many types of research on the biological deterioration of stone monuments have
been performed, and results showed that bacteria, algae, fungi, and lichens are the
microorganisms mainly responsible for artifacts biodegradation [53]. Whereas,
mosses have received relatively less attention because their impact has been consid-
ered mainly esthetic [53]. In fact, bacteria were isolated from many archaeological
statues (e.g., in the Museum in Zagreb, Croatia [54]), deteriorated marble (e.g.,
Moscow Kremlin masonry [55]), from wall paintings [56] and found in caves and
catacombs [57]. Fungi were also isolated frequently from historic limestone buildings
and antique marble from different sites in many countries such as Germany, Portugal,
Italy, Russia, Namibia, and Spain. On the other hand, it was stated that cyanobacte-
ria and chlorophyta (green algae) are considered the pioneering inhabitants in the
colonization of stone works of art [58].

Microorganisms damage stone in different ways, including discoloration, water
retention, material breakage, growth stimulation of heterotrophic organisms,
disintegration of the material, degradation (corrosion), formation of patinas, and
alkaline dissolution. On the other hand, many antique and precious historical items
are suffering from serious microbial invasions that cause in some cases the closure of
archeological sites, as in the case of the caves of Lascaux in France [59].

Biofilms, which are made by a complex microbial organization mainly contain-
ing bacteria and fungi, contribute also to degrade historical statues. All they need
are surface, moisture, nutrients, and microorganisms. The role of biofilms in the
biodeterioration of cultural heritage materials has been reported for several decades
and is related to: (a) accumulation of water that enters the matrix causing swelling
and amplified conductivity; (b) alterations in pH values and ionic concentrations;
(c) releasing enzymes that lead to embrittlement and loss of mechanical stability and
others [1, 60].

There is a general agreement that microbial activity contributes to altering and
deteriorating historical relics. The question now is why and how microorganisms are
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able to degrade the works of art. Some artifacts such as parchment, wood, leather, or
textiles are made with organic materials, which microbes like to feast on. It used to be
common for artists to use egg tempera, pigments mixed with egg yolks as a binding
agent, which has left their paintings more susceptible to infestation. Fungi are among
the most active microorganisms in these processes where they can use organic support
as nutrients. Moreover, in the case of inorganic supports, several metabolites that are
excreted may react with the support in different ways [53]. In the case of stone mate-
rials, their mineralogical nature, surface features, and environmental conditions play
arole in the colonization by microorganisms [1]. Due to their heterotrophic nature,
fungi promote biological deterioration by synthesizing certain compounds, such as
inorganic and organic acids, which allow them to utilize the contents of the inorganic
supports [53]. On the other hand, inorganic materials have been also considered as
good substrates for a high number of different microorganisms. It was reported that
most kinds of microorganisms are able to attack and degrade marble materials [53].

It is now generally agreed that fungi and bacteria not only cause serious aesthetical
problems but also reside and penetrate inside the materials, resulting in a material
loss due to acid corrosion, enzymatic degradation, and mechanical attack [61]. Acidic
compounds can also corrode metals. Algae and cyanobacteria, as an example, are
able to adapt to different light qualities [61] and environments (humid, semiarid,

and arid) [62] and to be developed on stone in archaeological hypogea (e.g., an
underground chamber). Such an environment is characterized by low light intensities
(i.e., crypts, caves, and catacombs). Cyanobacteria cause esthetic damage to marble
surfaces; their endolithic mode of life contributes to the collapse of rock crystalline
structures [62].

2.4 Climatic conditions

The climatic conditions play an important role in deterioration mechanisms.
Particularly, the architectural structures and historical monuments, which are
exposed outdoors, are susceptible to several climatic conditions such as the wind
that wears the rock eroding it, the solar radiation causing discoloration, the rain,
the humidity, and the snow that induce physical and chemical wear [1]. These fac-
tors affect significantly the stability of stone matrix by inducing chemical corrosion
through hydration and oxidation reactions, the dissolution of carbonates as well as
solubilization of some mineral components.

On the other hand, the climate has an effect on microbial colonization species.

