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The widespread use of nanotechnology has reached almost
every sector in our daily lives and amazed the world by offering
various potential applications in these sectors. The uprising
wave of nanotechnology and its application are now prominent
in the fields of chemistry and biomedicine, which are vital as
these fields serve as a basis for the discovery of new molecules
that may benefit humans. Nanotechnology contributed to the
advancement of promising techniques either by the implementa-

tion of existing methods or by the establishment of new ones.
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Researchers in academia and industry sectors working in areas
of biochemistry, chemical engineering, molecular biology, and
genetics are likely to come across the advantages of applying
nanobiotechnology tools in their studies. This profound techno-
logical advantage has brought many research laboratories to
globally exchange ideas and promote intensive international
scientific collaborations to further increase the level of
understanding of applying nanotechnology to biological

systems.
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This thematic issue aims to provide vital findings to support
new research and innovations utilizing recent trends in
nanobiotechnological processes to encourage the development
of these converging technologies for a sustainable economic
growth.

The synthesis and the characterization of nanoscale biomateri-
als, the innovative applications of “smart nanoparticles”, and
the technological/biological impact of nanoscale systems are
just some of the areas of focus in the field known as
nanobiotechnology [1]. Nanobiotechnology has a wide array of
applications: from organ-on-a-chip technologies to nanobiosen-
sors and nanocatalysts for advanced characterisation and
imaging tools, from intelligent drug delivery systems to artifi-
cial bioconstructs, and from functional nanostructured surfaces
to smart materials and nanofluidics. In all these applications, it
is important to consider the nanotoxicological and possible
harmful impact of nanomaterials on living organisms [2]. In
fact, the evaluation of the safety of a novel nanodevice is a
process that should start at the very first step of concept and
design. Particular attention should also be paid to the transla-
tional and regulatory aspects of nanobiomedical devices in
order to enable them to be used in future clinical practice [3].
With proper consideration of these impacts, the implementation
of nanotechnology tools can then be done in a safe manner.

In this thematic issue we invited many authors to contribute
with manuscripts on novel concepts, ingenious designs, and
promising applications in the field of nanobiotechnology. The
submitted works were expected to feature innovative areas such
as nanomaterials applied in biotechnology; nanoparticles used
in environmental science and technology; nanosensors used in
biosystems; nanomedicine in the context of biochemical engi-
neering; micro- and nanofluidics; micro- and nano-electrome-
chanical systems; nanoscience and nanotoxicology; nanotech-
nology applied in biology, medicine, food, environmental and
agriculture sectors; environmental engineering and chemical
engineering; nanoscale electrochemisty in biotechnology;
computational nanochemistry in biotechnology; and life cycle

assessment of nanobiotechnology.

The works presented in this thematic issue covered topics
related to new concepts and ideas pertaining to the design and
development of nanobiotechnology. These works include “The
role of deep eutectic solvents and carrageenan in synthesizing
biocompatible anisotropic metal nanoparticles” [4]. This review
sheds light onto significant works involving the synthesis of
metal nanoparticles using environmentally friendly wet chemi-
cal methods in which carrageenan is the main resource. The
review summarises the possibility of creating a safe and non-

toxic path to the synthesis of nanomaterials while maintaining
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its properties, such as morphology, yield and monodispersity.
The introduction of a deep eutectic solvent as a cost-effective
and green solvent was reviewed, where the usage of these sol-
vents enabled the extraction and formation of desired nanostruc-
tures. The work also records the advantages and disadvantages
of wet chemical reduction methods which use surfactants, and
explores the in vitro and in vivo cytotoxicity of the synthesized
anisotropic nanoparticles. A portion of the work looks into the
possible integration of nanotechnology in deep eutectic solvent
extractions and also the use of carrageenan as a safe stabilizing
agent for nanomaterials synthesis. The review is concluded pro-
viding an outlook of these two components (i.e., deep eutectic
solvents and carrageenan) as alternatives for the formation of
plasmonic metal nanoparticles. The importance of applying
these tools to improve the physicochemical properties and bio-

compatibility of the nanomaterials is also discussed.

The thematic issue also recorded a work on the topic of “Self-
assembly of amino acids toward functional biomaterials” [5],
where the role of biomaterials in nanobiotechnology is dis-
cussed. In this review, the latest advances in amino acid self-
assembly and properties associated with the process and yielded
products are highlighted. The self-assembly methods in focus
included single amino acid self-assembly, functional amino acid
self-assembly, amino acid and metal ion coordination self-
assembly, and amino acid regulatory functional molecule self-
assembly. Many works on self-assembly have shown low syn-
thesis cost, ease of modelling, and good biocompatibility of the
generated biomolecules. The review discusses the introduction
and case studies of different types of self-assembly, applying
examples on the application of the method. Finally, the review
summarizes the use of nanotechnology in self-assembly
methods and the challenges to adapt these nanomaterials to

commercial applications.

Some other hot topics in the field of nanobiotechnology were
also covered in the thematic issue. One of these topics is on the
“Design and selection of peptides to block the SARS-CoV-2 re-
ceptor binding domain by molecular docking” [6]. This research
work showcases peptides that are capable to bind and neutral-
ize the SARS-CoV-2 virus through molecular docking. The
latest developments of the molecular docking of peptides by
molecular dynamics were investigated to understand the inter-
action between peptides with physiological proteins. Through
the study, the selection and rapid design of peptides based on
peptide binding sites, hydrogen bond number, and binding
affinity were obtained. It was also concluded the potential role
of these peptides in the prevention of infection caused by
SARS-CoV-2. Another important topic covered in this thematic
issue is presented in this article: “In search of cytotoxic selec-

tivity on cancer cells with biogenically synthesized Ag/AgCl
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nanoparticles” [7]. This work explores the use of pineapple
waste for the synthesis of silver and silver chloride nanoparti-
cles, along with the analysis of the selective cytotoxicity of
these nanoparticles on healthy and cancerous cells. The work
aims to contribute to the production of alternative nanomateri-
als obtained from waste for therapeutic applications with
emphasis on disease mitigation. Green synthesis methods were
firstly applied for the biosynthesis of silver nanoparticles, along
with silver chloride nanoparticles as there were chlorine salts in
the pineapple peels which enable the formation of silver chlo-
ride. These nanoparticles were then characterized and tested
regarding their cytotoxicity activity on cancer and healthy cells.
The results showed a selective cytotoxicity of the nanoparticles
towards cancer cell compared to that towards monocytes. This
finding gives rise to the development of a new system where
cytotoxicity can be selective. This may benefit future research
in the field of nanoparticle synthesis for medical treatments.

The collection of comprehensive reviews and studies assem-
bled in this thematic issue on nanobiotechnology trends
provides useful and new scientific knowledge regarding the
advancement of nanobiotechnology for science, technological,
and engineering-related applications. A total of five high quality
works were published within the thematic issue, with great
support from researchers in various continents. The guest
editors wish to express their gratitude to all the contributors,
authors and reviewers, who have collectively ensured and main-
tained the standards of scientific quality within the works
published. Finally, we also thank Dr. Wendy Patterson,
Dr. Lasma Galilite, and Dr. Barbara Hissa for their support in
the development of the “New Trends in Nanobiotechnology”
thematic issue.
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Abstract

Plasmonic metal nanoparticles are widely used for many applications due to their unique optical and chemical properties. Over the
past decade, anisotropic metal nanoparticles have been explored for imaging, sensing, and diagnostic applications. The variations
and flexibility of tuning the size and shape of the metal nanoparticles at the nanoscale made them promising candidates for biomed-
ical applications such as therapeutics, diagnostics, and drug delivery. However, safety and risk assessment of the nanomaterials for
clinical purposes are yet to be made owing to their cytotoxicity. The toxicity concern is primarily due to the conventional synthesis
route that involves surfactants as a structure-directing agent and as a capping agent for nanoparticles. Wet chemical methods
employ toxic auxiliary chemicals. However, the approach yields monodispersed nanoparticles, an essential criterion for their
intended application and a limitation of the green synthesis of nanoparticles using plant extracts. Several biocompatible counter-
parts such as polymers, lipids, and chitosan-based nanoparticles have been successfully used in the synthesis of safe nanomaterials,
but there were issues regarding reproducibility and yield. Enzymatic degradation was one of the factors responsible for limiting the
efficacy. Hence, it is necessary to develop a safer and nontoxic route towards synthesizing biocompatible nanomaterials while
retaining morphology, high yield, and monodispersity. In this regard, deep eutectic solvents (DESs) and carrageenan as capping
agent for nanoparticles can ensure the safety. Carrageenan has the potential to act as antibacterial and antiviral agent, and adds en-
hanced stability to the nanoparticles. This leads to a multidimensional approach for utilizing safe nanomaterials for advanced bio-

medical and clinical applications.
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Review
Introduction

Plasmonic metals such as gold and silver, upon achieving nano-
scale dimensions, exhibit unusual physicochemical characteris-
tics, such as interesting plasmonic, optical and catalytic proper-
ties, and facile surface modification with tunable size and mor-
phology [1]. Among these properties, the ability of surface
plasmon resonance (SPR) at visible to near-infrared (NIR)
wavelengths is the most striking characteristic feature of gold
and silver nanoparticles. Surface plasmon resonance is an
inherent property of plasmonic metal nanoparticles that is
immensely employed as a tool for theranostics and is highly
influenced by the size and shape of the nanoparticle [2]. The
property of SPR has also been exploited for nanochips and
smartphone-based sensing applications [3-5]. Several other ad-
vanced sensing applications have emerged, such as battery-free
and wireless devices, providing on-site results [6,7]. NIR
absorption is exclusively exhibited by plasmonic anisotropic
nanoparticles, enabling diagnostic imaging within the optical
therapeutic window. The realization of immense potential due
to innate striking features of anisotropic nanoparticles has
brought material and biological researchers under the same
umbrella. The manifestation of NIR absorption in theranostic
application is highly acknowledged due to the ability of NIR/IR
rays to deeply penetrate tissues, enabling nanoparticle-medi-
ated photothermal or contrast effects. However, the final
purpose of these nanomaterials for biological applications is de-
termined after successful toxicity assessment and stability eval-
uation in biological media [8]. Traditionally used stabilizing
agents, such as surfactants and citrate, enable the synthesis of
nanoparticles with high yield and monodispersity but also cause
cytotoxicity and genotoxicity even at low concentrations [9,10].
Surfactants are known to act as a template for anisotropy in
plasmonic metal nanoparticles, especially rod-shaped gold
nanoparticles. The most approved and widely used surfactants
for synthesizing anisotropic nanoparticles are quaternary ammo-
nium surfactants with halides (bromide, chloride, or iodide) as
counterions. Hexadecyltrimethylammonium bromide (CTAB) is
the most commonly used surfactant for synthesizing anisotropic
nanoparticles with high yield and monodispersity. The surfac-
tant induces anisotropy during the growth of nanoparticles and
enables NIR absorption capability due to longitudinal surface
plasmon resonance (LSPR) [11]. However, despite the superior
plasmonic properties, these nanomaterials are far away from a
substantial use in biological applications due to toxic capping

agents employed during synthesis.

Several counterparts such as polymers, lipids, and chitosan-
based nanoparticles are extensively explored in drug delivery
and therapeutic applications due to their biocompatible nature.

Green synthesis of metal nanoparticles for biomedical applica-

Beilstein J. Nanotechnol. 2021, 12, 924-938.

tions has gained momentum recently due to their inherent
nontoxicity. Although they are biocompatible, these metal
nanoparticles lack monodispersity, high yield, and controlled
morphology, which are essential criteria for the successful use
in biological milieus. Recent studies indicated that the green
synthesis of nanoparticles, such as zinc oxide nanoparticles and
bimetallic copper—silver and nickel-cobalt nanoparticles, is
preferred for catalytic, antibacterial, and therapeutic applica-
tions [12-14]. Several other synthesis methods have been de-
veloped for environmental applications, such as biohydrogen
production and chromium deionization [15-18]. In addition,
polymer-based nanoparticles showed low drug loading and en-
capsulation efficiency. The acidic nature of poly(lactic-co-
glycolic acid) is not suitable for certain drugs and bioactive
molecules and make the polymer prone to a higher enzymatic
degradation rate [19]. This is why there is a need for novel syn-
thetic routes for synthesizing safe plasmonic metal nanoparti-
cles maintaining high yield and monodispersity with tunable
size and morphology. Nontoxic, biocompatible, and sustainable
solvents, such as deep eutectic solvents (DESs), and
carrageenan as capping and reducing agent are gaining popu-
larity in nanomaterial synthesis. Apart from potential tools for
biomedical applications, recent studies have also shown the
utilization of anisotropic nanomaterials in CO, mitigation and
climate change control [20-22]. Several other studies reported
novel environmental remediation approaches based on nanoma-
terials [23,24].

Deep eutectic solvents (DESs) are a class of nascent sustain-
able, non-aqueous solvents, comparable to room-temperature
ionic liquids (RTILs). DESs fairly resemble the RTILs even
though there are important differences regarding ecological
footprint and price. One is that DESs are predominantly
composed of molecules unlike RTILs, which predominantly
contain ions. Also, DESs are fairly cheaper and easier to
prepare, do not generate waste during preparation, and require
no further purification, which gives them properties of a green
solvent [25]. However, DESs share remarkable features with
RTILs such as low vapor pressure, high tolerance to humidity,
and high thermostability. The term “deep eutectic solvent” was
first coined by Abbott in the year 2003 [26]. The first work on
using DESs as a solvent in synthesizing anisotropic gold nano-
particles was reported in 2008 [27]. The synthesis involved no
surfactant or seed in the reaction mixture. Later on, several
studies were carried out to synthesize nanomaterials using DESs
that embrace the principles of green chemistry. Despite exten-
sive studies for more than a decade, DESs as solvents for nano-
material synthesis yet awaits exploration regarding biological

applications. In an interesting recently published work, a natural
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deep eutectic solvent (NADES) has been used to extract metal
oxide nanoparticles [28]. Numerous indispensable parameters
including surface tension, polarity, viscosity, and hydrogen
bonding have an important influence on the reactivity of
species. Also, the formation of nanostructures is governed by
the mass transport properties of the DES components. It is also
possible to modulate the viscosity of DESs, especially NADES,
by varying the composition ratio of hydrogen bond donor and
hydrogen bond acceptor components [29]. Also, the growth
mechanisms and nucleation processes of nanoparticles are
highly modulated by the components of DESs through modi-
fying reduction potentials, neutralizing charge, and in particular,
crystal face pacification, enabling preferential crystal growth.
DESs are the medium where nanoparticle synthesis occurs in
the presence of capping agent and reducing agents. Biocompat-
ible capping and reducing agents, such as carbohydrates (i.e.,
carrageenan), are suitable for nanoparticle synthesis intended
for biological applications.

Carrageenans are a group of oligosaccharides predominantly
found in Rhodophyceae commonly known as red algae. They
are sulfated linear oligosaccharides consisting of p-galactose
residue units linked by (1—3)-linked B-p-galactopyranose (unit
G) and (1—4)-linked o-p-galactopyranose (unit D) alternative-
ly. Some of the reports in the literature showed that carrageenan
has several pharmacological properties such as antiviral and
antitumor activity that can add pharmaceutical value to the
nanomaterials synthesized using them [30,31]. These additional
properties enabled carrageenan to emerge as a suitable alterna-
tive for other biocompatible molecules and biopolymers. Simi-
lar to DESs, carrageenan is also biocompatible. A good under-
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standing of its role as a green component for synthesizing nano-
material for biological applications is only at the beginning. To
be more specific, carrageenan was used in the synthesis of plas-
monic metal nanomaterials much later than DESs. The excel-
lent properties of carrageenan as a stabilizing/capping and a
reducing agent was reported in a recent study for gold nanopar-
ticles [32]. To understand the applicability of DESs and
carrageenan in nanotechnology, a histogram with the number of
publications (Scopus-indexed journals) for the past five years in
shown in Figure 1. This shows the emerging potential of these
novel materials for nanobiotechnology research.

The histogram shows an upward trend regarding the use of
carrageenan in nanobiotechnology, indicating that it is a safe
approach in synthesizing biocompatible nanomaterials.
Carrageenans were either used in synthesis as a capping agent
or as functional molecule for nanoparticle stabilization and
targeted drug delivery. In contrast, nanomaterials synthesized
using DESs received less interest, which is evident through a
stagnant number of reports over the last five years. However,
twenty reports have been published on using DESs for nanoma-

terial synthesis.

This review attempts to illuminate the works from the last
decade that involved DESs and carrageenan in the synthesis of
nanomaterials that are nontoxic. The review begins by
discussing widely used wet chemical methods of synthesizing
anisotropic plasmonic metal nanomaterials. We also give
insight in growth mechanisms during the initiation of anisotropy
in the presence of a surfactant. This review is a crisp overview
of determining the anisotropy—cytotoxicity relationship due to

, mi II II |I ‘I II

2016 2017 2018 2019 2020 2021
Year
B NPs/NMs+carrageenan B NPs/NMs+DES

Figure 1: Number of publications over the last five years on the synthesis of nanoparticles (NPs)/nanomaterials (NMs) using carrageenan and a deep
eutectic solvent (DES). The numbers have been obtained from SCOPUS-indexed journals using PubMed.
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structure-directing agents and the role of DESs and carrageenan
in alleviating toxicity of the synthesized nanomaterials. We
conclude with an outlook towards the possible amalgamation of
DESs and carrageenan creating a nontoxic platform for synthe-
sizing nanomaterials with the potential for biological applica-
tions.

Wet chemical reduction method using

surfactants: pros and cons

The widely used wet chemical approach for synthesizing nano-
materials is a facile reduction method involving a precursor
metal salt and a reducing agent in the dispersion phase [33].
Furthermore, a stabilizing/capping agent is used for enhanced
stability and functionalization for the intended application. The
wet chemical route allows for a high degree of controllability
and reproducibility in synthesizing anisotropic nanomaterials
maintaining high yield and monodispersity. Initially, gold
nanorods were synthesized using electrochemical methods
using polycarbonate membrane templates or porous alumina for
shape control in the presence of surfactants (mostly CTAB)
[34,35]. Because of their optical properties, gold nanorods be-
came increasingly popular between 1999 and 2003 and a labo-
rious three-step seed-mediated synthesis via a wet chemical
route was developed [36]. The emergence of seed-mediated
synthesis provided chemists, for the first time, with a versatile
and convenient wet chemistry of synthesizing nanorods and
several other anisotropic shapes such as rhombic dodecahe-

drons, tadpoles, cubes, and tetrapods [37-39].

Seed-mediated synthesis via wet chemical routes is undoubt-
edly the most promising and accepted method to synthesize
anisotropic nanoparticles exhibiting superior plasmonic charac-
teristics. The route allows chemists to control the reaction pa-
rameters for synthesizing nanomaterials of desired sizes and
shapes. The method employs a growth solution consisting of the
respective metal salt, a weak reducing agent, a structure-
directing agent (predominantly quaternary ammonium surfac-
tants) and silver ions for preferential facet binding in the solu-
tion phase. The seed-mediated approach is a multistep con-
trolled redox reaction utilizing metal seed nanocrystals of
1.5—4.0 nm. The seed particles are synthesized by reducing pre-
cursor gold salt using an excess amount of a strong reducing
agent, such as sodium borohydride (NaBH,4). Although, seed-
less synthesis of anisotropic plasmonic metal nanoparticles has
been reported, they involved binary surfactants for tuning the

absorption spectrum [40].

Apart from CTAB, several other quaternary ammonium surfac-
tants such as myristyltrimethylammonium bromide (MTAB),
dodecyltrimethylammonium bromide (DTAB), hexadecyl-
trimethylammonium chloride (CTAC), and benzyldimethyl-

Beilstein J. Nanotechnol. 2021, 12, 924-938.

hexadecylammonium chloride (BDAC) have been used as
structure-directing agents for synthesizing gold nanorods [41-
43]. Co-mixtures of these quaternary ammonium surfactants are
also being used to synthesize anisotropic nanoparticles. Despite
exhibiting such astonishing structure-directing features, surfac-
tants are of limited use for the synthesis anisotropic nanoparti-
cles for biomedical applications due to their cytotoxicity. The
consequences, both in vitro and in vivo, are discussed in the

following sections.

Anisotropic nanoparticles: cytotoxicity of

structure-directing agents

The evolution of anisotropy through wet chemical methods
(seed-mediated synthesis) using a surfactant (CTAB) has been
discussed already. The function of surfactants as templates or
matrices makes them an irreplaceable candidate for deter-
mining the controlled size/shape of anisotropic nanoparticles
with excellent monodispersity. However, from the biological
application point of view these nanomaterials could not achieve
their potential despite acknowledgeable superior plasmonic
properties. This is due to the toxic nature of surfactants
adsorbed on the metal surface in a tightly packed bilayer struc-
ture. Among quaternary ammonium surfactants, CTAB has
been extensively reported as cytotoxic even at low concentra-
tions [44-46]. The positively charged CTAB interacts with the
plasma membrane, which is negatively charged due to the
asymmetric distribution of charged lipids between the two
leaflets of the plasma membrane. This lead to a negative
charged of the inner leaflet generating a surface potential and
the binding affinity towards positively charged moieties. How-
ever, an interesting study revealed a structure-dependent cyto-
toxicity of quaternary ammonium surfactants in which cytotox-
icity increased with the increase in carbon chain length of the
surfactants [47]. Several reports have shown that the toxicity of
CTAB-capped gold nanorods depends on nanoparticle size,
shape, particle concentration, surface modification, and coating
methods. There are contrasting results of toxicity based on
various parameters conducted either in vitro or in vivo [48-53].
Gold is one of the most promising inert metals for synthesizing
nanoparticles and is ideal for biomedical research. The safety
and risk assessment of these nanoparticles are reported in the
literature tabulated in Table 1. The cytotoxicity of nanoparti-
cles is depicted based on several factors such as morphology,

size and surface chemistry as shown in Table 1 and Figure 2.

In vitro cytotoxicity of anisotropic
nanoparticles

The use of anisotropic metal nanoparticles in biomedical
research is gaining attention due to their plasmonic/optical
properties. However, in vitro cytotoxicity assessment of these

nanomaterials is a prerequisite for further in vivo validation and
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Table 1: In vitro and in vivo toxicity studies of gold nanoparticles of different shapes with different surface groups.

Nanoparticles =~ Morphology Surface group
gold spheres PEG
gold spheres citrate
gold nanospheres, nanostars, chitosan
and nanorods
gold nanorods CTAB
gold spheres citrate
gold spheres, triangles, rods, CTAB

trigonal bipyramids

Model system  Remarks Ref.
in vivo acute toxicity to liver and spleen  [53]
in vitro dose-dependent cytotoxicity [49]
in vitro toxicity trend: nanorods > [54]
nanostars > nanospheres
in vitro cytotoxic [60]
in vivo size-dependent toxicity [65]
in vivo genotoxic [67]

in vitro

" Ross [ Gold
. nanoparticles

AN

Surface coating

in vivo

Surface functionalization

Cytotoxicity =)

Parameter analysed

Mithochondrial activity (MTT assay
— Membrane integrity (LDH assay)
Stress measurement (ROS)

Toxic or

O/v

depending upon

Biodistribution
Target organ toxicity

Figure 2: Cytotoxicity of anisotropic gold metal nanoparticles in vitro and in vivo.

subsequent clinical trials. The physicochemical properties of a
nanoparticle such as size, shape, and surface chemistry, deter-
mine their cytotoxicity. For example, gold nanoparticles of dif-
ferent shapes, as shown in Figure 3, displayed morphology-de-
pendent cytotoxicity. Rod-shaped gold nanoparticles were more
toxic than nanostars and nanospheres [54]. The potential risk is
higher for anisotropic nanoparticles than for spherical shapes.
This is due to greater exposed surface area and more defects
during crystal growth of anisotropic nanoparticles. Gold nano-
particles show tremendous potential in biomedical research due
to unique optical and physicochemical properties and the inert
nanoparticle core. The inertness is due to metallic gold formed
upon reduction of Au3* during nanoparticle formation. Howev-
er, there is also the possibility of Au® oxidation that is influ-
enced by size, shape, and stabilizing/capping agents. For
instance, commonly used citrate and thiolate ligands result in a
partial polarization of the nanoparticle core (Au® + 0% and
Au + $9), which cannot be neglected following its subsequent
leaching [55]. It is also well known that gold cations play a key

role in oxidizing substrates in aerobic redox reactions catalyzed

by gold nanoparticles [56]. Redox reactions are intrinsic in bio-
logical organisms and are mainly governed by cytochrome
P450, which acts as a strong catalyst for oxidation. Hence, the
gold nanoparticles can alter the cell metabolism, leading to tox-
icity. In vitro studies also confirmed that isotropic gold nano-
particles with core sizes of greater than 5 nm were less toxic
and considered biologically inert [44,57,58].

Numerous in vitro studies carried out using high-throughput
techniques such as microscopic techniques, TEM, and ICP-MS
revealed the fate of nanoparticles and their interaction at the
interface between the metal surface and cell membrane. Elec-
tron microscopy revealed fundamental and mechanistic infor-
mation regarding nanoparticle—cell interactions and their uptake
into cell organelles. The metal content within the cells was de-
termined via ICP-MS. Cell toxicity of nanoparticles depends on
their size, shape, surface chemistry (predominantly determined
by the capping agent used) and the cell type used for toxicity
assessment. Chan and co-workers reported that cell internaliza-

tion is optimum for nanoparticles with a size of 40-50 nm [59].
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Figure 3: Synthesis of gold nanoparticles of different shapes using the seed-mediated approach. Chitosan was used for post functionalization of
(A) gold nanospheres, (B) nanorods and (C) nanostars. Adapted from [54], © 2019 Y. J. Lee et al., distributed under the terms of the Creative
Commons Attribution 4.0 International Licence, http://creativecommons.org/licenses/by/4.0/.

This is due to maximum interaction between antibody and re-
ceptor during receptor-mediated endocytosis. In vitro studies
mostly involve a wide range of parameters, as highlighted by
Murphy et al., but they do not provide all decisive aspects of
toxicity [44]. John W. Stone and his group, in 2017, synthe-
sized less toxic gold nanorods using dodecylethyldimethylam-
monium bromide (C{,EDMAB) as an alternative structure-
directing surfactant [60]. They carried out an in vitro cytotoxici-
ty study exposing Hep-G2 and A549 cells to CTAB- and
C,EDMAB-capped gold nanorods. The researchers observed a
considerable difference in cell viability at the same concentra-
tion levels. Much earlier, a chemical method introduced by
Chenxu Yu et al. illustrated the successful reduction of cytotox-
icity of gold nanorods using organothiol compounds, namely
11-mercaptoundecaonic acid (MUDA) and 3-animo-5-
mercapto-1,2,4-triazole (AMTAZ) [61]. PEGylation of gold
nanorods is considered as a safe coating for alleviating the tox-
icity of CTAB adsorbed on the nanorod surface. The gold
nanorods have excellent capability to be used in imaging as an
optoacoustic contrast agent [62,63]. Poly(ethylene glycol)
(PEG) is well known for reducing non-specific binding to bio-
logical molecules, rendering stealth character. This avoids
macrophage recognition and phagocytosis and ultimately leads
to prolonged blood circulation with enhanced retention and
permeability of the nanorods. Apart from PEGylation, phos-
phatidylcholine has also been used as a coating agent for

reducing the toxicity of CTAB-capped gold nanorods [64].

In vivo toxicity of anisotropic nanoparticles

In vivo toxicity validation of nanomaterials is an inevitable step
before clinical trials. However, in vivo studies of nanoparticles
are subtle and quite controversial when compared to in vitro
studies. The most common citrate-capped gold nanoparticles
proved to be non-cytotoxic in vitro and showed size-dependent
toxicity in vivo. Chen et al. revealed that gold nanoparticles of
smaller (3—-5 nm) and larger (30 and 100 nm) sizes were
nontoxic in vivo; however, nanoparticles of average sizes 8, 12,
13, 37 nm were found to be toxic, provoking drastic weight
loss, sickness, and short life span in mice [65]. The deterio-
rating effect was due to systemic toxicity evident through liver,
lung, and spleen injury. In contrast, the non-cytotoxic nature of
13 nm citrate-capped gold nanoparticles has been reported [66].
Another recent study on Drosophila melanogaster showed
mutagenicity of isotropic and anisotropic gold nanoparticles
through the process of proton transfer (PT) [67]. A 1-(2-
hydroxy-5-chlorophenyl)-3,5-dioxo-1H-imidazo[3,4-b]isoin-
dole (ADCL)-based PT process on anisotropic gold nanoparti-
cles was found to be accelerated compared to isotropic gold
nanoparticles. The role of surface chemistry in determining tox-
icity and cell internalization of nanoparticles due to capping
agents is critical. It has been reported that glutathione-capped
gold nanoparticles underwent efficient cell internalization and
efficient renal clearance compared to PEGylated and citrate-
capped gold nanoparticles [68,69]. This was observed due to the
difference in the binding affinity of the capping agents toward
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serum proteins. Glutathione showed less affinity towards serum
proteins than citric acid. In an exposure time duration study by
Lopez-Chaves et al., size-dependent metabolic fate and deposit
formation of gold nanoparticles in different biological systems
(liver, spleen, and kidney) of Wistar rats was observed [70].
The study revealed that gold nanoparticles of 10 nm size exhib-
ited an oxidation-induced deleterious effect evident through
nuclear localization and greater DNA damage. Despite oxida-
tive imbalance induced by the gold nanoparticles, no inflamma-
tory responses or tissue damage was observed for shorter expo-
sure time. Therefore, the study concluded by commencing short
time clinical use of these gold nanoparticles and understanding
their use for chronic treatments better. A study was reported on
the effect of CTAB-capped gold nanorods on estuarine model
systems (consisting of sediments, plants, microbial films, fish,
and snails) for observing ecological and environmental impact
[71]. The results showed that the biofilms were the primary
route through which gold nanorods enters the food chain.

It is very evident from the discussed in vitro and in vivo studies
that the root cause of cytotoxicity is the structure-directing
agent. Therefore, green chemistry has been implemented in
synthesizing nanoparticles without compromising the character-
istics of anisotropic nanoparticles intended for biological appli-
cation. The following section of the review focuses on DESs

Beilstein J. Nanotechnol. 2021, 12, 924-938.

and carrageenan, a class of emerging green solvents and a
carbohydrate polymer for synthesizing safe plasmonic nanoma-

terials.

Deep eutectic solvents in nanotechnology

The preparation of DESs involves mixing solid organic precur-
sors with high melting points, which interact via hydrogen bond
to form a fluid at room temperature with a freezing temperature
much below that of the individual precursor components. These
strong hydrogen bonds restrict the recrystallization of the parent
compounds [72]. There are numerous reports on DESs from
various combinations of compounds by self-association be-
tween hydrogen bond donors and acceptors. The most exten-
sively studied to date involve mixtures of choline chloride
(hydrogen bond acceptor) with urea, ethylene glycol, or glycer-
ol (hydrogen bond donors) in a molar ratio of 1:2 [25]. Howev-
er, more DESs can be synthesized through selecting different
components using permutation and combination. The wide
range of components available allowed the chemists to funda-
mentally research the application of DESs. DESs are environ-
mentally friendly, bio-degradable, and nontoxic, as shown in
Figure 4. DESs were used as solvents for metal cleaning before
the extensive use in electroplating. Electrolytic decomposition
is another appealing process for developing a microscale
propulsion system. Recent reports on the electrolytic decompo-

00® . |
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Biodegradable s
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Deep eutectic solvent

«——>
Reduced

Figure 4: A deep eutectic solvent as green solvent in the synthesis of anisotropic nanoparticles (flower shape). All micrographs are adapted from [27],
H. G. Liao et al., “Shape-Controlled Synthesis of Gold Nanoparticles in Deep Eutectic Solvents for Studies of Structure-Functionality Relationships in
Electrocatalysis”, Angew. Chem. Int. Ed., with permission from John Wiley and Sons. Copyright © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Wein-

heim. This content is not subject to CC BY 4.0.
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sition of hydroxylammonium nitrate (HAN) were demonstrated
[73-75]. DESs are well known for dissolving many species of
high polarity, for example, amino acids, metal salts, glycerol,
benzoic acid, citric acid, and glucose [26,76]. They are also
promising in the dissolution of different polymers, such as
starch, cellulose, lignin, chitin, and are also used in the pre-
treatment of cellulose biomass [77]. Although the applications
of DESs mentioned above lie at the interface of material and bi-
ological science, the following section will only discuss appli-

cation of DESs in nanomaterial synthesis.

As mentioned earlier, the high solubility of metal salts in DESs
makes them an ideal solvent. The solvation property deter-
mines the chemical (especially electrochemical) synthesis tech-
nology. Therefore, studying the solvation properties of a sol-
vent is quite important for potential applications. DESs, due to
their good solvation and electroconductivity properties, have
been utilized in surface coating with nanoparticles through elec-
trodeposition. A general electrodeposition setup consists of
three electrodes, that is cathode, anode, and a reference elec-
trode [78]. The solvation property and the conductivity of DESs
also play a critical role in determining the physical structure,
yield, and morphology of the products in chemical synthesis.
This is also evident from the studies tabulated in Table 2, where
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the obtained shapes are given together with the eutectic mixture

and precursor material used [79-87].

The aggregation/agglomeration of nanoparticles in the disper-
sion phase is a commonly encountered challenge. The stability
of the nanoparticles is preserved by introducing various
capping/stabilizing agents. The capping agent determines the
surface chemistry of the nanoparticles deviating from the innate
characteristics of the material. However, DESs when used as a
solvent yield colloidally stable nanoparticles in the absence of
capping/stabilizing agents. Also, the function of DESs is not
limited to nanoparticle stabilization in their dispersion phase.
They also act as a template, determining shape, size, and sur-
face chemistry for the intended application. For example,
Gutiérrez et al. synthesized porous carbon using p-toluene-
sulfonic acid and choline chloride in a molar ratio of 1:1 [88].
The DES used served as solvent and catalyst for the condensa-
tion of furfuryl alcohol, followed by carbonization resulting in
the formation of pores. Oh et al. reported synthesizing highly
monodispersed gold particles with a distinct rough surface and
defined diameters using choline chloride and malonic acid [89].
The DES used served as reaction medium and structure-
directing agent at the same time during synthesis. The synthesis
did not require stabilizing or capping agents such as polymers

Table 2: Different DESs and their application in the synthesis of nanomaterials (NMs).

DESs NM type Surface group

choline chloride/urea alloys, iron N/A, choline
chloride-urea

choline chloride/thiourea chitin acetic acid

choline chloride/ cobalt and nickel  N/A

1,3-dimethylurea

choline chloride/malonic acid  cobalt N/A

choline chloride/ethylene manganese N/A

glycol

choline chloride/acrylic acid molybdenum, iron

choline titanium N/A
chloride/p-toluenesulfonic

acid

choline chloride/ graphite epoxy resin

tris(hydroxymethyl)propane

poly(acrylic acid)

Morphology Role Ref.

dendrite-like electrolyte for nanoparticle [79,80]

and deposition, media for

sharp-edged nanoparticle synthesis by a

crystallites, sputter deposition technique,

nearly spherical solvent for chemical synthesis
of nanomaterials

whiskers solvent for chemical synthesis [81]
of nanomaterials

coral-like solvent for chemical synthesis [82]
of nanomaterials

octahedral solvent as well as [83]
structure-directing agent for
chemical synthesis of
nanomaterials

spherical dispersant for nanoparticles  [84]
and chemical synthesis of
nanomaterials

2D sheets dispersant for nanoparticles  [85]
and chemical synthesis of
nanomaterials

spherical solvent as well as a [86]
structure-directing agent for
chemical synthesis of
nanomaterials

platelets dispersant for nanomaterials  [87]
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or surfactants, highlighting the role of DES as a stabilizer and
structure-directing agent. The work also illustrated temperature-
dependent morphological differences between the nanostruc-
tures. Spherical sized small gold particles of nearly 100 nm
were synthesized at 70 °C whereas network like nanostructures
were observed when the synthesis temperature was 90 °C. Apart
from nanomaterials, DESs are also being exploited for the elec-
trodeposition of alloys for coating applications. For example,
Bernasconi et al. developed a non-aqueous electrolyte using
choline chloride and ethylene glycol in a molar ratio of 1:2 for
electrodeposition of a zinc—nickel alloy to provide corrosion
protection [90].

Due to the ever-rising interest in DESs for nanomaterial synthe-
sis, a fundamental understanding regarding interfacial behavior
and mass transport, such as ionic adsorption, surface wetting,
double layered structure, and hydrogen bonding is needed as it
will allow chemists to controllably manipulate the nanoscale
growth [91]. While, in-depth studies (experimental and compu-
tational) regarding these aspects are yet to come, several signifi-
cant preliminary studies have been reported. Much of the under-
standing of the interfacial behavior of DESs has been derived
from electrodeposition studies. For example, Abbott et al.
showed zinc electrodeposition in two different DESs (ethaline
and reline in choline chloride), yielding respectively, “rice
grains” and “platelets” morphologies [92]. The difference be-
tween the electrochemical double layers and a differential activ-
ity of chloride ions (i.e., preferential facet binding during crystal
growth restricting the lattice growth in a particular direction)
were responsible for the observed morphological difference.
The lower surface tension of DESs facilitates rapid nucleation
yielding tiny particles that undergo Ostwald ripening through a
slow process, allowing for the manipulation on the nanoscale

with controlled crystal growth.

Plasmonic metal nanoparticle synthesis using
DESs

Plasmonic metal nanoparticles, such as gold, silver, and plati-
num, are showing excellent potential owing to their unique
physicochemical properties. DESs were first used for synthe-
sizing anisotropic gold nanoparticles with high monodispersity
in a mixture of choline chloride and urea in 2008 by Sun and
co-workers [27]. The anisotropy was driven using the mild
reducing agent ascorbic acid and the DES. The result was
remarkable as the synthesis involved no surfactant or seeds. The
Sun group also synthesized platinum nanoflowers of ca. 200 nm
size with high monodispersity using DESs [93]. The group also
successfully synthesized triambic icosahedral (TIH) Pt nano-
crystals with high-index {771} facets. The nanoparticles with
high-index planes exhibited higher catalytic activity due to high

density of atoms with low coordination number compared to
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nanoparticles with low-index facets such as {100}, {111}, or
{110}. Chirea et al. synthesized polycrystalline gold nanowires
through a NaBHy-assisted rapid reduction of HAuCly in a DES
(mixture of reline and ethaline) [94]. The strong coordination of
[AuCly]™ in reline exhibited a sixfold enhanced catalytic activi-

ty.

Apart from the high catalytic activity, nanoparticles produced in
DESs showed no cytotoxicity in vitro systems. Guar-gum-fabri-
cated gold nanoparticles (GA-GNPs) in a DES were synthe-
sized for the use as X-ray contrast agent. The precursors for the
DES used were choline chloride, gallic acid and glycerol. The
X-ray attenuation coefficient of GA-GNPs was three times
higher than that of the clinically used contrast agent Visipaque
[95]. The in vitro study of the synthesized GA-GNPs con-
firmed their high potential to replace conventional contrast
agents. In another example, Mahyari et al. synthesized gold
nanoflowers using a DES without using reducing agents [95].
The gold nanoflowers showed excellent surface-enhanced
Raman scattering (SERS) when doped with rhodamine B
(RhB). The enhancement factor produced by these gold nano-
flowers was estimated to be 1.09 x 107 regarding pure RhB.
The value of the enhancement factor is up to par with the inten-
sively branched gold nanoparticles and is even greater than
some of the reported gold nanostars and nanoflowers [96]. Con-
cerning the biocompatibility of the nanomaterials synthesized
using DESs, only a couple of studies has been carried out in
vivo and in vitro. Mineral-substituted apatite nanoparticles syn-
thesized using a choline chloride/thiourea mixture for prospec-
tive rejuvenation applications for bone tissues have shown no
cytotoxicity in vivo [97]. The non-cytotoxic nature of fluorap-
atite nanoparticles synthesized using reline (choline chloride/
urea) in vitro has been also reported [98]. However, with the
rising popularity of DESs due to biodegradability, biocompati-
bility, sustainability, and low cost, achieving the real potential
in nanobiotechnology is not far.