In moderate or humid climates, the fungal communities on the rock are predomi-
nant. Whereas in arid and semiarid environments, such as those found in the
Mediterranean area, the climatic conditions are overly extreme, consequently the
communities shift toward the so-called black yeasts and microcolonial fungi [61].
Moreover, the role of bacteria in the weathering of rock depends mostly on the
environmental conditions: while bacteria might evolve in humid environments and
form biofilms inside the porous space of building stone, in arid and semiarid environ-
ments, their occurrence might be limited [61].

Climate change is another potential risk since it increases the anticipated degrada-
tion rates and/or participates to the occurrence of new decay phenomena [63]. In fact,
climatic changes are able to aggravate the chemical, physical, and biological processes
producing deterioration by influencing the composition and/or structure of the
affected heritage materials [64]. Climate change could also affect the intensity as well
as the frequency of dangerous events such as floods, landslides, and droughts with
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unavoidable extensive impacts, also on the cultural heritage materials. The United
Nations Educational, Scientific and Cultural Organization (UNESCO) has consid-
ered that changes in the temperature, wind intensity, precipitation, desertification,
atmospheric moisture in addition to the interaction between air pollution and climatic
changes have been identified as threats to cultural heritage [65].

There are synergisms that take place between different parameters, leading to
direct and indirect, immediate, and long-term impacts on a widespread variety
of objects, buildings, materials, and sites. Changes in the conservation conditions
because of climate-related degradation processes are inevitable phenomena for
immovable and movable cultural heritage materials [63].

3. Silver nanoparticles

Due to their distinctive physical and chemical features, silver nanoparticles (Ag
NPs) have been extensively used in a several domains, including medicine, health
care, food, and others [66]. The exceptional features of silver NPs are the main factor
for the extensive range of their application in several fields. Figure 1 illustrates the
main application fields of Ag NPs.

In general, Ag NPs with size lower than 100 nm contain around 20-15,000 silver
atoms and have exceptional chemical, physical, and biological features compared
with their bulk materials. The optical, catalytic, and thermal characteristics of Ag
NPs are intensely affected by their size and shape. In particular, Ag NPs are char-
acterized by the localized surface plasmon resonance (LSPR), which has attracted
considerable attention over the past few years in the photocatalytic field. Thanks to
their broad-spectrum antimicrobial capacity, Ag NPs have also become the highest
used sterilizing nanomaterials. It is well known that silver compounds are highly
effective to kill microorganisms such as bacteria in addition to certain fungi and
viruses. The use of silver as a biocide in the form of nanoparticles has grown signifi-
cantly due to the higher fraction of surface atoms of silver nanoparticles, which leads
to a better antimicrobial activity compared with bulk silver metal. Numerous studies
have been reported in order to clarify the inhibitory effect of silver nanoparticles on
bacteria. Reports declared that the electrostatic attraction between negatively charged
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-Anticancer agents -Pest protection -Keyboards

-Medical device coatings -Nutritional enrichment -Wound dressings
‘Diasn"“i‘fs -Plant growth stimulation -Biomedical devices
-Orthopedics -Soil quality improvement -Food .

-Drug delivery ~Crop protection -Pharmaceutical industry
-Anticancer agents -Water treatment
~Tumor-killing effect

) Agriculture s

Figure 1.
Silver nanoparticles’ application in different domains [66-68].
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bacterial cells and the positively charged nanoparticles plays a key role in the activity
of nanoparticles as bactericidal materials. Nevertheless, Sondi and Salopek-Sondi
synthesized negatively charged silver NPs [69]; and results revealed that they show
excellent antibacterial activity against E. coli. Authors suggested that the negative
surface charge of nanoparticles interacts with the building elements of the bacterial
membrane, provoking structural changes in addition to degradation and, lastly, cell
death. EDS analysis proved the existence of the elementary silver in the membranes
of treated bacteria; such observation confirmed the incorporation of silver NPs into
the membrane structure. Yamanaka et al. [70] proposed that the inhibitory activity
of silver on the microorganisms growth could be due to the toxic effect on the DNA
replication causing the inactivation of vital cellular proteins. Another suggestion
reported by Choi and Hu [71], based on the fact that the cell death can be attributed
to the formation of free radicals, particularly, reactive oxygen species (ROS) from the
surface of Ag. The generation of free radicals can attack membrane lipids and lead to
a collapse of membrane function. It has also been stated that Ag ions can bind with
the sulfhydryl groups of the proteins disturbing the membrane function that bound
enzymes of the respiratory chain [72]. Although the biocidal effect of nanosized
silver particles against bacteria was widely studied, the mechanism of the growth-
inhibitory effects of Ag nanoparticles on microorganisms is still not fully understood.
The different hypotheses concerning the antibacterial effect of silver nanoparticles
are described in detail in the literature [73].