Carrageenan as green/safe stabilizing agent

in nanomaterial synthesis

A stabilizing agent, often known as capping agent, is one of the
vital components in the synthesis of nanomaterials. The
colloidal stability of the nanoparticles is governed by the
capping agent, which prevents the aggregation of nanoparticles.
Several capping agents such as CTAB, citrate, polymers, and
carbohydrates are extensively used to stabilize nanoparticles in
their colloidal state [99]. The capping agents govern the stabi-
lization of nanoparticles and determine morphological changes
in a nanoparticle due to differential binding to crystal facets
during the crystal growth phase of the nanoparticle during syn-
thesis. However, there are reports on synthesizing nanomateri-

als without stabilizing agents but they were very definitive in
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size-shape tuning and storage conditions [100,101]. Figure 5
shows the synthesis of gold nanoparticles using carrageenan as
a capping/stabilizing as well as a reducing agent. Furthermore,
these carrageenan-capped gold nanoparticles showed promising
antitumor activity in MDA-MB-231 and HCT-116 cell lines
[32].

Carrageenans are sulfated oligosaccharides extracted from red
algae. They are composed of galactose and anhydrogalactose
sub-units linked through a glycosidic bond. They are mainly
categorized into three types depending on the degree of sulfa-
tion. The three types are: kappa carrageenan (one sulfate group
per disaccharide), iota carrageenan (two sulfate groups per
disaccharide) and lambda carrageenan (three sulfate groups per
disaccharide). Carrageenan forms highly flexible curly helical
structures, which are responsible for their gelation property at
room temperature. The number of sulfate groups with repeating
galactose units determines the gelation properties of
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carrageenan [102]. The higher the number of sulfate groups, the
lower is the solubility temperature of carrageenan. Therefore,
kappa and iota carrageenan do gelate whereas lambda
carrageenan does not form gels at room temperature due to
higher number of sulfate groups. All three carrageenans are
soluble in hot water while lambda carrageenan is also soluble in
cold water. Carrageenan is mainly used as an additive in the
food industry for thickening, emulsifying, and preserving food
and drinks [103]. Carrageenan is FDA-approved and remark-
ably safe [104]. In vitro and in vivo studies involving
carrageenan proved that it is safe for biological applications
with negligible inflammatory responses [105-107]. A conclu-
sive study for evaluating cytotoxicity, intestinal permeability,
and induction of proinflammatory cytokines of carrageenan was
carried out using human intestinal cells (HCT-8 and HT-29)
[108]. Also, carrageenan, due to the SO3~ groups, showed inter-
action with positively charged quaternary ammonium surfac-
tants [109]. However, this sulfated oligosaccharide is yet to
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Figure 5: Carrageenan as capping and reducing agent for gold nanoparticle synthesis. (A) Histogram for the size distribution of nanoparticles. (B), (C)
and (D) show TEM micrographs of the nanoparticles at different magnifications. (E) and (F) show the antitumor activity against MDA-MB-231 and
HCT-116. Adapted from [32], © 2018 X. Chen et al., distributed under the terms of the Creative Commons Attribution 4.0 International Licence, http://

creativecommons.org/licenses/by/4.0/.
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realize its full potential in the field of nanotechnology. The use
carrageenan in nanomaterial synthesis and application has been
tabulated in Table 3 [32,110-115].

Carrageenan has been complexed with chitosan in a recent
study, forming a composite for wound healing dressing. Silver
nanoparticles, widely known for their antibacterial activity, are

used in healthcare and the food industry, especially in manufac-
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turing packaging materials. However, the cytotoxicity due to the
release of the silver ions from AgNPs is a matter of concern.
The cytotoxicity of micrometer-sized AgNPs was minimized by
immobilizing them in carrageenan gel retaining the antibacteri-
al property [85]. A study based on an injectable composite of
carrageenan and nanoscale hydroxyapatite as an injectable bone
substitute showed good adhesion properties with no cytotoxici-

ty in vitro, as shown in Figure 6 [116]. The nanocomposite also

Table 3: The use of carrageenan in synthesizing various nanomaterials (NMs) for potential chemical and biological applications.

NMs type Surface group Morphology Role Ref.
silica K-carrageenan 2-dimensional wound healing [110]
silver K-carrageenan spherical catalytic degradation of dyes [111]
chitosan alginate, carrageenan spherical drug delivery [112]
iron K-carrageenan, I-carrageenan, spherical self-assembled nanoreactor yielding magnetite [113]
A-carrageenan nanoparticles with polymer encapsulation

silver K-carrageenan spherical food packaging [114]
silver K-carrageenan spherical antibacterial activity and low cytotoxicity [115]
gold K-carrageenan spherical antitumor activity [32]
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Figure 6: (A) A k-carrageenan-stabilized hydroxyapatite rod-shaped nanocomposite. (B) Antibacterial study using E. coli, S. aureus, B. subtilis,

P. aeruginosa showing the bactericidal properties of the nanocomposite. (C) The nanocomposite shows osteoblast cytotoxicity tests in cell lines (L02
and L929). Adapted from [116], J. |. Gonzalez Ocampo et al., “Evaluation of cytotoxicity and antimicrobial activity of an injectable bone substitute of
carrageenan and nano hydroxyapatite”, J. Biomed. Mater. Res. A., with permission from John Wiley and Sons. Copyright © 2018 Wiley Periodicals,
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exhibited antibacterial effect indicating its potential to restrict
biofilm formation. Carrageenans are also being explored
regarding the synthesis of polymeric nanoparticles complexed
with other polymers such as chitosan and tripolyphosphate. The
use of carrageenan is not only limited to biological applications,
it also emerged as a promising candidate for industrial applica-
tions. Silver nanoparticles synthesized using carrageenan as a
reducing and stabilizing agent showed promising results in
removing organic dyes such as methylene blue and rhodamine
B [111]. Magnetic iron nanoparticles were synthesized using x-,
1-, or A-carrageenan polysaccharides of different concentrations
[113]. The particle size, morphology, and stability were pre-
dominantly determined by the concentration and the gelation
properties of the used carrageenan. Another study involved
stabilizing zein nanoparticles using 1-carrageenan to prevent
aggregation and sedimentation above pH 5 [117]. The stability
was enhanced upon adhesion of carrageenan to the nanoparticle
surface rendering it negatively charged.

Although there are little reports on using carrageenan as a safe
and sustainable component for synthesizing plasmonic metal
nanomaterials, the works successfully illustrated the future
endeavors for the oligosaccharide in the area of nanobiotech-
nology.

Conclusion

This mini-review described two alternative vital components,
DESs and carrageenan, in the wet chemical synthesis of plas-
monic metal nanoparticles. Both components embrace the prin-
ciple of green chemistry generating safe nanomaterials for bio-
logical applications. The authors also discussed the importance
of CTAB as a structure-directing agent for anisotropic nanopar-
ticles and the concerns regarding toxicity. One of the works that
has been mentioned above involved C;,EDMAB as an alterna-
tive to CTAB yielding less toxic nanorods. The lower toxicity
can be attributed to the shorter carbon tail length of the surfac-
tant compared to CTAB. Moreover, an excellent study reported
the interaction between surfactants and carrageenan. The SOz~
group present in carrageenan interacts with the positively

charged head group of the surfactants in the solution phase.

The importance of using DESs and carrageenan is the fact that
the biocompatible molecules already used in designing safe
nanomaterials add no further improvement than just biocompat-
ibility. Some are also prone to enzymatic degradation. In
contrast, DESs and carrageenan exhibit properties that play a
role in enhancing the physicochemical properties of metallic
nanomaterials. Intrinsic properties, such as structure-directing
ability, were observed when DESs were used as solvents during
nanoparticle synthesis. Also, the antibacterial, antiviral, and

stabilizing properties of carrageenan can lead to a multidimen-

Beilstein J. Nanotechnol. 2021, 12, 924-938.

sional approach in synthesizing nanomaterials for advanced bio-

medical applications.

A synthetic system comprising DESs and carrageenan along
with surfactants of different carbon tail length can pave a route
towards synthesizing plasmonic metal nanomaterials with con-
trolled size and shape for biological applications. In this way,
the presence of the surfactant shall cause minimal or no cyto-
toxicity while maintaining the integrity of the nanoparticles.
The higher degree of solvation observed in DESs leads to the
complete dissolution of carrageenan and surfactants. The disso-
lution of several compounds would significantly contribute to a
species-rich system with higher conductivity. This unique
hybrid model will create a platform for synthesizing n different
nanomaterials with combinatorial possibilities of 2" since there
are n possible ways of combining the components of DESs
(hydrogen bridge donor and acceptor). Therefore, the authors
believe that the combines use of the two components might
allow for future endeavors towards synthesizing biocompatible

plasmonic metal nanomaterials.
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Abstract

Biomolecules, such as proteins and peptides, can be self-assembled. They are widely distributed, easy to obtain, and biocompatible.
However, the self-assembly of proteins and peptides has disadvantages, such as difficulty in obtaining high quantities of materials,
high cost, polydispersity, and purification limitations. The difficulties in using proteins and peptides as functional materials make it
more complicate to arrange assembled nanostructures at both microscopic and macroscopic scales. Amino acids, as the smallest
constituent of proteins and the smallest constituent in the bottom-up approach, are the smallest building blocks that can be self-
assembled. The self-assembly of single amino acids has the advantages of low synthesis cost, simple modeling, excellent biocom-
patibility and biodegradability in vivo. In addition, amino acids can be assembled with other components to meet multiple scien-
tific needs. However, using these simple building blocks to design attractive materials remains a challenge due to the simplicity of
the amino acids. Most of the review articles about self-assembly focus on large molecules, such as peptides and proteins. The prep-
aration of complicated materials by self-assembly of amino acids has not yet been evaluated. Therefore, it is of great significance to
systematically summarize the literature of amino acid self-assembly. This article reviews the recent advances in amino acid self-
assembly regarding amino acid self-assembly, functional amino acid self-assembly, amino acid coordination self-assembly, and
amino acid regulatory functional molecule self-assembly.

Review
Introduction

Biomaterials play a crucial role in the treatment of diseases and
health care and have been widely used in prostheses and drug
delivery devices [1]. Clinical applications of biomaterials

include the use of metals, ceramics, and polymers to enhance,

repair, or replace diseased, damaged, or defective tissue [2]. A
few examples are tooth repair, peripheral nerve regeneration,
nerve tissue engineering, bone and joint replacement and repair,

and regeneration of bone defects, biological scaffolds,
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and wound healing [3-8]. Although traditional materials
provide good structural analogues for native bone and surround-
ing tissue, they are difficult to mimic the dynamics and com-
plexity of the natural environment [9]. Therefore, it is neces-
sary to develop a new generation of biomaterials to improve
strategies for natural tissue structure and functional reorganiza-
tion.

Peptides and proteins are attractive candidates for functional
biomedical materials [10] due to their extensive existence in
nature, easy access, and good biocompatibility [11]. Self-
assembly refers to the selective and spontaneous formation of
one or more well-ordered structures from a complex mixture via
noncovalent interactions, including van der Waals forces, elec-
trostatic forces, hydrogen bonds, and stacking interactions
[12,13]. Importantly, biomolecules, such as proteins, peptides,
or biologically derived molecules, including de novo designed
peptides or nucleotides, can be self-assembled [14]. Proteins are
direct functional performers of countless interactions between
living organisms and the outside world, and are susceptible to
changes in pH value, ionic strength, and temperature [15].
Peptides have similar biocompatibility and diversity as proteins,
but have better availability, can be obtained in a larger scale,
and have higher stability and durability than proteins. Further-
more, some peptides may have the same function as proteins by
retaining functional sequences [16]. Many studies have re-
ported that proteins and peptides can be assembled into various
nanostructures, such as nanowires [17], nanofibers [18], nano-
spheres [19], nanovesicles [20], nanogels [21], nanobelts [22],
and nanotubes [23]. Self-assembly not only conveys higher
stability and mechanical strength to proteins and peptides, but
also further enhances their natural activity and function due to
the collective behavior of aggregates [24]. However, protein
and peptide assemblies exhibit disadvantages, such as difficulty
in obtaining high quantities of materials, corresponding high
costs, and in some cases polydispersity and purification limita-
tions. When using proteins and peptides as functional materials
it can be difficult to arrange assembled nanostructures at both
microscopic and macroscopic scales [10]. Also, fine manipula-
tion of noncovalent interactions and corresponding peptide and
protein nanostructures remains a huge challenge [24].

Amino acids are the major components of all naturally occur-
ring peptides and proteins [25]. Amino-acid-based nanostruc-
tures are self-assembled from the simplest building blocks in
the biological system environment and are the smallest compo-
nent of the bottom-up approach [26]. Amino acids and their de-
rivatives can be self-assembled into ordered nanostructures
through noncovalent interactions, including electrostatic, m—r
stacking, van der Waals, and hydrophobic interactions. The

self-assembly of single amino acids has the advantages of low
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synthesis cost, relatively easy modeling [27], and excellent bio-
compatibility and biodegradability in vivo [28] compared with
the self-assembly of large molecules, such as proteins and
peptides. Importantly, amino acids or amino acid derivatives
may be self-assembled with other components to form func-
tional architectures, such as drug delivery systems, light collec-
tion systems, and imaging systems. However, using these
simple building blocks to design attractive materials remains a
challenge due to the simplicity of the amino acids [26]. Most
articles about self-assembly focus on peptide and protein self-
assembly [15,29]. Therefore, it is of great significance to
systematically summarize the latest advances in the field of
amino acid self-assembly.

In this review, we highlight the latest advances in amino acid
self-assembly. These self-assembly methods mainly focus on
single amino acid self-assembly, modified amino acid self-
assembly, amino acid and metal ion coordination self-assembly,
and amino acid and functional molecule self-assembly (drug,
photosensitizer) (Figure 1). In this paper, the self-assembly of
single amino acids is discussed first. We then discuss the
co-assembly of amino acids and their derivatives with func-
tional components including metal ions, photosensitizers (PS),
and pharmaceuticals. Finally, the applications of these assem-
blies in various systems are introduced.

Self-assembly of amino acids

Self-assembly is the process of creating high-level functional
structures from simple building blocks, such as amino acids,
peptides, proteins, and phospholipids [30]. Noncovalent bonds
and molecular forces play a key role in self-assembly, includ-
ing hydrogen bonds, hydrophobic bonds, van der Waals force,
ionic bonds, —m stacking, and electrostatic forces [31]. Impor-
tantly, amino acids are simple building blocks that provide rele-
vant noncovalent interactions to construct complex supramolec-
ular assemblies [32,33]. Twenty natural amino acids are used by
cells to synthesize peptides and proteins.

A single amino acid can be self-assembled. For example, Adler-
Abramovich et al. [34] showed for the first time that phenylala-
nine, a single aromatic amino acid, can form ordered fibrillar
assemblies at the nanoscale. This component exhibits regular
aggregate properties through hydrogen bonding and ion interac-
tion, which are highly similar to those of amyloid components,
suggesting that it may be associated with the etiology of
amyloid-related diseases. Besides, the resulting structure is as
toxic to cells as other amyloid structures. Their subsequent
study continued to demonstrate that other single amino acids
and metabolites, including cystine, tyrosine, and adenine, also
self-assemble to form elongated and fibrillar structures at the

nanoscale [35]. Likewise, the characteristics of these combina-
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Figure 1: Schematic diagram of amino acid regulatory self-assembly (amino acid—drugs, amino acid—photosensitizers, amino acid—metal ions, multi-
component collaborative self-assembly) as a general strategy for functional biomaterials research.

tions suggest that all assembled ultrastructures formed from
various metabolites exhibit amyloidosis. These metabolites not
only self-assemble into supramolecular amyloid fiber structures,
but also have significant apoptotic effects on neuron model
cells. Singh et al. [36] showed that the hydrophobic interaction
between phenylalanine (Phe) rings may play a major role in the
self-assembly process. Interestingly, their study also revealed
that p-Phe changes L-Phe fibrous state to flakes, which do not
propagate further and do not seed L-Phe, suggesting that p-Phe
may be a potential therapeutic molecule for phenylketonuria.
Bera et al. [37] studied the effect of chiral on aromatic amino
acid self-assembly. They found that the hybrid pL system (race-
mate) alters the morphology and dynamics of the assemblies.
For example, either L-phenylalanine or p-phenylalanine can
form amyloid fibers, but the pL system shows a crystalline
sheet-like assembly. Interestingly, their group also identified the
optical properties of single amino acids during assembly,
demonstrating the intrinsic fluorescence of amyloid structures
of metabolites such as adenine, tryptophan, tyrosine, and
phenylalanine which can be used to detect living cells [38].
Gour et al. explored the self-assembly of nonaromatic amino
acids. They first reported the ability of nonaromatic single
amino acids, cysteine and methionine, to spontaneously self-
assemble to form protein-like aggregates, which are very long
and fibrous and may be cytotoxic to human neuroblastoma cells
[39]. These studies provide a new paradigm for metabolic disor-
ders caused by single amino acids in amyloid-associated

diseases.

Self-assembly of functionalized amino acids. There are only
20 natural amino acids, so it is very limited to rely on the self-
assembly of natural amino acids. Self-assembly with modified
amino acids is of great interest, most of which focuses on
9-fluorenylmethoxycarbonyl (Fmoc)-terminated materials [40-
43]. Due to the inherent hydrophobicity and aromaticity of
Fmoc, many Fmoc-modified amino acids exhibit relatively fast
self-assembly kinetics, excellent physical and chemical proper-
ties, and great potential in cell culture, photocatalysis, drug

delivery, and antibacterial applications [27].

The Fmoc modification of a single amino acid is the simplest
building block, among which Fmoc-phenylalanine is the most
studied due to its good hydrocoagulant properties [27] and good
antibacterial activity [44]. Hydrogels of other amino acids
modified by Fmoc, such as Fmoc-tryptophan, Fmoc-methio-
nine, and Fmoc-tyrosine have also been shown to have antimi-
crobial activity and to be selectively resistant to Gram-positive
bacteria [45].

The combined self-assembly strategy can provide different
functions for amino acid assembly. Fmoc-phenylalanine and
Fmoc-leucine were co-assembled, with Fmoc-phenylalanine as
the hydrocoagulant and Fmoc-leucine as the antimicrobial unit.
The resulting hydrogel selectively killed Staphylococcus aureus
by breaking the cell wall and membrane and had good biocom-
patibility. After 20 h of incubation, approximately 95% of

Staphylococcus aureus bacterial proliferation was effectively
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inhibited [46]. A novel supramolecular self-assembled hydrogel
was prepared by mixing Fmoc-L-phenylalanine (Fmoc-L-Phe)
with oligo(thiophene ethynylene)-p-phenylalanine (OTE-p-
Phe), an amino-acid-modified conjugated oligomer [47]. Fmoc-
L-Phe/OTE-p-Phe formed yellow and transparent hydrogels
through hydrogen bonding, van der Waals interactions, m—
interactions, and hydrophobic interactions, showing thicker and
rougher nanofibers, which had obvious advantages in effec-
tively capturing model bacteria methicillin-resistant S. aureus
and Escherichia coli. When Fmoc-L-Phe/OTE-p-Phe is coated
on the surface, it also exhibits a strong ability to specifically kill
methicillin-resistant S. aureus. In addition, Chakraborty et al.
[43] designed a gelling agent containing two Fmoc groups,
Fmoc-lysine and Fmoc-aspartic acid, by two-step self-assembly,
which had an ultra-low critical gelling concentration and good
mechanical properties and can be used for 2D/3D cell scaffolds
and the production of conductive soft composites. In addition,
Fmoc-amino acids can be co-assembled with drugs to play dif-
ferent therapeutic effects as drug delivery carriers. The encapsu-
lation of the antibiotic aztreonam (ATZ) in the Fmoc-phenylala-
nine (Fmoc-F) hydrogel expands the antibacterial range of
Fmoc-F, which can continuously release ATZ and Fmoc-F in
the wound [48]. The AZT encapsulated Fmoc-F hydrogel was
used in established wound infections, which slowly degraded
within 24 h and were topically coated with AZT Fmoc-F
hydrogel two days after infection, resulting in a 1000-fold
reduction in bacterial load compared to untreated wounds.
Aztreonam is specific against Gram-negative bacteria and aztre-
onam-encapsulated Fomc-F hydrogels antagonize Pseudomo-
nas aeruginosa and enhance Fomc-F antimicrobial activity.
Salicylic acid is loaded in Fmoc-L-phenylalanine hydrogel,
which can play a role against Gram-positive bacteria, and the
drug release behavior changes at different temperature and pH
values [49]. Rizzo et al. studied camptothecin loaded into
Fmoc-F hydrogels in the presence of haloalkyl nanotubes. Im-
portantly, this hybrid co-assembly method could not only
control the release of camptothecin in the form of active
lactone, but also showed significant inhibitory activity on

cancer cells [50].

Furthermore, naphthalimide (NI) derivatives can also be used as
end-capping materials for amino acids. Naphthalimide has
unique photophysical properties and photostability as a lumi-
nescent material for aggregation-induced emission (AIE), which
can display high emission properties in the aggregated state and
can be used for imaging [51]. Importantly, NI exhibits hydro-
phobicity and m—r stacking due to the aromatic moieties, and is
prone to dynamic aggregation, which can be used in self-assem-
bled construction units [52]. For example, Hsu et al. [53] self-
assembled NI and phenylalanine to produce hydrogels driven by

hydrogen bonds and m—m interactions and to form microfiber

Beilstein J. Nanotechnol. 2021, 12, 1140-1150.

three-dimensional networks at 1 wt % and pH 7.4. The
microfibers have AIE properties and strong blue emission under
an ultraviolet lamp. Ni-terminated hydrogels of NI-Phe exhibit
viscoelasticity with a storage modulus (G') value of about
2000 Pa, and can be used for imaging three-dimensional
cytoskeletal materials. After human mesenchymal stem cells
(hMSCs) were cultured for 72 h in the 3D fiber hydrogel, the
cell viability in the 3D gel was subsequently verified. Only
a few dead cells were observed, indicating that hMSCs had a
high viability in the supramolecular hydrogel formed by
NI-Phe. Sarkar et al. synthesized amphiphilic molecules con-
taining NI and histidine which formed fluorescent organic nano-
particles with J-aggregation in water/DMSO, exhibiting high
emissivity upon aggregation. These particles were used for the
selective sensing of Fe3* within cancer cells and imaging of
Fe3* [54].

Amino-acid-coordinated self-assembly. Coordination-driven
self-assembly is a supramolecular self-assembly method based
on metal-coordination bond formation, which has the advan-
tages of fewer steps, fast final product, easy assembly, self-cali-
bration, and no defects [55]. The prepared components may
further be used as modular “building blocks” for building
higher-order upper structures with increased complexity and
functionality [56]. Metal coordination can become a strong
interaction due to its near-covalent characteristics compared to
the common noncovalent interactions in self-assembly, such as
hydrophobic interactions, van der Waals force, hydrogen bonds,
ion attraction, and 7— stacking [57].

Cystine (Cys) can provide carboxyl and amino groups with
which it can coordinate with equimolar amounts of cadmium
ions (Cd%™) to form a three-dimensional crystal of Cys/Cd
nanorods. Then, upon the introduction of Na;S, the Cys/Cd
template mediates the mineralization of cadmium sulfide (CdS)
into a layered CdS quantum dot structure, finally making a
simple bionic daylight antenna with sustainable photocatalytic
performance [58]. In addition, Liu et al. [59], inspired by the
cystine pathological biomineralization process, developed a
zinc-directed cystine assembly to mimic chloroplast photosyn-
thesis. Zn%* promotes rapid nucleation of cystine crystals and
regulates crystal morphology through splitting growth mecha-
nisms. Scanning electron microscopy and transmission electron
microscopy images show that the assembly is layered and has a
three-dimensional spherical structure with porous and stacked
nanorods (width 50 nm, length 200 nm). During the self-
assembly process, tetrakis(4-sulfonatophenyl)porphine and
alcohol dehydrogenase may be incorporated into Cys micro-
spheres, resulting in hybrid microspheres with photocatalytic
and biocatalytic activities. In addition, Cys/Zn microspheres

were modified with CO32 -doped ZnS nanocrystals by a hydro-
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thermal treatment, and then glutamic acid dehydrogenase was
encapsulated in the Cys/Zn framework as a guest molecule to
obtain the original pigment model, which can achieve methyl
violet (MV?2*) photoreduction, CO, photoreduction, NADH for-
mation, and hydrogen release [60]. In addition, histidine has
site-specific metal ion coordination with an imidazole ring [61].
Han et al. [62] self-assembled metal nanoparticles with good
catalytic activity by coordination of histidine derivatives
N-(benzyloxycarbonyl)-L-histidinohydrazide with zinc ions on a
minimum design principle. The catalytic performance of
p-nitrophenyl acetate hydrolysis to p-nitrophenol was evaluated
by monitoring the absorbance of p-nitrophenol at 400 nm. The
catalytic formation of p-nitrophenol started within the first
three minutes and then gradually increased. The catalytic rate
constant of metal nanoparticles was higher than that of lipase
(6.00 x 1072 and 6.95 x 1073 57!, respectively). In addition, the
substrate affinity of metal nanoparticles (1.53 mM) is compa-
rable to that of natural lipase (1.27 mM).

Metal ions, especially silver ions (Ag™), have been widely
studied regarding antibacterial, antifungal, antiviral, anti-in-
flammatory, anti-angiogenic, and antitumor activities [63,64].
Silver nanoparticles (Ag NPs) hold great promise due to their
broad-spectrum and robust antimicrobial properties [65]. The
main mechanism is that Ag nanoparticles diffuse into cells
and destroy cell walls [66]. However, Ag NPs are cytotoxic,
which limits their application [67]. Song et al. [68] developed a
broad-spectrum antimicrobial metallohydrogel based on Ag®-
coordinated Fmoc-amino acid self-assembly and local mineral-
ization. The antibacterial activity of the amino acid metallohy-
drogel against Escherichia coli and Staphylococcus aureus
was better than that of Ag* solution. In addition, Fmoc-amino
acid metallohydrogels showed fewer toxicological side effects
and were highly biocompatible than Ag" in the administered
dosage range. Furthermore, Fmoc-amino acid metallohydrogels
tested under the same conditions showed significantly better
wound healing than silver sulfadiazine cream and the control

group.

It has been shown that a novel protein-based nanoparticle with
enhanced photothermal effect has been obtained for antitumor
therapy using metal ions, proteins, and photosensitizers as
building blocks [69]. The integration of metal ions significantly
improved the structural stability and photothermal properties of
the nanoparticles [69]. The use of amino acids coordinated with
metal ions and the encapsulation of guest molecule photosensi-
tizers have also achieved encouraging results. Zhang et al. [70]
developed an antitumor photodynamic therapy (PDT) nanopar-
ticle based on the coordination of modified amino acids and
metal ions. The amphiphilic amino acid 9-fluorenylmethoxycar-

bonyl-L-leucine (Fmoc-L-L) and Mn2* were coordinated to
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encapsulate the hydrophobic photosensitive drug chlorin e6
(Ce6) into a supramolecular system to obtain Fmoc-L-L/Mn2*/
Ce6 nanoparticles (FMC NPs). Because of the strong coordina-
tion of Mn2*, Fmoc-1-L, and Ce6, a yield of 36 wt % can be ob-
tained. After the uptake of FMC NPs by cancer cells, Mn?* and
Ceb6 can be released in response to intracellular high levels of
glutathione (GSH). Magnetic resonance imaging (MRI) results
showed an almost complete elimination of the tumor three days
after injection. At the same time, the formation of Mn%* and
GSH can decrease the level of intracellular GSH and promote
the production of reactive oxygen species. In addition, Mn2*
combined with GSH can also be used for MRI diagnosis and
treatment. By using these features, FMC NPs showed better
antitumor PDT effects. In addition to MnZ2*, Li et al. [71] self-
assembled Fmoc-L, Fmoc-H, and N-benzyloxycarbonyl-L-histi-
dine-L-phenylalanine with zinc ions to form Fmoc-H/Zn?* and
Z-HF/Zn?* nanoparticles (approx. 70 nm in size). Then, Ce6
was encapsulated and the Ce6 loading of Fmoc-H/Zn2*/Ce6 and
Z-HF/Zn%*/Ce6 was greater than 50.0% in both cases, and the
encapsulation efficiency was greater than 99.0%. The Fmoc-H/
Zn%*/Ce6 and Z-HF/Zn**/Ce6 nanoparticle assembly were
based on coordination and other noncovalent interactions which
are sensitive to environmental changes. They demonstrated the
robustness of metal nanoparticles under physiological condi-
tions and the abrupt responsive release upon pH and glutathione
changes. The half-life of Ce6 in Fmoc-H/Zn2*/Ce6 (8.71 h) and
Z-HF/Zn**/Ce6 (6.33 h) was much longer than that of unencap-
sulated Ceb6 (3.69 h), according to the fitting results of the phar-
macokinetic model. To investigate the in vivo distribution of
metal nanoparticles in tumor-bearing mice, mice injected with
metal nanoparticles or unencapsulated Ce6 had strong fluores-
cence signals throughout the body 2 h after injection. Fmoc-H/
Zn?*/Ce6 or Z-HF/Zn?*/Ce6 showed strong fluorescence at the
tumor site 24 h after injection. In contrast, no significant fluo-
rescence was observed in mice injected with unencapsulated
Ceb6 12 h after injection. In addition, metal nanoparticles induce
an effective tumor ablation, while unencapsulated Ce6 only

partially inhibits tumor growth.

Curcumin is a promising natural antitumor drug, which can
inhibit the transformation, proliferation, and migration of tumor
cells through various ways, and has anti-angiogenic activity and
good biocompatibility [72]. However, the poor water solubility
and low bioavailability of curcumin hinder its direct applica-
tion [73]. Therefore, it is necessary to develop an encapsulation
system to improve the bioavailability of curcumin in the tumor
microenvironment in order to achieve effective delivery of
curcumin and improve the therapeutic effect [74]. Li et al. [75]
dissolved 9-Fmoc-1-histidine (Fmoc-H) in hexafluoropropofol
or dilute hydrochloric acid and self-assembled curcumin nano-
particles, B-Cur NPs (180 * 25 nm in size) and S-Cur NPs
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(80 = 16 nm in size), by coordination with zinc chloride and
curcumin, respectively, in combination with a variety of nonco-
valent interactions. The stability of curcumin increases with the
formation of B-Cur NPs or S-Cur NPs. Even after an extended
incubation time of 720 h, the curcumin content in B-Cur NPs
and S-Cur NPs was approximately 67% and 77%, respectively.
Furthermore, the release of curcumin from B-Cur NPs and
S-Cur NPs can be effectively triggered by pH and redox stimu-
lation, facilitating tumor therapy. Selective tumor accumulation
was still observed up to 12 h in mice injected with fluores-
cently labeled (FL-labeled) B-Cur NPs or S-Cur NPs, while
mice injected with FL-labeled curcumin showed no significant
tumor accumulation after 4 h. In addition, antitumor activity ex-
periments showed that the nanoparticles had higher cytotoxici-
ty and better tumor inhibition than curcumin and did not
decrease the biocompatibility of the drug. A tumor inhibition
rate of 33.2% was observed in mice treated with curcumin
(25 mg-kg™!). In contrast, the tumor inhibition rate in mice
treated with the corresponding concentration of S-Cur NP
(25 mg-kg™! of curcumin) reached 69.6%. Therefore, this
method overcomes the obstacles of using pure curcumin in clin-
ical applications and provides a new view for curcumin to effec-
tively treat tumors.

Amino-acid-modulated self-assembly of functional molecule.
Amino acids can be co-assembled with photosensitizers to form
a variety of complex system structures, such as light collection
systems, bionic systems, and delivery systems for PDT. Photo-
dynamic therapy is a novel, noninvasive antitumor therapy
based on photosensitizers, light, and oxygen [76]. However, the
inherent disadvantages of PS, such as hydrophobicity and easy
aggregation under physiological conditions, reduce its thera-
peutic efficiency [77]. Using nanotechnology to encapsulate PS
in nanoparticles can effectively solve this problem, improve the
bioavailability of PS, and achieve targeted delivery of PS to
tumor tissues [76]. Liu et al. [78] designed photosensitizer
delivery systems by self-assembling cationic diphenylalanine
(H-Phe-Phe-NH, HCI, CDP) or 9-fluorenylmethoxycarbonyl-L-
lysine (Fmoc-L-Lys) with Ce6 into nanoparticles (CCNPs and
FCNPs, respectively). Intermolecular hydrophobic and —m
interactions contribute to co-assembly. FCNPs nanoparticles
and free Ce6 were injected into the caudal vein of MCF7 tumor-
bearing nude mice at different times. The assembled NPs selec-
tively accumulated in the tumor. In addition, the fluorescence
remained at the tumor site for 24 h, indicating a long residence
time. However, a weak fluorescence signal was observed in the
tumor site of the mice treated with free Ce6. Designing
nanoplatforms responsive to pH, enzymes, and photothermal
stimuli is critical to enhance cellular uptake and control PS
release [79-81]. Nanoplatforms responsive to pH undergo con-

formational changes through various mechanisms, such as pro-
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tonation, charge inversion, or chemical bond cleavage,
promoting tumor-specific cellular uptake or drug release [82].
Sun et al. [83] coupled tryptophan-glycine (WG) to hydro-
phobic porphyrins (P) by an amidation reaction to obtain
pH-responsive nanoparticles (PWG) capable of spontaneous
assembly under physiological conditions. Interestingly, since
glycine provides carboxyl groups and is acid-sensitive, when
the nanoparticles reach the tumor site, the acidity increases and
the protonation of PWG promotes the formation of intermolecu-
lar hydrogen bonds and induces the conversion of nanoparticles
to nanofibers. In addition, the nanoparticles exhibited signifi-
cant long-term fluorescence after intravenous injection, main-
tained for 168 h, and the fluorescence intensity in the tumor
remained above 64% after 168 h, indicating that the PWG nano-
structures exhibited high accumulation and ultra-long tumor
retention effects. Importantly, animal experiments demon-
strated complete eradication of tumor in mice after injection of
PWG NPs and laser irradiation, demonstrating the efficacy of
PWG nanoparticles in vivo.

Indocyanine green (ICG) is widely used in diagnosis and treat-
ment because of its strong absorption ability in the near-infra-
red region [84]. However, ICG has poor stability and a short
half-life, thus limiting its use in photothermal therapy. Liu et al.
[85] developed a nanoparticle based on phenylalanine, genipo-
side, and ICG for antitumor photothermal therapy. Geniposide
is a natural crosslinking agent that provides strong covalent
interactions to enhance stability. In addition, they attached
disulfide groups to phenylalanine in response to glutathione.
The obtained nanoparticles (GDSP) have high stability and can
improve the photostability and maintain the photothermal
conversion efficiency up to 32.0%. After entering the tumor
cells, the nanoparticles convert light into heat under a laser irra-

diation of 808 nm and effectively kill the tumor cells.

Inspired by natural photosynthesis, artificial light systems
consisting of photosensitizers and biomolecules, such as pro-
teins, peptides, and DNA have received extensive attention in
recent years [86]. Liu et al. [87] used electrostatic force to
adsorb tetrakis(4-sulfonatophenyl)porphine (TPPS) molecules
on the surface of 9-fluorenylmethoxycarbonyl-L-lysine (Fmoc-
L-Lys) self-assembled nanofibers such that the nanofibers were
assembled into sea-urchin-like microspheres. Fmoc-L-Lys
nanofibers act as templates to regulate the self-assembly of pig-
ments. Sea-urchin-like structures facilitate light collection due
to enhanced absorption cross sections and exciton energy
transfer. In addition, Liu et al. [88] combined chemical reac-
tions and manufactured bionic photobacteria based on self-
assembly of amino acids and porphyrins. First, Fmoc-L-Lys was
self-assembled into a nanofiber template, then the e-amino

group on the surface of the Fmoc-L-Lys fiber reacted with 3,4-
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dihydroxyphenylalanine (DOPA) melanin through a Schiff base
reaction to form an adhesive layer, and Fmoc-L-Lys/DOPA
fiber simulated an antenna to capture light. As a photosensitizer,
Sn(IV)tetrakis(4-pyridyl)porphyrin (SnTPyP) was combined
with the photocatalyst Co304 NPs by coordination bonds and
electrostatic interaction onto the adhesive fibers. Therefore, a
simple and robust bionic cyanobacteria model with excellent
catalytic activity and sustainability was obtained. In addition,
amino acids were co-assembled with phthalocyanines to
improve their functionality. Han et al. [89] used histidine deriv-
atives, 9-fluorenylmethoxycarbonyl-L-histidine, (Fmoc-His-
OH) co-assembled with phthalocyanine tetrasulfonic acid to
form nanocapsules to mimic the function of photooxidase. The
synergistic effects of various molecular interactions are the
cause of the formation of nanocapsules, which can precisely
regulate the assembly of photosensitizers and limit their severe
self-aggregation. Dopamine was chosen as the model substrate
to illustrate the photooxidative properties of nanocapsules. After
illumination, dopamine is converted to leucine on the nanocap-
sules. Hence, nanocapsules can be used as photocatalysts to
improve the photosensitization activity and photostability of

phthalocyanine.

Camptothecin can induce tumor apoptosis by inhibiting the
activity of topoisomerase I [90]. However, camptothecin has
some major limitations in therapeutic applications, such as poor
water solubility and rapid lactone ring hydrolysis at physiologi-
cal pH values, which leads to inactive carboxylate forms
[91,92]. Guo et al. [93] obtained water-soluble spiral nanofibers
by coupling hydrophilic arginine and camptothecin. Self-
assembly behavior is achieved by intermolecular m—m stacking
and hydrophilic-hydrophobic interactions. The conjugates are
linked by ester bonds, which help to maintain the camptothecin
ring stability. The assembly can effectively enhance blood
circulation, tumor accumulation and cellular uptake. In addition,
arginine-modified camptothecin can be combined with anionic
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cisplatin—polyglutamic acid through electrostatic interaction to

construct a co-delivery system.

Conclusion

The self-assembly of biomolecules is based on the noncovalent
interaction and the bottom-up combination of ordered 3D struc-
tures. Nanotechnology is the driving force of self-assembly, and
it has made great contributions to the field of biology and bio-
medical science. The nanostructure of amino acids can be a
good substitute for therapeutic delivery due to its good biocom-
patibility, functionalization, and ease of design/synthesis. Self-
assembled nanostructures have become smart tools in the bio-
medical field, as demonstrated by the ability of self-assembled
amino acid molecules to exhibit stimulation responsiveness to
the environment, which has exciting prospects for use in drug
delivery. The advantages of low production costs, easy disper-
sion in aqueous media, mild and rapid synthetic setup and
simple functionality facilitate their use as future candidates for
various applications such as drug delivery, imaging, diagnosis,
and photochemistry. The morphology and structure of self-
assembled nanomaterials can be flexibly adjusted by trans-
forming the type, proportion, and concentration of the building
blocks. This newer area of research is therefore accelerating.
The assembly forms of amino acids include nanocapsules,
nanoparticles, nanofibers, nanorods, nanoparticles, and hydro-
gels (Table 1). However, it is still a challenge to make these
assemblies the preferred materials for scientific research and ap-
plication. The difficulties of controlling the size and composi-
tion of nanostructures, the assembling behavior and stability in
aqueous solution, the loading/encapsulation ratio of drugs, and
the toxicity of nanostructures to living organisms still need to be
overcome by researchers. Moreover, little research has been
done on the biocompatibility of these nanostructures. Therefore,
as a new strategy, amino acid self-assembly needs further
research to explore the biomimetic and biomedical applications
of micro- and nanomaterials.

Table 1: Summary of amino acids/amino acid derivatives and their applications.