4. Application of silver nanoparticles for the preservation of heritages
materials

Heritage buildings are subject to different decay phenomena. In particular, micro-
organisms’ colonization affects them in different ways and at different degrees start-
ing from esthetical problems and formation of patinas, often causing total breakage
and loss of the materials. Archival documents and library collections such as paper,
parchment, textile, glue, leather, and photographs are of high cultural importance.
However, microorganisms could easily attack them, particularly in high humidity
conditions. Therefore, protecting heritage materials has become a necessity. Applying
silver NPs has been suggested as a promising and effective method. In this context,
several groups have worked on exploiting silver nanoparticles to protect heritage
items from microbial colonization and prevent their deterioration.

Gutarowska et al. are among the first groups who worked on applying silver
nanoparticles to museum collections and archives, which are contaminated by
microorganisms [74]. The authors worked precisely on analyzing the sensitivity of
microorganisms to Ag NPs in six different museums and archives in Poland. Results
showed that microorganisms can be effectively removed from the surface of artifacts
at a concentration of 90 parts per million (ppm). While a concentration of only 45
ppm was able to remove 94% of all tested microorganisms with the exception of
Staphylococcus xylosus and Bacillus subtilis that showed higher resistance. The study
revealed that silver NPs could be considered a promising disinfectant for the surfaces
of historical materials and archival documents. The Lodz team developed also a novel
procedure for disinfecting cultural artifacts by nebulizing Ag NPs from a dispersion
over the paper, textiles, or canvas [75]. These researchers discovered that the degree
of relative humidity affected the misting disinfection procedure, as moisture facili-
tates the entry of NPs into microbial walls. Furthermore, they found that vegetative
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cells (mycelium and bacteria) are more susceptible to Ag NPs antimicrobial activity
than fungal or bacterial spores. Next, F. Bellissima et al. have synthesized silver
nanoparticles according to a seed-based procedure in order to preserve Serena stone
(SS, 5-10% open porosity) from biodeterioration [76]. The ability of Ag NPs to
hinder bacterial colonization was investigated through the inactivation of Bacillus
subtilis. Aiming to chemically graft silver NPs to SS surface, tetraethylorthosilicate
(TEOS) was used as a grafting agent, and dimethylamine was used as a catalyst to
promote the condensation of a silane precursor on NPs surface. Antimicrobial activity
on stones was evaluated through “spot on spot” method. Results showed that applied
nano-coatings did not induce significant color changes on the stone surface after
treatment (AE< 2) and provided good antibacterial activity with a reduction in cell
viability between 50 and 80%, with the most efficient nanoparticles concentration
equal to 6.7 pg/cm®. A.M.M. Essa and M.K. Khallaf have studied the efficiency of Ag
NPs suspensions as an antimicrobial agent to preserve Edfu (Sandstone) and the tomb
of Teti's son Teti-ankh-km at Sakkara (Limestone) [77]. Both archaeological buildings
are localized in Egypt. Silver NPs were elaborated biologically through volatile
metabolites formed during the aerobic growth of N. halobius and then mixed with
acrylic polymers (Primal AC33 polymer) and silicon as a consolidation polymer at a
concentration of 40 mg/ml. Small Ag particles with diameters of 10-20 nm were
obtained as displayed by scanning electron microscopy analysis. The antimicrobial
properties of prepared NPs were studied against Streptomyces parvulus as Gram-
positive bacterial strain and Aspergillus niger as a fungal strain. Findings showed high
antibacterial performance of the applied nano-coatings against S. parvulus. The
treated sandstone samples showed a significant decrease in the percentage of bacterial
cell recovery (98.4% and 97.2%) by using functionalized silicon polymer and acrylic
polymer, respectively. Moreover, treated limestone specimens exhibited a clear
reduction in the percentage of S. parvulus cell recovery that achieved 97.1% and 98.6%
with the impregnated acrylic polymer and the functionalized silicon polymer,
respectively. On the other hand, a significant inhibition growth of A. niger on both the
surfaces of the sandstone and limestone samples coated by silver NPs and silicon or
acrylic polymers occurred compared with untreated stones on which a prominent
growth of A. niger was observed. MacMullen et al. have investigated that the effi-
ciency of silver NPs (<100 nm) enhanced aqueous silane/siloxane emulsions perfor-
mance to protect and improve the facade interface of historical buildings [78].
Different emulsions were prepared and applied on mortar samples. Results showed
that all treated samples exhibited water-repellent character with water contact angles
higher than 100°; however, treatment induced a color modification higher than that
which is considered tolerable for application on cultural heritage with AE > 5. Authors
declared also that adequate concentrations (<0.5% wt) were needed to reach consid-
erably beneficial enhancements. Capillary absorption analysis showed that water
absorption was considerably reduced in the case of treated mortars compared with
the untreated ones, despite that negligible difference was observed when Ag NPs were
incorporated. Therefore, the authors considered that silver treatments are not suitable