Amino acids Derivative/co-assembly
H-Phe-OH  Fmoc-Phe-OH;
H-Leu-OH Fmoc-Leu-OH
H-Phe-OH  Fmoc-Phe-OH;
oligo(thiophene ethynylene)-p-phenylalanine
— Fmoc-Lys(Fmoc)-Asp
H-Phe-OH  Fmoc-Phe-OH;

aztreonam, an antibiotic drug

Forms of assembly  Applications Ref.

hydrogel antibacterial [45]

hydrogel antibacterial [47]

hydrogel 2D/3D cell scaffolding;  [43]
conductive composite
hydrogels

hydrogel antibacterial [48]
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Table 1: Summary of amino acids/amino acid derivatives and their applications. (continued)

H-Phe-OH

H-Phe-OH

H-Phe-OH

H-His-OH

H-Cys-OH

H-Cys-OH

H-Cys-OH
H-His-OH

H-His-OH,
H-Pro-OH,
H-Ala-OH,
H-Leu-OH
H-Leu-OH
H-His-OH

H-His-OH

H-Lys-OH

H-Trp-OH;

H-Gly-OH

H-Phe-OH

H-Lys-OH

H-Lys-OH

H-His-OH

Fmoc-Phe-OH;
salicylic acid, a model drug

Fmoc-Phe-OH;

camptothecin, an anticancer drug;

functionalized halloysite nanotubes, carrier for the
camptothecin

NI-Phe-OH

NI-His-OH

H-Cys-OH/Cd2*

H-Cys-OH/Zn?*;
TPPS2 and alcohol dehydrogenase, as model guest
molecules

H-Cys-OH/Zn2*;
glutamate dehydrogenase, a guest molecule

(Z0-His-NHNH,)/Zn2*

Fmoc-His-OH/Ag*,
Fmoc-Pro-OH/Ag™,
Fmoc-Ala-OH/Ag*,
Fmoc-Leu-OH/Ag*

Fmoc-Leu-OH/Mn?2+;
Ce6, a photosensitive drug

Fmoc-His-OH/Zn2*, (ZP-His-Phe)/Zn2*;
Ce6, a photosensitive drug

Fmoc-His-OH/Zn%*;
curcumin, an anticancer drug

Fmoc-Lys-OH;
H-Phe-Phe-NH» HCI;
Ce6, a photosensitive drug

tryptophan-glycine;
porphyrin; a photosensitive drug

N,N'-(disulfanediylbis(ethane-2,1-diyl))di-L.-phenylalamide;

genipin, as crosslinking agent; indocyanine green, a
photosensitive drug

Fmoc-Lys-OH;

TPPS2, model molecules of light-harvesting porphyrins

Fmoc-Lys-OH;
3,4-dihydroxyphenylalanine;
Sn(IV)tetrakis(4-pyridyl)porphyrin; CozO4 NPs

Fmoc-His-OH;

phthalocyanine tetrasulfonic acid, a phthalocyanine model

hydrogel

hydrogel

hydrogel

nanoparticles

nanorods

microspheres

microspheres

metallo-nanozyme

hydrogel

nanoparticles

nanoparticles

nanoparticles

nanoparticles

nanoparticles
transform into
nanofibers

nanoparticles

microspheres

nanofibers

nanovesicles

antibacterial

drug delivery; antitumor

live cell imaging in 3D
scaffolding materials

bioimaging of Fe3* ions;
a selective diagnostic
probe for cancer cells

light harvesting,
hydrogen evolution

biomimetic
photosystems;
chloroplast mimic

pigment model

catalytic hydrolyzation

antibacterial

drug delivery; antitumor;
MRI

drug delivery; antitumor

drug delivery; antitumor

drug delivery; antitumor

drug delivery; antitumor

drug delivery; antitumor

light-harvesting,
Hydrogen evolution

oxygen evolution,
biomimetic
photosynthesis

photocatalyst

[49]

[50]

[53]

[54]

[58]

[59]

[60]

[62]

[68]

[70]

[71]

[79]

[78]

[83]

[85]

[87]

(88]

[89]
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Table 1: Summary of amino acids/amino acid derivatives and their applications. (continued)

H-Arg-OH H-Arg-OH;

camptothecin, an anticancer drug

aTetrakis(4-sulfonatophenyl) porphine; PN-benzyloxycarbonyl.
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Abstract

The novel Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) is currently one of the most contagious viruses in
existence and the cause of the worst pandemic in this century, COVID-19. SARS-CoV-2 infection begins with the recognition of
the cellular receptor angiotensin converting enzyme-2 by its spike glycoprotein receptor-binding domain (RBD). Thus, the use of
small peptides to neutralize the infective mechanism of SARS-CoV-2 through the RBD is an interesting strategy. The binding
ability of 104 peptides (University of Nebraska Medical Center’s Antimicrobial Peptide Database) to the RBD was assessed using
molecular docking. Based on the molecular docking results, peptides with great affinity to the RBD were selected. The most
common amino acids involved in the recognition of the RBD were identified to design novel peptides based on the number of
hydrogen bonds that were formed. At physiological pH, these peptides are almost neutral and soluble in aqueous media. Interest-
ingly, several peptides showed the capability to bind to the active surface area of the RBD of the Wuhan strain, as well as to the
RBD of the Delta variant and other SARS-Cov-2 variants. Therefore, these peptides have promising potential in the treatment of the
COVID-19 disease caused by different variants of SARS-CoV-2. This research work will be focused on the molecular docking of
peptides by molecular dynamics, in addition to an analysis of the possible interaction of these peptides with physiological proteins.
This methodology could be extended to design peptides that are active against other viruses.

Introduction

The current pandemic due to coronavirus disease-19 (COVID-
19), caused by the novel virus SARS-CoV-2, has over

533 million of confirmed cases and over 6.3 million fatalities

over the five continents by June 15, 2022 [1]. It is known, that
the entry of the SARS-CoV into the host cell begins with the
binding of the RBD, which is part of the spike (S) glycoprotein,
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to the angiotensin converting enzyme-2 (ACE2) cellular recep-
tor of the host cells [2-4]. Similarly, the entry of SARS-CoV-2
into cells is mediated by the interaction of the RBD with the
host cell ACE2 receptor [2,3,5]. Figure 1 shows the
RBD-ACE2 complex formed at the first stage of the cellular
infection by SARS-CoV-2. The formation of the RBD-ACE2
complex is mediated by the amino acid residues F486, Y489,
Q493, G496, T500, and N501 located on the active region of
the SARS-CoV-2 RBD (Figure 1b, red rectangle) [6]. There-
fore, the RBD has been proposed as one of therapeutic targets to
block the infection mechanism of SARS-CoV-2. For instance,
peptide analogues of the ACE2 receptor (121 to S44) have been
designed in silico to disrupt the formation of the RBD-ACE2

complex and to prevent the viral infection [7].

Small peptides (biological and synthetic) have been proposed as
promising alternative drugs to block the SARS-CoV-2 RBD and
to interrupt the infection [8]. Lactoferricin B, minidefensins,
indolicidin, and dermaseptin peptides have been used to neutral-
ize viruses such as human immunodeficiency virus, cyto-
megalovirus, herpes simplex virus, and hepatitis B virus [9-11].
In order to find an effective peptide, it is important to reduce
secondary effects by avoiding the binding with the major histo-
compatibility complex (MHC). This is crucial to reduce any
acute immunological responses [12,13]. Several suitable peptide
candidates could be found to block the SARS-CoV-2 RBD.
Natural antiviral and antimicrobial peptides and chimeric
peptides with the capability to bind and neutralize viral proteins
can be designed and selected by phage display or using in silico
approaches [8,14]. Several peptides based on the ACE2 recep-
tor have been designed by in silico approaches [5,15]. In silico

SARS-CoV-2-RBD
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approaches are commonly used to determine the capacity of
small ligands (peptides and drugs) to bind to a particular target
site of a given protein, due to the low cost, versatility, and ease
to develop [16-18]. Current peptide design techniques involve
the modification of peptides based on the ACE2 receptor to
increase their binding affinity to the SARS-CoV-2 RBD and to
prevent the virus from binding onto the ACE2 receptor [5,15].

Powerful computational programs, as local installations or on
internet servers, can be used to perform molecular docking.
These include DOCK, AutoDock, FlexX, SurFlex, GOLD,
ICM, and AutoDock Vina [18-20]. AutoDock Vina (ADV), an
open-source software with high docking power, is one of the
most commonly used programs [16,17,21]. ADV provides theo-
retical information about hydrophobic interactions, electrostatic
interactions, hydrogen bonds, and van der Waals interactions. It
can also predict the binding pose and binding affinity [20].
Considering these important features, ADV was used to
perform molecular docking of 104 biological peptides, selected
from the University of Nebraska Medical Center’s Antimicrobi-
al Peptide Database (APD) [22-24], and theoretical peptides
with the region of the SARS-CoV-2 RBD that binds to the cel-
lular receptor ACE2 (called the RBD active region). APD
peptides were selected based on an already known antiviral ac-
tivity (Table S1, Supporting Information File 1). ADV results
showed that both peptides from the APD and theoretical
peptides have the capability to dock on the RBD active region,
blocking the amino acid residues related to the association of
the Wuhan strain RBD (GenBank: MN908947.3) with ACE2
[6]. The number of hydrogen bonds between RBD and ACE2
influence the stability of the bound complex, which suggests

SARS-CoV-2-RBD

Figure 1: SARS-CoV-2 bound to the ACE2 receptor. (a) Crystallized complex between the RBD of the SARS-CoV-2 spike protein (white) and ACE2
(yellow) (PDB 6VYB). (b) Distribution of electrostatic potential on the surface of the SARS-CoV-2 spike protein. The electrostatic potential distribution
was calculated using the adaptive Poisson—Boltzmann solver (APBS) module in PyMOL. The values range from -2 (red) over 0 (white) to +2 (blue).
The orientation of the molecule is rotated by about 90° along the z-axis of image (a) to show the RBD surface that binds to the ACE2 cell receptor.

Image modified from PDB 6VYB [3].
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that designing peptides capable of forming several hydrogen
bonds might prove useful for increasing the binding affinity
[25]. From this, new theoretical peptides were designed, consid-
ering the most common amino acid residues involved in the for-
mation of hydrogen bonds to the RBD active region of SARS-
CoV-2. These small peptides may reinforce and enhance the
effectiveness of the immune system response before and after
the application of SARS-CoV-2 vaccines [26,27]. Furthermore,
the proposed peptides may elude the immune system and bind
effectively to SARS-CoV-2 RBD.

Materials and Methods
Ligand selection for screening

In total, 104 peptides were chosen from the University of
Nebraska Medical Center’s Antimicrobial Peptide Database
[22-24]. The peptides were selected based on their previously
reported antiviral activity in order to perform a massive docking
experiment. PDB files were gathered for those peptides that
possess a reported three-dimensional structure and a 3D struc-
ture was predicted through I-TASSER’s and PEP-FOLD3.5’s
model prediction servers using the reported peptide sequence
for those that lacked it [28-32]. All peptides analyzed were
compared with the ACE2-derived peptide IEEQAKTFLDKFN-
HEAEDLFYQSS (I21 to S44 of ACE2) [7]. The electrostatic
surface potential, hydrophobic interactions, hydrogen bonds,
and interactions of the selected ligand and protein docked com-
plexes were analyzed by PyMOL (version 2.4) and LigPlot+
(version 2.2) [33,34].

Protein and ligand preparation for AutoDock
Vina

AutoDock Vina (1.1.2) software was employed for all docking
experiments [21]. The X-ray diffraction crystal structure of
SARS-CoV-2 RBD spike protein (PDB ID: 6VYB) was
selected for this study. The molecules bound to the protein re-
ceptor molecule were removed. The RBD spike protein was
prepared using AutoDock Tools to add polar hydrogen atoms,
Kollman charges, and to remove water molecules. The active
site grid was generated using a grid box (22 A x 40 A x 40 A)
centered at (11 A, 90.5 A, 57.5 A). Docking was carried out
with the 104 peptides from the APD as ligand molecules. The
experiment was validated by comparing the position of the
docked ACE2-RBD complex with the crystallized ACE2-RBD
complex. The docked complex was superimposed onto the crys-
tallized complex using PyYMOL and an RMSD calculation was
performed.

Proposing new peptides based on hydrogen-

bond formation
Based on the selected APD peptides, new peptides were de-
signed in order to improve the capability to block the SARS-

Beilstein J. Nanotechnol. 2022, 13, 699-711.

CoV-2 RBD. The standard way to design novel peptides is by
random sequences that can generate many peptides. However,
this leads to an increase in computation time. To avoid this
bottleneck, peptides were designed through the analysis of the
APD-RBD active region docking, where the RBD amino acid
residues able to form hydrogen bonds with the APD were
considered. Five main regions (vertical, horizontal, left diago-
nal, right diagonal, center) in the RBD active region were
selected to propose the sequence of amino acid residues of a
theoretical peptide that could potentially form a great number of
hydrogen bonds in these positions while docked to SARS-CoV-
2 RBD. The proposed sequences of amino acid residues were
modeled using PEP-FOLD 3.5 server. Then, theoretical
peptides were submitted to molecular docking against the
Wuhan strain (PDB ID: 6VYB), Delta variant (PDB ID: 7W92)
and theoretical variants (K417N, Y453F, E484K, and N501Y),
according to the B1.1.7, B.1.351, P.1, and Y453F SARS-CoV-2
variants.

Computing the radius of gyration

The radius of gyration (R) for the selected peptides against
SARS-CoV-2 was determined using the WinHydroPro V10
software [35].

Immunogenicity analysis

Immunogenicity analysis of the selected peptides was carried
out by the Tepitool software using specific alleles from the
human major histocompatibility complex class I (MHC I) [36].
Peptides with low binding to MHC I molecules were consid-
ered (50 nM < ICs¢ < 500 nM) according to Calis and Adhikari
[37,38]

Free energy of RBD-ligand by PRODIGY

The protein binding energy prediction (PRODIGY) web server
is an effective predictive model based on intermolecular
contacts in protein—protein complexes based on their 3D struc-
ture [39]. This tool predicts the binding free energy between
protein complexes with great accuracy, which makes it an
excellent complement to docking approaches. Thus, PRODIGY
web server was used to predict the binding energy of the
APD-RBD and theoretical peptide—-RBD complexes [39-41].
The input files were acquired from ADT files in the PDB
format.

Contact area analysis

PyMOL was used to compute the solvent-accessible surface
area of SARS-CoV-2 RBD and the peptides that were docked
to it. The surface area of the RBD-ligand complex was also
calculated. The following equation was established to
calculate the contact area between the RBD and each ligand

analyzed:

701



4 = ARBD + Aligand - Acomplex
L=
2

, 6]

where A, is the contact area of the ligand with the RBD, and
Arpp and Ajjg,pg indicate the surface areas of RBD and ligand,
respectively. Acomplex corresponds to the surface area of the
complex formed when the ligand binds to the SARS-CoV-2
RBD.

Results and Discussion

Initial virtual screening

Based on the binding affinity obtained through ADV, 69 of the
104 APD peptides bound stronger to the RBD active region
than the ACE2 peptide (Table 1 and Table S2, Supporting
Information File 1). Three peptides based on lysozyme were
also designed for screening to compare with the APD peptides
given the antimicrobial role of lysozyme as part of the innate
immune system. The ADV results show that most of the APD
peptides successfully docked on the active region of the RBD
(Figure 1), suggesting that these APD peptides actually bind to
the RBD active region, blocking the entry of SARS-CoV-2 to
host cells. Additionally, according to Figure 1, peptides are
posed in different ways on the RBD, covering different areas of
the active surface of RBD. For instance, MVL (74-87),
cyanovirin-N (70-80) and dermaseptin-S4 (Figure S2, Support-
ing Information File 1) are posed laterally to the RBD active
surface. Similar results have been reported previously by Qiao
& Olvera, who designed a negatively charged EELE tetrapep-
tide to neutralize the SARS-CoV-2-RBD-ACE2 binding [25]. It
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is important to note that the analyzed peptides have a nearly
neutral charge, thus they have a low probability of unspecific
interactions with other molecules, cellular uptake, or macro-

phage recognition [42-46].

It is important to note that RBD residues from Glu484 to
Tyr505, Arg403 to Tyrd21, and Tyr449 to Ala475 are involved
in the docking of the APD peptides, as was previously reported
by Othman and co-workers [6]. Figure 2 shows the mapping of
these amino acid residues on the active region of RBD,
suggesting that APD peptides are docking on five principal
regions of the RBD. The center region of the RBD (Figure S4b
and Figure S4c, Supporting Information File 1) is of particular
interest because it binds directly to the ACE2 cellular receptor.
After this analysis, the number of hydrogen bonds and hydro-
phobic interactions involved in the APD-RBD complexes was
determined by the LigPlot+ software (Table 1) [35]. The
numbers of hydrogen bonds per residue and hydrophobic inter-
actions go from 0.25 to 0.95 and from 17 to 31, respectively.
The binding affinity values are higher for those APD peptides
bound to the RBD with a high number of hydrogen bonds and
hydrophobic interactions [47]. Table 1 shows that twelve APD
and three lysozyme peptides surpass the binding energy calcu-
lated for the ACE2 peptide to the RBD (—4.6 kcal/mol), indicat-
ing that these peptides bind to the RBD active region more
strongly than the ACE2 peptide.

To validate the docking results for the APD peptides, the crys-
tallized ACE2 peptide was tested using the same ADV parame-

Table 1: Potential peptide candidates against SARS-CoV-2 obtained by molecular docking. The table shows the physical and biochemical properties

of the potential peptides.

Peptide PDB/UNIPROT ID  Residues

alpha basrubrin P83186 1-20 20
human beta defensin 3 1KJ6 27-44 19
sesquin P84868 1-10 10
indolicidin 1G89 1-13 13
GF-17 2L5M 1-17 17
cyanovirin-N (70-80) 2EZM 70-80 10
protegrin 5 2NC7 1-18 18
MVL (94-110) 1ZHS 94—-110 17
temporin B 6GIL 1-13 13
dermaseptin-S4 2DD6 1-13 13
MVL (74-87) 1ZHS 74-87 14
MVL (16-34) 1ZHS 16-34 19
ACE2 6VYB 21-44 24
lysozyme (1-20) 1REX 20 20
lysozyme (61-80) 1REX 20 20
lysozyme (111-130) 1REX 20 20

Number of amino acids

H bonds/residue Affinity (kcal/mol)

0.95 -5.2
0.95 -5.0
0.80 -5.6
0.77 -8.0
0.76 -5.3
0.73 -5.3
0.72 -7.2
0.71 -5.0
0.69 -5.6
0.69 -55
0.64 -5.9
0.63 -5.8
0.63 -4.6
0.35 -4.9
0.60 -5.7
0.25 -5.2
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Figure 2: Peptide candidates (blue) docked to the SARS-CoV-2 RBD (white). (a) ACE2 control peptide (red), (b) cyanovirin-N (70-80), (c) lysozyme
(1-20), (d) lysozyme (61-80), (e) lysozyme (111-130), (f) MVL (16-34), (g) P1, (h) P2a, (i) P4a, (j) P6a, (k) P7, (I) P8, (m) P9, (n) P10, (o) P11,
(p) P12, (q) P13, (r) P15, (s) P17, (t) PH1, (u) PH2, (v) sesquin, and (w) temporin B.

ters. The peptide bound on the RBD active region, and superim- Proposing new peptides based on hydrOgen'
posing the docked complex onto the crystallized complex bond formation

showed a low RMSD of 0.31 A (Figure 3). Generally, an  Since hydrogen bonds play an important role in the formation
RMSD value of 2 A or lower is considered a good docking, thus  and stabilization of the protein—ligand complex, novel peptides
confirming the validity of the protocol [48]. were designed considering the most common amino acid
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Figure 3: Superimposition of docked ACE2 (blue) onto the crystallized
complex (red) in the active site using PyMOL (RMSD = 0.31 A).

residues from the 13 APD and lysozyme peptides that bind to
the RBD active region through hydrogen bonds [35]. This task
is easy to develop in comparison to the typical procedures used
in standard peptide design, in which complex algorithms are

used to generate a large peptide library [49,50]. In contrast,
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designing peptides based on hydrogen bond interactions allows
one to generate peptides that target specific sites while reducing
computation time [51]. Figure 4 shows the most frequent amino
acid residues binding to the RBD active region, together with
the implicated amino acid residues in the formation of the
RBD-ACE2 complex (Figure 4a) [34]. 41 theoretical peptides
(denominated HB peptides) composed of 20 amino acid
residues were designed, and from these, 23 HB peptides docked
to the RBD.

In agreement with ADV analysis, the HB peptides docked later-
ally (left and right) and horizontally to the center region of the
RBD. Furthermore, the number of hydrogen bonds formed be-
tween the amino acid residues from HB peptides and RBD as
well as the binding energy between HB peptides and RBD were
increased. These results support the success of the chosen
strategy for designing peptides based on the hydrogen bond
interactions in an easy way.