for marine or flood applications where there is prolonged water exposure. Next, R.
Carrillo-Gonzalez et al. have prepared silver NPs through a green process using leaf
aqueous extracts of T stans and F. vulgare [79]. The inhibitory growth of biosynthe-
sized NPs at different doses was tested against microorganisms, which are isolated
from biofilms developed on the surfaces of three kinds of stony historic monument
walls located in the pre-Hispanic city, Teotihuacan (Mexico). In vitro biocontrol of
isolated microorganisms revealed that Ag NPs prepared from F. vulgare were more
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efficient to inhibit microbial growth than those prepared from T. stans. Results also
showed that bacterial strains were less sensitive to silver NPs than fungal strains and
that sensitivity is principally related to the microbial strain and the plant extract
utilized to elaborate silver NPs. Therefore, the authors considered that using Ag NPs
as a corrective or preventive treatment to reduce microbial colonization from histori-
cal walls was effective. K. Pietrzak et al. [80] have investigated the efficiency of Ag
NPs misting as a decontamination process compared with the effect of two other
disinfection procedures such as thyme essential oil microatmosphere (TEO) and
low-temperature plasma (LTP), to inhibit microbial growth from two archival books
through culture-dependent method and RNA analysis. In this study, two books with
observable signs of biodegradation obtained from Jozef Pilsudski Regional and
Municipal Public Library in Lodz (Poland) and National Archive in Prague (Czech
Republic) were used. in the study. Results revealed that Ag NPs misting process was
more efficient for bacterial inhibition (R = 60-100%), while the two other methods
showed less effectiveness with LTP (R = 25-100%) and TEO (R = 12-100%).
Furthermore, it was stated that all tested methods showed less efficiency against
fungi (R = 0-99.8%). Another study performed by K. Pietrzak et al. [81] to explore
Ag NPs misting method in order to disinfect historical textile materials, precisely, five
pre-Columbian fibers (1250-1450 A.D., Argentina). Microscopic analyses indicated
that tested items were fabricated from sisal, cotton, and wool, and they were contami-
nated by dust and mineral impurities. The reduction in microbial population ranged
from 30.8 to 99.9%, depending on the variety of microbial colonization and its
concentration. In fact, the sensitivity of microorganisms toward silver NPs was
fluctuated in most resistant endospore-forming bacteria Bacillus, while
Oceanobacillus, Paracoccus, Kocuria, and molds Penicillium, Cladosporium were more
easily inhibited. Interestingly, it was found that Ag NPs misting process does not
harmfully affect the pH and the chemistry of textiles. The same group worked on
evaluating the anti-biofilm capabilities of Ag NPs to protect textiles from
Pseudomonas sp [82]. In the study, textile materials were collected during excavations
in Santa Rosa de Tastil, Puna Argentina (1967-1969). Microscopic observations
revealed that the bacterial strain including Pseudomonas aeruginosa and Clostridium sp.
was presented on examined archaeological textile items through lipolytic and proteo-
lytic activities. Results demonstrated that using Ag NPs with particles size ranged
from 10 to 80 nm and a concentration of 90 ppm was effective to protect archaeologi-
cal textiles against P, aeruginosa growing by 63%-97%. Authors stated that the
inhibition ability of NPs was influenced by the kind of strain and the exposition time.
Aerial algae are a central biological factor contributing to the degradation of building
materials as well as facades. In this regard, P. Nowicka-Krawczyk et al. have examined
the effect of silver NPs on Apatococcus lobatus as an algal model due to its frequent
presence in aerial biofilms formed on historical building facades [83]. Authors stated
that changes in the chloroplasts structure and the photosynthetic activity of the tested
cells have been observed through confocal laser microscopy and digital image analysis
due to exposition to Ag NPs. The rate of growth inhibition was estimated through a
biomass test, and results showed that the average biomass of control samples was 3.7
mg/1 chl a. While after exposition to Ag NPs, the biomass was decreased by 26% for 8
ppm, 56% for 15 ppm, 65% and 68% for 20 and 107 ppm, respectively. Authors
recommended that Ag NPs could be employed as a biocide against aerial algal coat-
ings, with caution in terms of nanoparticle concentration. More recently, Z. Li et al.
[84] have developed a colorimetric sensor array (CSA) by using printed inks of 10 nm
Ag NPs with different capping agents as an alternative process to passive sampling
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indicators, which were traditionally used by conservators. CSAs have been used as
“optoelectronic nose” to detect and identify individual compounds and highly similar
complex mixtures such as oxidants, acids, and aldehydes from ppm to tens of ppb
levels. In fact, for artifacts, the levels of pollutant exposure are generally recom-
mended at a few ppb or even sub-ppb concentrations. Authors found that the devel-
oped CAS was ultrasensitive and able to identify quantitatively 11 common
contaminants related to the preservation of cultural heritage items and museums.
Thanks to changes in localized surface plasmon resonance of metallic NPs, in particu-
lar silver, due to sintering of solid-state NPs, alterations in color during exposure to
pollutants can be observed.

Nanocomposite coatings have been suggested as heterojunction systems to
enhance the light absorption of semiconductors such as (TiO, and ZnO) and sepa-
rate the charge carrier by localizing photogenerated holes and electrons to different
regions in the system. In this regard, Ag NPs have been suggested to be coupled
with semiconductors to develop several biocidal coatings with other interesting
features to be applied to heritage building materials in order to conserve them. In this
context, M. Aflori et al. [85] have compared the antibacterial/antifungal efficacy of
silsesquioxane-based hybrid nanocomposites with methacrylate units containing
only Ag NPs to its counterpart containing Ag/TiO, NPs as protective coatings for
heritage stone surfaces. The antibacterial and antifungal efficiency of the prepared
nanocomposites was evaluated through the inactivation of Escherichia coli (E. coli)
and Candida albicans (C. albicans), respectively. Findings revealed that the coatings
composed of Ag/TiO, NPs showed higher activity against E. coli and C. albicans than
the coatings composed of only Ag NPs. Pinho et al. prepared hydrophobic and self-
cleaning Ag-Ti02-SiO2 coatings for outdoor applications [86]. Findings revealed that
prepared nanocomposites efficiently inhibit the penetration of water into the pores of
the tested stones based on the total water uptake values, which were close to zero for
all treated samples, and remarkably attained lower values compared with untreated
ones. Such results prove the water-repellent feature of the developed coating since
water causes many decay mechanisms to porous materials. Indeed, when water
penetrates the pores by capillary force, it performs its deteriorating effect through
salt crystallization; chemical dissolution of the carbonate component of the stone,
and freezing/thawing cycles. On the other hand, incorporation of high amounts of Ag
(5% w/w) leads to an undesired color alteration on studied stones and would prevent
the sol-gel transition of the nanocomposite coatings (10% w/w). In fact, one of the
conditions to accept the application of such treatment, according to Normal 20/85
[871, is that a protective product should not cause a visible alteration and must be
stable over time. Moreover, authors found that the incorporation of silver into TiO,-
SiO, network notably improves the photodegradation activity of the coating contain-
ing 1% (w/v) TiO, thanks to the enhanced absorption under visible light and larger
surface area of the photocatalyst. L. Graziani et al. [88] have compared the efficiency
of Ag NPs incorporated in TiO, sol nanocoatings for the preservation of brick-based
heritage materials compared with their Cu-TiO, counterpart. The concentration of
Ag or Cu nanoparticles was set at 1% (molar weight/TiO, weight), and the total color
variation at that concentration was higher than the value accepted for treatments on
historical buildings, which is fixed to 5. The self-cleaning test showed that untreated
samples achieved an efficacy of around 9%, while specimens treated with Cu/or
Ag-TiO, were about 46 and 33%, respectively. Interestingly, Ag-TiO, nanocompos-
ite showed a higher ability to hinder algal growth than Cu-TiO, treatment, which
revealed the efficiency of Ag NPs as a biocide agent. J. Becerra et al. [89] investigated
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Nanomaterials Particles Substrate Obtained results References
size
SiO,/Ag NPs 5-15nm Buildings Biocidal efficiency up to > 90%. [90]
Materials Hierarchical roughness attributed to
stone creation of Ag/SiO, NPs clusters.