Immunogenicity

The immune system can recognize external molecules intro-
duced into our body, which, in many cases, leads to the produc-
tion of antibodies [12]. Specifically, during a viral infection,

RBD H-bond Formation Frequency
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Figure 4: Mapping of the number of hydrogen bonds formed between APD and lysozyme peptide candidates to the SARS-CoV-2 RBD. (a) The graph
depicts the residue location and frequency of hydrogen bonds formed with the SARS-CoV-2 RBD. (b) The location of the hydrogen bonds concen-
trates on the active region of SARS-CoV-2 RBD. The color coding differentiates the frequency of hydrogen bonds formed on each residue with blue

being the lowest and red being the highest formation frequency.
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viral antigens are presented by MHC I to be recognized by
T cells, which, in turn, promote cytosine release and the cyto-
toxic activity of CD8+ T cells [12,52,53]. Due to the efficiency
of this system, many biological therapeutics (proteins, peptides,
nucleic acids, and even drugs) do not reach their target since
they are eliminated by cells of the immune system, which limits
their activity. Therefore, proposed peptides with antiviral activi-
ty must be evaluated from the immunological point of view. In
this context, an immunogenicity prediction of the proposed
peptides (APD, lysozyme, and HB peptides) was developed by
the binding of the peptide candidates to MHC I. The final
peptide selection was carried out using TepiTool to determine
which peptides are capable of evading the immune system, in
particular MHC I molecules. The TepiTool platform was used
to select peptides of MHC I that do not bind to alleles with an
IC5¢ value below 500 nM since, according to Calis and and
Adhikari, binding to alleles with an ICs5q above 500 nM would
present low to zero immunogenic response [37,38]. From
55 peptides tested, including APD, lysozyme, and HB peptides,
only 22 peptides (Table S4, Supporting Information File 1) had
a low probability of being recognized by MHC I. This suggests
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that these peptides can be used to neutralize the SARS-CoV-2
virus without activating the immune system. These peptides,
denominated here “OAPs”, optimally attached to the RBD, and
their interaction with the RDB is discussed in the following

section.

Physicochemical parameters and
peptide—RBD interaction

Solubility, net charge, and size are important physical parame-
ters that need to be considered in the design of novel drugs
since these play a role in the distribution in the human body and
in targeting specific cells, bacteria, viruses, or proteins. There-
fore, the physicochemical parameters of the peptides and the
peptide conformation after binding to RBD were obtained by
using WinHydroPro software. The results are given in Table 2.
The peptide net charge, isoelectric point, and water solubility
for peptides were determined by the on-line software INNO-
VAGEN’s peptide calculator (PEPCALC). Almost all OAPs are
soluble in aqueous media, independently on their isoelectric
point, due to the high ratio between hydrophilic and hydro-

phobic amino acid residues, except the peptides temporin B and

Table 2: Summary of the physicochemical properties of the final peptide candidates.

Peptide Residues Number of  Affinity

amino acids (kcal/mol)  residue
ACE2 21-44 24 -4.6 0.63
cyanovirin-N  70-80 10 -5.3 0.80
lysozyme 1-20 20 -4.9 0.35
(1-20)
lysozyme 61-80 20 -5.7 0.60
(61-80)
lysozyme 111-130 20 -5.2 0.25
(111-130)
MVL (16-34) 16-34 19 -5.8 0.63
P1 1-20 20 -6.3 0.65
P2a 1-20 20 -4.9 0.50
P4a 1-20 20 -4.8 0.55
P6a 1-20 20 -4.6 0.55
P7 1-20 20 -5.0 0.45
P8 1-20 20 -5.6 0.40
P9 1-20 20 -5.2 0.50
P10 1-20 20 -55 0.60
P11 1-20 20 -5.6 0.55
P12 1-20 20 -5.4 0.65
P13 1-20 20 -5.2 0.65
P15 1-20 20 -4.9 0.55
P17 1-20 20 -4.6 0.40
PHA1 1-20 20 -5.0 0.55
PH2 1-20 20 -53 0.55
sesquin 1-10 10 -5.6 0.80
temporin B 1-13 13 -5.6 0.69

H bonds/ Water Ry

Net charge at Isoelectric ~ Molecular

solubility (nm) pH?7 point weight (kDa)
good 1.64 -39 4 2890.07
good 0.83 0.9 8.9 1252.40
good 098 1.9 9.5 2385.81
good 1.07 29 8.1 2408.69
poor 083 1.0 9.9 2179.40
good 0.91 0.1 7.9 1938.11
good 090 1.0 10 2394.64
good 092 0.1 5.2 2463.58
good 0.89 0.1 5.2 2463.58
good 0.86 0.1 5.2 2463.58
good 0.89 0.1 9.5 2463.58
good 0.90 0.1 7.5 2463.58
good 0.87 0.1 7.5 2521.66
good 092 -09 7.5 2491.59
good 0.86 -0.9 7.5 2491.59
good 093 -09 7.5 2541.60
good 0.87 1.1 7.5 2532.69
good 0.87 0.1 7.5 2463.58
good 0.91 0.1 7.5 2463.58
good 092 20 11.8 2379.51
good 087 0 6.7 2338.41
good 0.70 -1.1 3.9 1157.25
poor 0.73 1 10.1 1392.77
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lysozyme (61-80). The net charge calculated for the OAPs
varies according to the number of negatively and positively
charged amino acids present in the primary structure. The net
charge values are in the range of —3.9 to 2.9 at pH 7. The OAPs
were selected based on an absolute value of the electrical net
charge smaller than 3.9 (|charge| < 3.9, which is the net charge
of ACE2), to avoid possible cytotoxic effects [54,55].

Given that, at physiological pH, the RBD active region is posi-
tively charged, it could be assumed that negatively charged
peptides, such as sesquin and MVL (74-87) (Figure S3, panels
4a,b and 14a,b, Supporting Information File 1), would present a
stronger binding to the RBD active region than those peptides
with slightly positive charge or neutral charge (Figure S3, Sup-
porting Information File 1) due to electrostatic repulsion [56].
However, as seen from the ADV results, cationic peptides, such
as lysozyme (61-80) showed a higher binding affinity than the
anionic peptides ACE2 and MVL (74-87). The higher binding
affinity observed for positively charged peptides can be ex-
plained based on the distribution of the electrically charged
patches located on the active surface of the RBD. Figure 1b
shows the electrostatic surface potential of the RBD active
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region, in which negatively charged, neutral, and positively
charged patches can be identified, depending on the amino acid
residues. Therefore, it can be assumed that electrostatic repul-
sion forces are negligible. This suggests that the intermolecular
interactions (hydrogen bonds and hydrophobic interactions) in
the APD peptide—RBD complexes are favored. The secondary
structure of the APDs changes and adopts a proper conforma-
tion to bind to the RBD protein.

An analysis of the secondary structure for free and docked
OAPs was carried out using the PEP-FOLD 3.5 (RPBS Web)
web server, while their surface area was analyzed using PyMol.
Similar to previous results, the secondary structure of the OAPs
changes from a-helices to random-coil conformations, when
they docked to the RBD protein, as it is shown in Table 3 [57-
59]. The secondary structure for free OAPs consists of a-helices
and random coils at different fractions, except for P4a, P6a,
temporin B, lysozyme (61-80), PH2, and sesquin, which adopt
a fully random-coil conformation. Afterwards, the binding
energy of the OAP-RBD complexes, as well as the contact area
(A.) with the RBD active region were determined using docking

analysis. The secondary structure and net charge of the OAPs

Table 3: Secondary structure and contact area of peptides. The secondary structure is presented as the number of amino acids in each structure
divided by the total number of amino acids of the peptide. Ag represents the initial surface area, A; corresponds to the final surface area, AA is the
change in area (a positive value indicates an increase in area and a negative value indicates a decrease in peptide area), and A is the contact area

of the peptide with the SARS-CoV-2 RBD.

OAP a-Helix Random coil
ACE2 0.25 0.75
lysozyme (111-130) 0.45 0.55
MVL (16-34) 0.32 0.68
P1 0.20 0.80
P11 0.75 0.25
P12 0.65 0.35
P4a 0.00 1.00
P6a 0.00 1.00
temporin B 0.00 1.00
cyanovirin-N (70-80) 0.73 0.27
lysozyme (1-20) 0.55 0.45
lysozyme (61-80) 0.00 1.00
P10 0.55 0.45
P13 0.45 0.55
P15 0.75 0.25
P17 0.50 0.50
P2a 0.55 0.45
P7 0.75 0.25
P8 0.80 0.20
P9 0.75 0.25
PH1 0.15 0.85
PH2 0.00 1.00
sesquin 0.00 1.00

Ao (A9 A () DA (A Ac ()
3689.47 2544.86 -1144.61 929.92
2316.07 2695.19 379.12 1113.77
1955.31 1938.87 -16.44 449.73
2146.66 2789.48 642.82 1092.27
2107.56 2635.32 527.76 1078.03
1961.34 2527.95 566.61 991.89
1900.02 2438.47 538.45 1019.92
2198.06 2484.03 285.97 962.49
1444.79 1653.72 208.93 236.14
1456.50 1472.78 16.28 243.73
2249.00 2326.36 77.36 907.99
1737.46 2493.78 756.32 1021.43
2104.89 2635.63 530.74 1031.17
2071.74 2706.08 634.34 1046.71
2064.25 2774.07 709.82 1139.50
2035.18 2684.64 649.46 1053.52
2024.86 2416.36 391.50 940.54
1963.84 2914.81 950.97 1113.68
1935.11 2645.75 710.64 993.20
2176.42 2592.66 416.24 983.47
2008.82 2483.21 474.39 1f007.82
2030.17 2509.95 479.78 987.57
1212.56 1454.82 242.26 132.90
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were plotted as functions of the binding energy (Figure 5) with
the aim of understanding the relationship between these param-
eters. Figure 5 shows the secondary structure versus the binding
energy of the OAP-RBD complexes (Figure 5a) and is divided
into three regions. Region I shows the peptides that have
binding energy values similar to the ACE2 binding energy
(4.6 kcal/mol), such as P9 (secondary structure composition
0.75 a-helix and 0.25 random coil) and P12 (fully random-coil
conformation). In region II, several peptides present different
conformations such as random coils (4), high a-helix-to-
random-coil ratio (7), or high-random-coil-to-a-helix ratio (2)
conformation. The binding energy in this second region is
in the range of —4.8 to —5.6 kcal/mol. The OAPs included in
region III are characterized by a high fraction of random-coil
secondary structures with binding energies between —5.7 and
—6.3 kcal/mol. Additionally, the final surface area (Af) of
peptides docked to the RBD increased, indicated by positive
values of AA = Af— A, where A¢ and A are the final and initial
OAP surface area, respectively (Table 3). In contrast, ACE2 and
MVL (16-34) show negative values of AA. The observed
increase of A¢ suggests that the OAPs have a large contact area
(A.) with the active surface area, blocking key amino acid
residues involved in the association of RBD with ACE2
(Table 3 and Figure 5), as will be shown next. Figure 5b shows
that the binding energy values vary independently of the net
charge of the OAPs. This can be explained based on the electro-
static surface potential of the active region of the RBD (inset in
Figure 5b), which can be divided into three characteristic
regions: (i) The upper region is characterized by a negative
potential (red ellipse). (ii) The middle region has neutral
patches, slightly negative and positive patches (white ellipse);
and (iii) the bottom region is characterized by a positive poten-

tial (blue ellipse). Recently, it has been reported that the
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residues Phe486, Tyr489 (located in the upper region), GIn493,
Gly496 (located in the middle region), Thr500, and Asn501 (lo-
cated in the bottom region), are involved in the association of
RBD with the ACE2 protein [6,9]. Interestingly, OAPs were at-
tached in different configurations around the active regions of
the RBD (inset in Figure 4b), and those principally occupied the
middle region of the active surface. These OAPs interact with
residues GIn493, Gly496, Thr500, and Asn501, among others
amino acidic residues located in the upper and bottom regions.
Similar results have been reported by Debmalya and
co-workers, who analyzed the potential of chimeric peptides to
block the RBD using an in silico approach. They found that a
peptide with 26 amino acids binds to the Thr500 and Asn501
residues of the RBD, while a peptide with 23 amino acids binds
to the Tyr489 and Thr500 residues of the RBD, and a peptide
with 20 amino acid binds to the GIn493 and Asn501 residues of
the RBD. However, neither of these peptides was able to block
the three regions of the RBD [8]. The results reported herein
suggest that OAPs have a great potential as drug inhibitors of
SAR-CoV2 and can block the entry of viruses to the cell host
through the ACE2 cellular receptor.

Binding energy by protein binding energy
prediction

ADYV has been widely used to predict the alignment of small
ligands within the binding cavity of a given protein and to eval-
uate the pose quality of the docked ligand in terms of binding
energy. However, this computational tool gives comparably low
binding energies of peptide—protein docking due to the molecu-
lar size, high flexibility, and complexing conformation of the
peptide ligand, in addition to the simplification of the analysis
of ADV (the electrostatic and solvation potentials are neglected,

while van der Waals potential, the nondirectional hydrogen
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Figure 5: Plots of the peptide secondary structure and charge as functions of the binding energy. (a) Relationship between secondary structure and
binding affinity of the peptides to SARS-CoV-2 RBD. (b) Relationship between charge and binding affinity of the peptides to SARS-CoV-2 RBD.
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bond term, the hydrophobic term, and a conformational entropy
penalty are considered) [20,21]. It can be observed that the
binding energy values (Table 1 and Table 2) are significantly
lower than the binding energies reported in similar works
[6,60,61]. For instance, the experimental and theoretical values
of the binding energy reported for ACE2-RBD is around
—12.0 kcal/mol, which is higher than the binding energy of
—4.6 kcal/mol given here [61]. Therefore, the PRODIGY web
server was used to estimate the binding energy for
peptide-RBD docking, since it has been demonstrated that
PRODIGY can produce results comparable with those obtained
experimentally and most standard in silico analyses [38-40,60].
To validate the PRODIGY results, the binding energy of the
complex ACE2-RBD (6VYB) (Figure 6), acquired from the
RCSB Protein Data Bank (https://www.rcsb.org/), was first
tested. This value is similar to the binding energy previously re-

ported for the crystalline complex [61].

The binding energy values for the OAP-RBD complexes vary
from —9.2 kcal/mol to —13.3 kcal/mol (Figure 7). These results
are similar to previous reports in which short peptides were
docked to RBD [14]. However, the binding energy reported in
the present research contrasts with several studies that reported
higher binding energies between the theoretical peptides and
RBD [62,63], probably due to the software used in the molecu-
lar docking calculations. However, these reports did not show
the binding energy of the ACE2-RBD complex. 15 OAPs
surpass the energy value registered for ACE2-RBD. It is impor-
tant to recall that OAPs are attached to critical RBD amino acid
residues (Phe486, Tyr489, Gln493, Gly496, Thr500, and
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Figure 6: Crystallized ACE2 peptide (121 to S44) bound to the SARS-
CoV-2 RBD.

Asn501) involved in the entry of SARS-CoV-2 into the host
cell. These results indicate a possible application of these
peptides in the prophylaxis of COVID-19 disease caused by dif-
ferent variants of SARS-CoV-2. In this regard, OAPs were also
docked against two variants of RBD: a theoretical multimuta-
tion variant (RBDm), which encompasses the mutations found
in Alpha, Beta, and Gamma SARS-CoV-2 variants, and the
Delta variant (RBDJ).

The binding affinities of the OAPs with each RBD variant are
shown in Figure 7. The binding affinities of the OAPs vary ac-
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Figure 7: Binding affinity calculated using the PRODIGY server from ADV results. The binding affinities were calculated for different RBD variants:

Wouhan strain RBD (black), RBDm (red), RBDd (blue).
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cording to the RBD variant. The binding affinity of sixteen
OAPs is shown to be higher in comparison to ACE2 for RBDm,
highlighting MVL (16-34), P2a, and P8 for their higher binding
affinity to the RBDm. Four OAPs (lysozyme (111-130), P4a,
P7, and PHI1) showed a higher binding affinity to RBDd than
the ACE2 peptide, where the binding affinity of lysozyme
(111-130) stands out compared to that of other OAPs. It impor-
tant to note that lysozyme (111-130) and P4a consistently
present a stronger binding affinity for all RBD variants than
ACE2, making them the best candidates against all RBD vari-

ants.

Last, the radius of gyration of these peptides was determined
to be in the range of 43% to 65% of the size of the ACE2
peptide. Therefore, the diffusion of these peptides is faster.
These results show the potential of the selected peptides to
inhibit SARS-CoV-2, considering that their smaller size and
faster diffusion will allow them to find the virus faster and bind
to the RBD, thus blocking its interaction with the ACE2 recep-
tor.

Conclusion

Molecular docking was used to analyze the interaction of
104 peptides from the APD, recognized by their antimicrobial
and antiviral activity, with the RBD of SARS-CoV-2. This
analysis allowed for the selection (16 peptides) and faster
design of peptides (41 peptides) based on the peptide
binding site on the RBD, the number of hydrogen bonds,
and the binding affinity. The peptide candidates have
a nearly neutral charge at physiological pH and good
solubility, which can benefit the diffusion of the molecules,
allowing them to reach and efficiently bind to the RBD
active region. After the immunogenicity analysis with MHC I,
22 peptides (15 theoretical peptides) were chosen because of
their potential capability to inhibit the RBD of SARS-CoV-2.
Since they interact with F486, Y489, Q493, G496, T500,
and N501 residues present on the RBD, they play an important
role in the infection mechanism of SARS-CoV-2. Also,
these peptides showed a higher binding affinity for different
RBD variants (Delta variant and a theoretical multimutation
variant obtained from the combination of Alpha, Beta and
Gamma SARS-CoV-2 variants), suggesting their potential use
as therapeutic agents against COVID-19. Despite the fact that
ADV analysis is a powerful tool, additional experimental and in
silico assays are required to determine the preference of OAP
peptides for binding to the RBD protein, instead of binding to
other viral proteins or common proteins (salivary and plasmatic
proteins) found in physiological fluids. The procedure de-
scribed here for the design of antiviral molecules can be extend-
ed against other viruses, both in human and veterinary medi-

cine.
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Abstract

Green synthesis may be a useful approach to achieve selective cytotoxicity of silver nanoparticles on cancer cells and healthy cells.
In this study, the concomitant biosynthesis of silver (Ag)/silver chloride (AgCl) nanoparticles from pineapple peel extracts and their
behavior on the breast cancer cell line MCF-7 is shown. Bioreactions were monitored at different temperatures. Fourier-transform
infrared spectroscopy (FTIR), ultraviolet—visible spectroscopy (UV-vis), thermogravimetric analysis (TGA), X-ray diffraction
(XRD), energy-dispersive X-ray spectroscopy (EDX), and transmission electron microscopy (TEM) techniques were used to char-
acterize nanoparticle development. The breast cancer cell line MCF-7 was used as a test model to study the cytotoxic behavior of
Ag/AgCl nanoparticles and, as a counterpart, the nanoparticles were also tested on mononuclear cells. Ag/AgCl nanoparticles with
spherical and triangular morphology were obtained. The size of the nanoparticles (10-70 nm) and the size distribution depended on
the reaction temperature. A dose close to 20 pg/mL of Ag/AgCl nanoparticles considerably decreased the cell viability of the MCF-
7 line. The best cytotoxicity effects on cancer cells were obtained with nanoparticles at 60 and 80 °C where cell viability was
reduced up to 80% at a concentration of 50 ug/mL. A significant preference was observed in the cytotoxic effect of Ag/AgCl nano-

particles against cancer cells in comparison to monocytes.
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Introduction

The study of metallic nanoparticle synthesis by green methods
is gaining importance, especially in cases where plant extracts
are used to synthesize nanoparticles. The nanoparticles can be
produced in a simple, inexpensive, and scalable way, with low
reaction time and in aqueous media. Since no toxic by-products
are generated, these methods are eco-friendly [1]. Silver nano-
particles (AgNPs) are commonly synthesized by green methods
and, in some cases, are combined with other metals [2]. AgNPs
have potential uses in biomedicine. Several authors have re-
ported the ability of AgNPs to act as antibacterial [3,4] or as
cytotoxic agents in certain cancer cell lines [5,6]. This type of
application has attracted a lot of attention, given that cancer is a
pathology with high incidence rates worldwide. In particular,
breast cancer is highly aggressive and can metastasize,
spreading to other organs through lymphatic and blood systems
[7.,8].

Several plant extract metabolites are known to have the ability
to reduce the Ag* ion of the AgNOj5 salt to AgY. In this way,
silver nuclei are generated and join to form nanoparticles, which
are stabilized (via capping) by the same metabolites that are
involved in the oxidation-reduction process [9]. Various plant
parts have been used to generate AgNPs. Amongst these parts,
agricultural residues, such as fruit peels, have the potential to be

used for the development of nanoparticles [10-13].