Improved contact with the cell walls.
Easy removal of the dead cells.
Good durability of the treatment.

Ag NPs 10 nm Paper: Suitable sensors for the detection, [84]
Ancient identification, and quantification of
manuscripts pollutants to the preservation of cultural
and books. heritage objects.
Ag-TiO,NPs 11.8 £ 3.6 Fossiliferous Treatment with self- cleaning activity. [93]
nm limestone Ag NPs prevent the growth of E. coli and

S. cerevisiae in the dark.
Ameliorated inhibition growth of the
coatings applied on the stone up to a 20%
(S. cerevisiae) and 70% (E. coli).

PMAA@Ag 200 nm Paper, PMAA@Ag nanostructures revealed [94]
NPs wood, or an efficient fungicidal activity against
stone Aspergillus niger.

Nanomaterials can be used on cultural
heritage materials for preventive

conservation
Ag/N-SiO,NPs 50-100 Cement Efficient anti-fouling surface treatments. [91]
nm mortars Multifunctional superhydrophobic/

biocide treatment was obtained.

Ag NPs 72nm+ Paper A total removal of dirt from the paper [95]
1.8 nm samples,
Softening of the dirt from the canvas,
without affecting the integrity or leaving
residues of the treated art works.

Table 1.
Application of silver nanomaterials for the treatment of historical artifacts (veferences are presented in a
chronological order).

the suitability and the efficacy of nanocomposite treatments based on TiO, and/or Ag
NPs to inhibit the biodegradation of limestone heritage materials. Findings revealed
that Ag and TiO, nanocomposites when stabilized by citrate reach a good biocide
effect by inducing a substantial reduction of the biopatina growth: and retaining the
color modifications at an acceptable level. Next, R. Zarzuela et al. [90] have developed
multifunctional treatment by incorporating Ag NPs grafted to functionalized silicon
dioxide NPs in an organically modified silica matrix (Ag/N-SiO,). This treatment was
applied to different kinds of stone specimens that are frequently used to construct
heritage building by spray method in order to enhance the mechanical resistance of
the stone-based monuments, improve water permeability, and produce biocidal sur-
faces. Authors stated that thanks to coupling Ag NPs with SiO,, the biocidal efficiency
reached 90% values, since Ag NPs raise the stability of the treatment and improve the
contact with the cell walls. Furthermore, the synergistic effect facilitates the removal
of dead cells, ameliorating treatment durability. The same Ag/N-SiO, nanocomposite
was used in another study performed by M. Dominguez et al. [91] as an anti-fouling
agent. Authors studied the impact of surface features such as roughness/texture,
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surface free energy, and charge of the surface on the biocidal efficiency of NPs and
the interaction with the cell walls. Authors stated that the functionalization of SiO,
NPs with the positively charged -NHx groups considerably improved their interaction
capability with the negatively charged cell walls through the electrostatic forces. For
that reason, this interaction between biocide agent and Phormidium sp. was the lowest
due to the presence of a positively charged mucopolysaccharide sheath cell wall. R.
Zarzuela et al. [92] have elaborated Ag/modified-TiO, nanoparticles (Ag /N-TiO,) for
numerous applications (environmental, self-cleaning, antifouling, etc.). The biocidal
efficiencies of Ag/TiO, nano-powders were evaluated through mixed cultures com-
posed of three biofilm-forming phototrophic microorganisms isolated from building
fagades. Whereas, the photocatalytic activity of the obtained nanocomposite was
assessed through the degradation of methylene blue dye under solar spectrum lamp.
Results showed that the incorporation of Ag NPs into TiO, surface noticeably amelio-
rates the absorption of the semiconductor under the visible spectrum thanks to the
surface plasmon resonance band provided by silver ions and, consequently, improved
photodegradation capacity of TiO, NPs. Moreover, findings showed that Ag/TiO,

was able to hinder microalgae growth under visible irradiation, whereas pure TiO,
NPs were ineffective. The prepared functionalized nanocomposites were then used

as protective treatment for porous ceramic materials. Nanocoatings exhibited super-
hydrophobic performance, high capacity to degrade pollutants, and good biocidal
properties on surface stones [93]. Table 1 summarizes the main application of Ag NPs
as preventive and consolidant treatments in the recent years (2019-2022).

5. Drawbacks, challenges, and perspectives

Silver nanoparticles become more broadly used in the field of protection of
cultural heritage materials. However, the transport of NPs in different environments
is still not clearly understood. In general, nanoparticles have the potential to leach
into the environment and cause ecotoxicity in soil, water, and related biota [96]. The
major form of the toxic action and toxic effects are usually related to the dissolution
of the metal into metal ions, and then it is introduced into the environment. Zhang et
al. [97] pointed out the necessity of investigating NPs’ toxicity in natural waterways.
To clearly understand the toxicity of nanoparticles in natural water, authors studied
the harmfulness of Ag NPs toward unicellular green alga “Chlorella pyrenoidosa” in
four freshwater bodies. Findings revealed that water chemistry had a deep impact on
dissolution, aggregation, and algal toxicity of nanoparticles. Authors stated that the
ecotoxicity of silver NPs was generally attributed to the release of the harmful ions.
Indeed, the dissolved Ag" might be principally responsible for the toxicity of Ag NPs.
On the other hand, Franco-Castillo [98] stated that Ag NPs are regularly cytotoxic
and consequently have an impact on the health, the safety, and environmental impli-
cations for restorers-conservators, curators, and general public.

The potential of using engineered nanoparticles for the preservation of heritage
structures has been developed for the restoration of deteriorated materials, produc-
tion of self-cleaning surfaces or developing surfaces as a biocide to minimize biodete-
rioration. However, several studies need ideally to be carried out iz situ, or in the real
environment, such as outdoors, in archives, where the anthropogenic circumstances
could be investigated appropriately. The period of the research projects, the time
required for the implementation of medium-to-long-term in situ investigation by
collaborative programs including research centers, museums, and professionals in
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conservation and restoration, needs to be taken into account [98]. Studies should not
be limited only to the efficiency of antimicrobial treatment but also to the entire pro-
cedure involving the design, application, investigation of the progressive evolution of
the treatment, detachment, leaching, or ions release. Moreover, a protocol concern-
ing the removal or clearance of treatment needs to be taken into consideration, in
accordance with conservation rules. Several works have been performed to conserve
heritage materials through the application of Ag NPs, these NPs are still far away from
being routine treatments. There exists limited understanding concerning the impact
of engineered nanoparticles on the environment after being released from the treated
surfaces. Nevertheless, it is important to control their impact on the different nearby
non-target organisms and ecological processes [99].

6. Conclusion

Tackling the deterioration of cultural heritage needs a global effort. Material
scientists are asked to elaborate novel nanomaterials and develop new methods for
the conservation of heritage artwork. In this study, we have particularly focused
on the different works that have been developed to use Ag NPs to preserve heritage
materials from deterioration. In this chapter, the different degradation mechanisms
of cultural heritage materials have been presented in detail. An overview about
different nanomaterials used as protective and consolidation agents with the aim
to preserve the historic buildings from deterioration has been provided. Next, the
different works that have been performed to exploit silver nanoparticles used alone or
coupled with semiconductors for cultural heritage conservation have been described.
Studies showed that silver NPs revealed high capability to protect heritage materials
from biodeterioration. The main risks of using silver NPs for conservation purpose in
addition to the different challenges to make Ag NPs widely used in this field have also
been discussed. More importantly, the effect of NPs after their application on heritage
materials surfaces needs extensive studies, to be assured about them being harmless to
the environment and human beings.
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