Pineapple peel has also been valued as a good source of silver
salt-reducing compounds. Pineapple peel extracts have been re-
ported to contain polyphenols such as gallic acid, catechin,
epicatechin, and ferulic acid [14]. These metabolites may be
potential reducing agents for the formation of AgNPs. Until
now, some studies have been reported on the use of pineapple
peel for the generation of AgNPs [15-18]. For example, Agni-
hotri et al. [15] reported photocatalytic and antibacterial abili-
ties of AgNPs synthesized from pineapple peel. They demon-
strated the formation of spherical AgNPs with an average size
of 14-20 nm by monitoring the pH values of the reaction and
the concentration ratio between the precursor and the extract.
Baran et al. [16] investigated the antibacterial and anticancer
properties of AgNPs synthesized from pineapple peel. The
authors reported a favorable antimicrobial activity at low con-
centrations of AgNPs. Das et al. [17] found that AgNPs synthe-
sized in the same way have high antidiabetic potential and high
cytotoxicity against HepG, cancer cells in a dose-dependent

manner.

Based on the aforementioned findings, and considering the high
content of phenolic compounds in the pineapple peel, which
function as reducing agents of silver salt, the present study

shows biosynthesis of Ag/AgCl nanoparticles using a pineapple
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peel extract. The study was conducted by monitoring biosynthe-
sis temperature, considering that this variable has an important
influence on the formation of nanoparticles. To verify the bio-
logical behavior of the obtained Ag/AgCl nanoparticles, their
cytotoxic activity in the MCF-7 breast cancer cell line was in-
vestigated.

The novelty of this work is based on three major points. Firstly,
by taking advantage of using pineapple waste, green synthesis
methods were applied to obtain silver nanoparticles. In this
way, an alternative use of agricultural residues was created, pro-
viding added value to fruit products. The second point is the ob-
taining of metallic Ag nanoparticles combined with AgCl,
where AgNPs were formed by reducing compounds of the
extract. Thus, the formation of AgCl was due to the availability
of chlorine salts in pineapple peels. The third novelty shown in
this work is that the cytotoxic activity of Ag/AgCl nanoparti-
cles on breast cancer cells is dependent on the biosynthesis tem-
perature. Consequently, its effect is different in cancer cells in
comparison to healthy cells (monocytes). This result may give
rise to a new system with cytotoxic selectivity. The goal of this
study is to contribute to the generation of alternative materials
for therapeutic applications, especially those that mitigate
diseases.

Results and Discussion

Ag/AgCl biosynthesis

It has been reported in the literature that pineapple contains
several phenolic compounds [14,19], which could act as
reducing agents of silver salt. For this reason, the amount of
phenolic compounds in the pineapple peel extract was quanti-
fied. The total phenolic content (TPC) in the pineapple peel
extract was 24.66 * 1.03 mg Catechin/g Ext, and the total
flavonoid content (TFC) was 0.62 + 0.21 mg Rutin/g Ext. The
extract has a higher phenolic content in comparison to its
flavonoid content. Li et al. [14] reported that some phenolic
compounds, such as gallic acid, catechin, epicatechin, and
ferulic acid are present in pineapple peel extracts. On the other
hand, Steingass et al. [19] reported an extensive phytochemical
study, by HPLC-DAD-ESI-MS" and GM-MS, of pineapple
phenolic compounds including those in pineapple peel.

Photographs of Ag/AgCl biosynthesis using pineapple peel are
shown in Figure 1. Photographs were taken every 20 min up to
120 min for each reaction. The reaction temperatures are
expressed as room temperature, 60, 80, and 100 °C, respective-
ly. It can be clearly observed that as the reaction proceeds, a
color change from yellow to reddish brown is produced, similar
to that reported in the literature [20]. This behavior is the first
evidence that the reaction between the biowaste and the silver

1506



Start

20 min 40 min

T-room

T_60 ° C E

]

T-80 OC m
!

|

60 min

.i].i]
] )

Beilstein J. Nanotechnol. 2022, 13, 1505-1519.

80 min 100 min 120 min

| -

Figure 1: Photographs of Ag/AgCl nanoparticle biosynthesis from pineapple peel extracts. The photographs were taken at specified times and tem-

peratures.

salt is taking place. In a previous report [21] these color changes
were also observed during the formation of AgNPs from the
Stevia rebaudiana extract. This behavior was attributed to the
gradual formation of Ag nanoparticles, and the morphological
changes that occur during biosynthesis. It is important to note
that temperature has a considerable effect on biosynthesis. For
example, based on its coloration, the reaction at room tempera-
ture after 120 min has a similar result as a reaction at a tempera-
ture of 60 °C or higher after only 20 min.

According to the literature, AgNPs synthesized from plant
extracts can be directly produced at room temperature [22-24].
In this way, the ability of secondary metabolites of plant
extracts to reduce precursor metal salts to particles with zero
charge, and at the same time stabilize nanoparticles already
formed, has been demonstrated. Despite this, the phenomenon
of interaction of the chemical species of the extracts with the
precursor salt could be enhanced depending on the temperature,
since the kinetic and thermodynamic effects in the reaction
system could be maximized [25]. Consequently, the formation
of nanoparticles could be faster or more efficient in terms of

size and shape of the nanoparticles.

Crystalline behavior

In all of the reactions, the X-ray diffraction patterns shown in
Figure 2 confirm the transformation of AgNOj5 into metallic Ag.
The characteristic peaks of AgNOj salt and metallic Ag are in-
dicated by short lines and can be used as a reference for com-

parison with the diffraction peaks obtained from the reaction

Ag/AGCI-T,
Ag/AGCIT,,

Ag/AgCI-T

Ag/AgCI-T

*

room

Intensity (a. u.)

Ag o L
AgCl [ I (] (I |

AgNOy 111

—71r r r r 1 - 1 1 T 17
10 20 30 40 50 60 70 80 90
20

Figure 2: Diffraction patterns of the reaction products Ag/AgCI-Toom,
Ag/AgCl-Teo, Ag/AgCI-Tgg, and Ag/AgCI-Tqgo. Metallic Ag, AgCl, and
AgNOg signals are set as references. The peaks marked with aster-
isks are related to the crystallographic planes of AgCl. The dashed
lines represent the crystallographic signals of metallic Ag.

products. In addition to the Ag reference pattern, an AgCl refer-
ence pattern is also attached. The latter was added because the
experimental diffractograms of the reaction products showed
characteristic peaks for Ag and AgCl. The Ag reference pattern
was obtained from card number 00-04-0783 (Joint Committee
on Powder Diffraction Standards, JCPDS). This pattern repre-
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sents the peaks corresponding to the crystallographic planes
(111), (200), (220), and (331) of the Cu-type face-centered
cubic crystal structure of metallic Ag. The pattern for AgCl was
taken from letter number 56540 (Inorganic Crystal Structure
Database, ICSD). This pattern corresponds to the crystallo-
graphic planes (111), (200), (220), (311), and (222) of the
NaCl-type face-centered cubic crystal structure.

According to the results, the pineapple peel extract (PPeel
extract) is amorphous (i.e., does not show any signal of molecu-
lar order). The lack of AgNOj5 salt in the reaction products can
also be observed. Hence, the diffraction patterns of the prod-
ucts obtained, regardless of the temperature used, show a com-
bination of well-defined peaks of metallic Ag indicated with

dashed lines and AgCl indicated with asterisks.

In an earlier work, the same combination of Ag and AgCl
signals was obtained using extracts of Stevia rebaudiana [21].
In that report, the effect of the ratio between metallic AgNPs
and AgCINPs on the morphology and dispersion in a thermo-
plastic starch matrix was demonstrated. At the same time, the
nanodispersion behavior was related to the cytotoxic activity on
cancer cells. The best results were obtained with the combina-
tion of nanoparticles mainly with AgCl. In other studies, the
formation of Ag and AgCl signals has also been detected by
XRD when using plant extracts [26-28].

As mentioned by Raven [29], CI” is an essential micronutrient
for oxygenic photosynthetic organisms and is found in the envi-
ronment in concentrations higher than those required by plants.
Teixeira et al. [30] reported that the use of potassium chloride
as a source of potassium for pineapple crops increases the avail-
ability of CI” in the soil and in the leaves of the plant. In this
case, it is proposed that the synthesis of AgCl occurred by the
interaction of the chloride ions present in the pineapple peel
with the silver ions of AgNOj as other authors have pointed out
[31,32]. The high concentration of chloride ions in pineapple
peel may be due to the use of fertilizers with a high chloride
content during pineapple cultivation. It is also considered that
by adding silver salt to the extract, competitive reactions occur
for the formation and stabilization of Ag or AgClI nanoparticles,
giving rise to a concomitant generation of both silver species.

The crystallite size of Ag and AgCl was calculated from the
XRD data and using the Scherrer equation, D = (K)\)/(Bcos6),
where D is the average crystallite size, K is the shape factor (a
value of 0.94 was used for this analysis), A is the wavelength of
the X-ray radiation (which is 0.15418 nm), f is the full width at
half maximum (FWHM) in radians, and 0 is the Bragg angle. In
addition, using the Match!® Software, the content of Ag and

AgCl was also calculated, and the results are shown in Table 1.

Beilstein J. Nanotechnol. 2022, 13, 1505-1519.

Table 1: Content and crystallite size of Ag and AgCl calculated from
XRD results.

Product Crystallite size (nm)  Content (%)

Ag AgCl Ag AgCl
Ag/AQCl-Trgom 6.01 11.54 54.3 45.7
Ag/AQCl-Tgg  7.32 11.70 46.3 53.7
Ag/AQCl-Tgg  7.87 11.46 43.1 56.6
Ag/AQCl-T1g0  6.32 10.67 52.1 47.9

According to Table 1, the change in crystallite size as a func-
tion of temperature is more noticeable for Ag than for AgCl,
where an increasing trend in Ag crystallite size is observed up
to 80 °C. It is speculated that at this temperature, the separation
of salt ions and the interaction with reducing biological com-
pounds are favorable, which enables the formation of a Ag
nuclei and the growth of crystallites. In contrast, higher temper-
atures result in a higher reaction rate, causing a rapid conver-
sion of Ag* into metallic Ag [33], as shown by the color change
in Figure 1. This latter may be the cause of the impediment in
the growth of crystallites at 100 °C. On the other hand, the dif-
ferent contents of Ag and AgCl depend on the presence of chlo-
ride ions in the extract and their ability to form AgCl instead of
metallic Ag.

The qualitative and quantitative energy-dispersive X-ray (EDX)
chemical analysis of Ag/AgCl products at different tempera-
tures is shown in Figure 3. Consistently, the presence of Ag and
Cl is evident. Likewise, characteristic elements of the com-
pounds present in the pineapple peel extract are revealed, which
act as capping agents for the nanoparticles. Silver is one of the
most concentrated elements since it exists as metallic Ag and as
an ion in AgCl. According to the quantitative results,
Ag/AgCl-T;oom and Ag/AgCl-T g have the highest Ag content.
In contrast, Ag/AgCl-Tgg and Ag/AgCl-Tgy have the lowest Ag
concentrations. This result is consistent with the data deter-
mined from the XRD diffractograms shown in Table 1. There-
fore, as mentioned before, the temperature affects the genera-
tion of AgNPs. However, for this particular case, the tempera-
ture also contributes to the formation of AgCl nanoparticles.

Spectroscopic characterization

It is known that the interaction of light with free electrons in an
Ag nanoparticle can give rise to a collective oscillation known
as surface plasmon effect [34]. This effect can be monitored by
UV-vis spectroscopy, where metal nanoparticles absorb radia-
tion at different wavelengths depending on their size [36]. The
UV-vis absorption spectra of the reactions at different tempera-
tures are shown in Figure 4. The absence of absorption of
visible radiation is evident in the AgNO3 salt and in the
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Figure 3: EDX analysis and quantification of Ag/AgClI products at different synthesis temperatures.
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Figure 4: UV-visible spectroscopy of Ag/AgCl nanoparticle biosynthe-
sis. The maximum absorption peaks are denoted by the arrows.

pineapple peel extract. Instead, reactions at different tempera-
tures showed absorption in this region of the electromagnetic
spectrum. Furthermore, differences in the maximum values of
the absorption curves can be observed. Although in the reaction
at room temperature (Ag/AgCl-T;om) the absorption maximum
was not obvious, and it was in the case of the other reactions,

the absorption maxima were easily identified. Ag/AgCl-Tg

shows absorption maximum at 452 nm, Ag/AgCl-Tgq at
484 nm, and Ag/AgCl-Tigo at 562 nm. For AgNPs, the
maximum absorption signal is typically in the range of
400-500 nm [31]. Absorption trends at longer wavelengths are
associated with increasing particle size [35,36]. It is also
evident from Figure 4 that the absorption peak for the reaction
at 100 °C (Ag/AgCl-T ) is broader than that of the reactions
at 60 and 80 °C. This behavior may be related to a larger size
distribution of the nanoparticles. Hence, the uniformity of the
nanoparticles is higher at 60 and 80 °C. This result is consistent
with Nayak et al. [37], who reported an optimal temperature of
80 °C for Ag nanoparticle formation using extracts from Cucur-

bita maxima, Moringa oleifera, and Acorus calamus.

The FTIR results are shown in Figure 5. The spectra of the pre-
cursor salt and pineapple peel extract are shown for signal com-
parison. In the spectrum of the AgNOj salt, some signals were
observed at (a) 1746 cm™! corresponding to the symmetric
tension and deformation in the N-O plane; (b) 1360 cml,
(c) 1284 cm™!, and (d) 1230 cm™! related to the asymmetric
tension of N-O; (e) 800 and (f) 732 cm™! related to the defor-
mation and oscillation in the N-O plane. The following bands
are found in the pineapple peel extract spectrum: 3300 cm™!
corresponds to O-H stretching in phenolic compounds;
2930 cm™! is related to C—H stretching in any of the metabo-
lites; 1737 cm™! corresponds to C=0 stretching in tannins;
1604 cm™! and 1410 cm™! are related to C=C stretching of aro-

matic rings in flavonoids, terpenes, tannins, and gallic acid;
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Figure 5: FTIR spectra of Ag/AgCl nanoparticles. The functional
groups of the AgNQOg3 salt are represented by the letters a—f. The wave-
number values of the functional groups of the pineapple peel extract
which disappear in the reactions are denoted by arrows. New absorp-
tion peaks in the reaction products are shown by dashed lines.

1230 cm™! corresponds to the tension of tertiary alcohols and

1 is related to C—O vibration in tannins

flavonoids; 1026 cm™
and flavonoids; and 918 cm™!, 865 cm™!, and 705 cm™! corre-
spond to out-of-plane C—H vibration in gallic acid and catechin.
According to the spectra shown in Figure 5, the formation of
Ag/AgCl is evidenced by three phenomena. First, the AgNO3
salt reacted completely as the characteristic absorption signals
denoted by letters a—f in the AgNOj3 spectrum did not appear in
the reaction products. Second, some of the absorption bands (in-
dicated by arrows) of the pineapple peel extract disappeared.
Third, new absorption bands are generated at 1663 cm™!,
1522 em™!, 1340 cm™!, and 825 cm™' and are indicated by
dashed lines in the spectra. This behavior occurs regardless of
the reaction temperature used. According to the literature,
pineapple peel contains several chemical species, especially
phenolic and polyphenolic substances such as catechin, epicate-
chin, gallic acid, and ferulic acid [14]. These metabolites have
reducing capacity, so it is hypothesized that this allows for the
reduction of Ag* to Ag®. The changes observed in the absorp-
tion bands of the reaction products are also a consequence of
the capacity of the extract metabolites to act as capping agents

for the formation of nanoparticles.

Morphological characterization

Although the data obtained by XRD and FTIR do not show sig-
nificant differences in the formation of nanoparticles as a func-
tion of temperature, the micrographs obtained by TEM in

Figure 6 show different behaviors both in size and shape of the
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nanoparticles with respect to temperature. These results are
consistent with UV—vis spectra shown in Figure 4, where each
curve has a different maximum depending on the reaction tem-
perature. If the size of the nanoparticles is considered, as the
reaction temperature increases, the nanoparticles become larger
or the size distribution becomes broader. At room temperature
and at 60 °C, the nanoparticles are less than 50 nm in size, but
at 80 °C the nanoparticles reach a size of 70 nm. The shape of
the nanoparticles is also modified, going from mostly spherical
particles to a better defined morphology, as seen at 80 °C
(Ag/AgCl-Tgg). It is evident that at a temperature of 80 °C, in
addition to spherical particles, triangular plate-like nanoparti-
cles with well-defined and equal sides are obtained (see
Figure 6C)). This result is consistent with Hyllested et al. [38]
who also obtained AgNPs with triangular morphology using
pineapple extract. The synthesis temperature plays an impor-
tant role in the formation, growth, and size distribution of nano-
particles, as mentioned by Jiang et al. [39]. They reported the
coexistence of triangular and spherical silver particles of differ-
ent sizes obtained at temperatures ranging from 17 to 55 °C.
According to the morphological results shown here, as the tem-
perature increases the reaction rate also increases, favoring
interactions between the reducing biocompounds and the pre-
cursor salt. Concomitantly, the particle size increases, as shown
by the trend of images a,—d, in Figure 6. However, the particle
size distribution also increases because the higher the reaction
rate, the greater the formation of silver crystals of different
sizes. In the micrographs in Figure 6, it can be seen that the
nanoparticles are embedded in a disordered system, with very
low electron density. This system could be made of organic
molecules that act as capping materials for nanoparticles, as de-
scribed in the literature [24,40].

Thermal behavior

The weight loss curves and derivatives calculated from the ther-
mogravimetric analysis data of the reaction products are shown
in Figure 7a and Figure 7b, respectively. In the thermogram of
the pineapple peel extract, denoted as PPeel extract, two stages
of degradation of the metabolites were observed. The first deg-
radation signal is very well defined and occurs at 202 °C, with
an approximate mass loss of 35%. The second stage of degrada-
tion occurs in a temperature range of 277-395 °C, with an aver-
age temperature of 330 °C and an approximate mass loss of
15%. As the temperature increased, the sample continued to
degrade such that at 750 °C, 36% of char residue remained
(Table 2).

In the thermograms of the reaction products, two stages of deg-
radation are also shown, except for Ag/AgCl-Tg(, where a small
additional peak appears at 163 °C, possibly from volatile

organic molecules. The first degradation in the reaction prod-
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Figure 7: (a) TGA data and (b) weight loss derivatives of
Ag/AgCI-Troom, Ag/AgCI-Teo, Ag/AgCI-Tgp, and Ag/AgCI-T1go. The per-
centage of residual material after 700 °C is shown in (a). The average
degradation temperature signals are indicated by the arrows in (b).

ucts is at 240 °C. The second degradation peak for both
Ag/AgCl-Tioom and Ag/AgCl-Tgg is found at 314 °C. In the
case of the Ag/AgCl-Tgq reaction product, the degradation
signal is at 326 °C and in Ag/AgCl-T g the degradation tem-
perature is 301 °C (Table 2).
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Based on the results in Figure 7, it is remarkable that the reac-
tion products have a higher thermal stability than that of the
pineapple peel extract. This behavior can be attributed to two
complementary situations. The first is a change in the chemical
structure of the organic compounds used in the formation and
capping of Ag/AgCl nanoparticles as observed by FTIR spec-
troscopy (Figure 5). The reducing species are oxidized and as a
consequence have greater thermal stability. Hence, the higher
temperature-shifted TGA curves show the thermal behavior of
the modified metabolites during chemical reaction. The results
are also consistent with Reddy et al. [41], who reported that
phytochemicals capped on nanoparticles support thermal
stability upon temperature changes. The second situation is the
thermal barrier that Ag/AgCl nanoparticles themselves, based
on their intrinsic characteristics, provide to the system. This last
proposal is consistent with Rhim et al. [42], who stated that the
increased thermal stability of the agar/AgNPs composite films
is due to metallic silver being more thermally stable. On the
other hand, throughout the thermal test, no evidence of decom-
position of the AgNO3 precursor salt (decomposition tempera-
ture is approx. 500 °C) is observed [43]. Hence, and as indicat-
ed by the FTIR and UV-vis results, the AgNOj salt was con-
verted into Ag/AgCl nanoparticles. Furthermore, Figure 7
shows that the residual content in the reaction products is higher
than that in the extract, illustrating the maximum percentage of
biosynthesized Ag/AgCl nanoparticles (52% — 36% = 16%).

The degradation of the product with respect to temperature
exhibited a behavior similar to that of nanoparticle biosynthesis,
as shown by XRD, EDX, and TEM. That is, there is a differ-
ence in the degradation at intermediate temperatures
(Ag/AgCl-Tgo and Ag/AgCl-Tgy) with respect to the products
synthesized at room temperature and at 100 °C (Ag/AgCl-T;oom
and Ag/AgCl-Tgg). This behavior particularly occurs in the
second degradation and in the residual content. Therefore, this
trend is probably related to the changes after the biological
compounds act as reducing agents, as well as to changes in the
shape, size, and size distribution of the resulting Ag nanoparti-
cles.

Table 2: Thermal degradation data of pineapple peel extract and reaction products.

Sample First weight loss
Tdeg (°C)  Temperature ~ Weight loss
range (%)

PPeel extract 202 160-262 35
Ag/AgCI-Troom 240 175-269 20
Ag/AgCI-Tgo 240 175-269 20
Ag/AgCI-Tgo 240 175-269 20
Ag/AgCI-T1go 240 175-269 20

Second weight loss Residual

Tgeg (°C)  Temperature ~ Weight loss content (%)
range (%)

330 277-395 15 36

314 274-339 13 52

314 274-363 20 48

326 274-368 21 48

301 274-339 13 52
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Cytotoxic behavior

It has been reported that several cytotoxic mechanisms of
AgNPs can cause DNA, mitochondrial, and cell membrane
damage as well as apoptosis [44]. Here, the cytotoxicity results
of Ag/AgCl nanoparticles on MCF-7 breast cancer cells are
shown in Figure 8. For each system of nanoparticles produced
at different temperatures, cell viability is related to nanoparticle
concentration. In all cases, cell viability decreased in a dose-de-
pendent manner (i.e., cell death was progressive with increas-
ing concentration). Cell viability was below 50% for
Ag/AgCl-Troom, Ag/AgCl-Tg, and Ag/AgCl-Tgg systems at
concentrations below 25 pg/mL. Reactions at room tempera-
ture, 60, 80, and 100 °C achieved ICsq values of 24, 19, 17, and
36 pg/mL, respectively. Hence, the best behaviors occur with
the nanoparticles formed at 60 and 80 °C. The results were
favorable for all systems tested at 50 pg/mL. Here, the
Ag/AgCl-Tgy and Ag/AgCl-Tgq systems also showed the best
cytotoxic behavior, with cell viability of 21 and 20%, respec-
tively. This response means that between 60 and 80 °C, it is
beneficial to generate nanoparticles with a size and morpholo-

gy suitable to induce cancer cell cytotoxicity.
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According to the results obtained by TEM (Figure 6), at 60 °C
spherical nanoparticles with a size range between 10 and 40 nm
(size average of 20 nm) were obtained. At 80 °C, spherical
nanoparticles and triangular plate-like nanoparticles were
formed with a wider size range of 5-60 nm (size average of
18 nm). Even so, the size of the triangular plates is larger than
40 nm. Therefore, the morphology and size of nanoparticles are
thought to have a great influence on the cytotoxicity of cancer
cells. This result is consistent with Park et al. [45], who re-
ported that the size of AgNPs is an important factor in cytotox-
icity, inflammation, and genotoxicity. In this sense, AgNPs
have been shown to induce cytotoxicity through apoptosis and
necrosis in different cell lines [46].

Microscopic analysis (Figure 9) clearly shows that the morpho-
logical changes depend on the synthesis temperature and dosage
of Ag/AgCl nanoparticles. The data show that the formation of
apoptotic bodies (arrows) and the growth of cellular regions
(black circles) are integral and characteristic of apoptosis. At
high concentrations, however, necrosis (black box) predomi-

nates, where the formation of cellular debris and damage to the
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Figure 8: Cell viability assay of MCF-7 cells with Ag/AgCl nanoparticles obtained at room temperature, 60, 80, and 100 °C. The horizontal dashed
line indicates 50% of cell viability. In all systems, cell viability at nanoparticle concentrations of 25 and 50 pg/mL is indicated, except for Ag/AgCI-T1go,

since only cell viability at the concentration of 50 pg/mL is below 50%.
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Figure 9: Microscopic observation of control MCF-7 cells and MCF-7 cells with Ag/AgCl nanoparticles after 24 hours of exposure. The MCF-7 cell line
shows increased cell area or morphological changes (black circles) and formation of apoptotic bodies (arrows). At high concentrations, a large num-

ber of cells in a necrotic state were detected (black box).

cell membrane are detected. Depending on the level of stress
exerted on the cell, this behavior will trigger cell death [47].
Ciftci et al. [48] suggested that AgNPs induce apoptosis and
necrosis in MCF-7 cells at lower concentrations, but induce
necrosis only at higher concentrations.

Despite the strong cytotoxic activity of nanoparticles on MCF-7
cells, it was necessary to examine whether there is any effect on
healthy cells. The systems with lower IC5y (Ag/AgCl-Tgg and
Ag/AgCl-Tgg) were tested in mononuclear cells, particularly in
monocytes. The results of the cytotoxic behavior of these
systems are shown in Figure 10. It is evident that nanoparticles
obtained at temperatures of 60 and 80 °C were also cytotoxic to
monocytes at concentrations of 25 pg/mL. In fact, their ICsg
was lower than that of MCF-7 cells at 13 and 12 ug/mL, respec-
tively. Interestingly, an unexpected result was that for concen-
trations above 35 pg/mL, especially at 50 pg/mL, the cytotoxic

effect of nanoparticles was more pronounced on cancer cells
than on monocytes. The difference was 21% for AgNPs-Tg
and 25% for AgNPs-Tgq. In other words, at concentrations close
to 50 ug/mL, the cytotoxic action of the nanoparticles becomes
selective. This result is possibly due to the fact that a higher
content of nanoparticles prevents cell proliferation in neoplastic
cells. MCF-7 cells are known to overexpress matrix metallopro-
teinases (MMPs), the activity of which is favored by reactive
species, and they have been shown to be directly involved in
death mechanisms such as apoptosis, causing damage at the cell
membrane level. In contrast, in monocytes, which are also high
in MMPs, their activation mechanism is largely dependent on
the production of NOs. Perhaps this fact is an explanation for
the selectivity of the findings. However, a more in-depth study
of this mechanism is necessary. These data have never been re-
ported before, so their mechanistic interpretation and under-
standing requires further investigation.
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In order to rule out whether the metabolites of the pineapple
peel extract, necessary for the formation and stabilization of the
nanoparticles, participate in the cytotoxic action, MCF-7 cell
viability tests were performed on the extracts. The results are
shown in Figure 11. In all cases, regardless of the temperature,
there was no evidence that the extract had cytotoxic activity
against MCF-7 cells. Therefore, the above cytotoxicity behav-
ior can only be attributed to the Ag/AgCl nanoparticles ob-
tained at different temperatures.

The results of the cytotoxic activity of AgNOj tested both in
peripheral blood mononuclear cells (PBMC) and in breast
cancer cells (MCF-7) are shown in Table 3. The maximum con-
centration of AgNO3 tested was the one used to generate the
Ag/AgCl nanoparticles. Even at the lowest concentrations, a
significant decrease in cell viability was observed. The data in-
dicated that AgNO3 had strong cytotoxic activity in both PBMC
and MCEF-7 cells; however, no cytotoxic selectivity was ob-

served.

Conclusion
This study demonstrates the combined production of Ag and

AgCl nanoparticles obtained through a green synthesis method.
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Pineapple peel was used for the synthesis method, where
phenolic compounds were found, whose reducing capacity
allowed for the formation of Ag/AgCl nanoparticles. Four bio-
synthesis temperatures were tested (i.e., room temperature, 60,
80, and 100 °C). The size, shape, and size distribution of the
nanoparticles were affected by the temperature. Preferably,
spherical nanoparticles with a size between 10 and 70 nm were
obtained. It was noticeable that at 80 °C, triangular plates were
also formed. The cytotoxic activity of the biosynthesized prod-
ucts against the MCF-7 breast cancer cell line was tested. The
results showed a high cytotoxicity in these cells, up to 80% of
those with the products obtained at temperatures of 60 and
80 °C. In contrast, these products showed a lower cytotoxic ac-
tivity in PBMC healthy cells. Hence, it is reported for the first
time that with this combined system of Ag/AgCl nanoparticles
synthesized at a controlled temperature, a cytotoxic selectivity
between cancer cells and healthy cells can be achieved.

Experimental

Materials

MD2 hybrid pineapples (family: Bromeliaceae, genus: Ananas
Mill, 1754, species: comosus (L.) Merr., 1917) were obtained
from crops in the Tuxtepec region of the state of Oaxaca,
Mexico. Silver nitrate (CAS 7761-88-8, ACS reagent, purity
299.0%, purchased from Sigma-Aldrich Co) was used as a

silver nanoparticle precursor.

Aqueous extraction by infusion of pineapple

peel

MD?2 pineapples were peeled and used. The peel was cut into
small pieces, and dried to a constant weight. Then, 100 g of
dehydrated pineapple peel was weighed and put into a coffee
filter. Subsequently, an infusion was made with 1 L of distilled
water in a Oster® brand coffee maker. The solution obtained
was vacuum filtered and concentrated in a rotary evaporator at
50 °C, 250 rpm, and 42 mbar.

Biosynthesis of Ag/AgCl nanoparticles

Quantification of phenolic and flavonoid compounds in the
pineapple peel extract was performed before biosynthesis. Total
phenolic content was performed using the method described by
Singleton et al. [49], and the total flavonoid content was per-
formed according to the method described by Dewanto et al.
[50]. The biosynthesis of Ag/AgCl nanoparticles was carried
out in a reflux system with a water bath at a controlled tempera-
ture. A proportion of 90% of AgNOs salt (at a concentration of
10 mM) and 10% of pineapple peel extract (at a concentration
of 10% w/v) was used. The synthesis was performed under con-
stant stirring at 500 rpm for 2 h. The temperature was estab-
lished as the study variable: room temperature, 60, 80, and

100 °C were the temperatures studied. Finally, the synthesized
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Figure 11: Cell viability assays on MCF-7 cells with pineapple peel extracts obtained at room temperature, 60, 80, and 100 °C.

Table 3: Data on the cytotoxic activity of AQNOs in peripheral blood
mononuclear cells (PBMC) and in breast cancer cells (MCF-7).

AgNO3 (mM)

PBMC viability (%)

MCEF-7 cells viability (%)

0 94.4+11.62 97.75 +12.12
0.031 29.1 +5.282 24.54 + 5.67
0.070 24.8 +1.842 26.49 + 2.31
0.150 27.2 +5.262 28.20 + 5.88
0.312 27.1+1.3° 33.63 +5.82
0.620 27.8 +2.322 22.01 +2.13
1.250 6.92 + 0.622 7.139 £ 0.44
2.500 6.86 + 0.722 7.080 + 0.64
5.000 8.07 +1.282 6.962 + 0.20
10.000 7.55+1.412 7.021 £ 0.41

Experimental data points are presented as the mean + SD of three in-
dependent experiments, with three replicates. Significant differences
are indicated by @ < 0.0001 versus 0 mM and % < 0.01 versus 0 mM.

products were dried for 24 h for subsequent characterization.
Some of the products of each reaction were kept at room tem-

perature before drying to be characterized by UV—vis spectros-

copy.

Characterization

X-ray diffraction patterns were obtained in a Bruker AXS D8
Advance diffractometer, at 30 mA and 40 kV, with a Ni filter
and a Cu Ka radiation generator. Diffraction patterns were
acquired at a scan rate of 1 °/min from 10 to 90° in 20. Quanti-
tative chemical analysis was performed on a JEOL JSM-7401F
field-emission scanning electron microscope (FE-SEM) using
EDX. An acceleration voltage of 15 kV and a working distance
of 8 mm were used. The samples were precoated with Au/Pd for
10 seconds. Ultraviolet—visible spectroscopy was obtained
using a Perkin Elmer Lambda 25 spectrophotometer, operating
in the range of 350 to 700 nm. Fourier-transform infrared spec-
tra were obtained with a Perkin Elmer Dynascan Spectrum 100
spectrometer, using an attenuated total reflectance (ATR) inter-
ferometer, operating in the range of 4000—600 cm™!. Transmis-
sion electron microscopy images were acquired on a JEOL
1010 microscope, with an accelerating voltage of 80 kV. For
that, samples were pre-prepared in acetone and sonicated for
20 min, then dried at room temperature. Thermogravimetric
analysis was performed on a Perkin Elmer STA 6000 simulta-
neous thermal analyzer, with a heating rate of 20 °C/min, under

a nitrogen atmosphere, and a temperature range of 30-800 °C.
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To carry out XRD, EDX, FTIR, and TGA analyses, the
pineapple peel extract and the reaction products were previ-
ously dried at 110 °C for 24 h.

Cell culture

In a similar manner to [51], the MCF-7 human breast cell line
was obtained from the American Type Culture Collection
(ATCC®). This cell line was at passage 4 when used in the
study and was routinely cultured on monolayers at 80% conflu-
ence in Dulbecco's modified Eagle's high glucose medium
(DMEM), supplemented with 10% of fetal bovine serum,
100 U/mL of penicillin, 100 pg/mL of streptomycin, and 2 mM
L-glutamine. The cells were kept at 37 °C with saturated
humidity and 5% CO,. The culture medium was removed to
collect the human breast cancer cells, which were then washed
with phosphate buffered saline (PBS). A cell dissociation solu-
tion made of trypsin-EDTA was added and incubated at 37 °C
for 3 min in a humidified incubator with 5% CO, to produce a
cell suspension. Trypsinized cells were reseeded in fresh medi-
um at 107 cells/mL and incubated at 37 °C in a 5% CO, humidi-
fied incubator. All reagents were purchased from Biowest,
Riverside, USA.

In a similar manner to [52], peripheral blood mononuclear cells
were obtained from blood samples of healthy adult human
volunteers, using standard Histopaque 1077 (Sigma-Aldrich,
St. Louis, MO. USA) techniques and density gradient centrifu-
gation. PBMCs were maintained in Roswell Park Memorial
Institute medium at pH 7.4, supplemented with 10% of fetal
bovine serum, 100 U/mL of penicillin, 100 pg/mL of strepto-
mycin, and 2 mM of L-glutamine. All reagents were purchased
from Biowest, Riverside, USA. PBMCs were kept at 37 °C with
saturated humidity and 5% CO,. All procedures performed fol-
lowed the ethical standards of the institutional and/or national
research committee and the 1964 Declaration of Helsinki. Ac-
cording to the Ethics Committee on Human Beings of the
Universidad del Papaloapan (signed informed consent was not
needed).

Cell viability by MTT assay

The MTT assay is based on the ability of live cells to selec-
tively reduce the yellow soluble salt MTT (3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyl tetrazolium bromide, Sigma-Aldrich)
to a purple/blue insoluble formazan crystal. For each sample,
three independent experiments were performed in triplicates.
Cell viability of control, Ag/AgCIl-T;oom, Ag/AgCl-Tgg,
Ag/AgCl-Tgg, and Ag/AgCl-Tgg samples were evaluated in
96-well flat-bottom culture plates (TPP). The MMT assay was
performed on MCF-7 breast cancer cells and mononuclear cells.
An amount of 2 x 10* MCF-7 cells and 2 x 10° PBMCs in
100 pL was seeded onto each well and incubated for 24 h at
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37 °C, 5% CO,. After this time, and starting from a stock of
10 mg/mL prepared in PBS with serial dilutions, 0.05 mg/mL of
the study samples was added. Subsequently, they were incubat-
ed at 37 °C and 5% CO; for 24 h. Then, 10 uL of MTT solu-
tion prepared in PBS at a concentration of 5 mg/mL was added
to MCF-7 cells, and an equal amount of MMT solution was
added to monocytes. MCF-7 cells were incubated again for 4 h
and mononuclear cells were incubated for 6 h, both at 37 °C and
5% CO,. The media were removed and 100 uL of dimethyl
sulfoxide (DMSO) was added. The samples were then incubat-
ed at room temperature until the formazan crystals were dis-
solved. Finally, the absorbance at 570 nm was measured.
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Abstract

Genomic and proteomic mutation analysis is the standard of care for selecting candidates for therapies with tyrosine kinase inhibi-
tors against the human epidermal growth factor receptor (EGFR TKI therapies) and further monitoring cancer treatment efficacy
and cancer development. Acquired resistance due to various genetic aberrations is an unavoidable problem during EGFR TKI
therapy, leading to the rapid exhaustion of standard molecularly targeted therapeutic options against mutant variants. Attacking
multiple molecular targets within one or several signaling pathways by co-delivery of multiple agents is a viable strategy for over-
coming and preventing resistance to EGFR TKIs. However, because of the difference in pharmacokinetics among agents, combined
therapies may not effectively reach their targets. The obstacles regarding the simultaneous co-delivery of therapeutic agents at the
site of action can be overcome using nanomedicine as a platform and nanotools as delivery agents. Precision oncology research to
identify targetable biomarkers and optimize tumor homing agents, hand in hand with designing multifunctional and multistage
nanocarriers that respond to the inherent heterogeneity of the tumors, may resolve the challenges of inadequate tumor localization,

improve intracellular internalization, and bring advantages over conventional nanocarriers.

Introduction
Among the malignant diseases, lung cancer takes the lead in  breast cancer (11.7%) [1-3]. According to the WHO Interna-
tional Agency for Research on Cancer in 2020 (GLOBOCAN

database), around 1.8 million new lung mortalities were re-

mortality. Also, it is the second most frequently diagnosed

cancer (11.4% of the total cases), surpassed only by female
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corded worldwide for both genders, representing 18% of all
cancer deaths [4]. There are two main classes of lung cancer
based on histological appearance, namely small-cell lung cancer
(SCLC), which is highly aggressive, and non-small cell lung
cancer (NSCLC), which is more prevalent (85% of all diag-
nosed lung cancer cases) [5]. NSCLC can be further catego-
rized into histologically different subtypes. that is, adenocarci-
nomas (45%), squamous cell carcinoma (23%), and large cell
carcinoma (3%), leaving approximately 28% for all other
subtypes and making adenocarcinomas the most prevalent
among the subtypes. Recently, based on the progress in cancer
genomics, a new classification based on the clinical, histolog-
ical, radiological, and molecular subtypes of lung adenocarci-
noma has been proposed as a result of a joined effort of the
International Association for the Study of Lung Cancer
(IASLC), the American Thoracic Society (ATS), and the Euro-
pean Respiratory Society (ERS), with the intention of improv-
ing diagnostic, prognostic, and therapeutic approaches for dif-
ferent subtypes of lung cancers [6,7]. Moreover, advances in
histological, genomic, and proteomic studies of cancer have had
a significant impact on the discovery of novel therapies based
on specific histological types and molecular signatures of
cancer. Molecularly targeted therapies that have been de-
veloped for a subgroup of non-small cell lung cancer (NSCLC)
with endothelial growth factor receptor (EGFR) activating
mutations firmly underlined the importance of an improved
classification of lung cancer into specific subtypes that qualify
for specialized therapeutic strategies. Tyrosine kinase inhibitors
(TKIs) have demonstrated enhanced efficacy and reduced toxic-
ity in EGFR-sensitive patients compared to classical chemo-
therapy treatments because of their ability to target specific mo-
lecular abnormalities associated with NSCLC cells [8-13].

Unlike traditional chemotherapy, which interferes with cell
division and kills rapidly dividing cells, molecularly targeted
therapy is directed towards somatic genome mutations. Along
with the well-established EGFR, Kirsten rat sarcoma viral onco-
gene homolog (KRAS) oncogene mutations and concurrent
anaplastic lymphoma kinase (ALK) and proto-oncogene tyro-
sine-protein kinase (ROS1) rearrangements, other gene muta-
tions in the context of NSCLC tumorigenesis biomarkers and
targets for new clinical therapies include fusions of echinoderm
microtubule-associated protein-like 4 and anaplastic lymphoma
kinase (EML4-ALK) and mutations of human epidermal growth
factor receptor 2 (HER2), phosphatidylinositol 3-kinase
(PIK3CA), protein kinase B (AKT), v-raf murine sarcoma viral
oncogene homolog B1 (BRAF), mitogen-activated protein
kinase 1 (MAP2K1), and mesenchymal-epithelial transition
factor (MET). An improved understanding of EGFR driver
mutations leads the way to the establishment of personalized

clinical therapy based on genomic and proteomic testing, which
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is becoming a standard of care for patients with advanced
NSCLC [13-15].

This review article briefly covers some of the advances in thera-
peutic protocols based on the novel discoveries in molecular
profiles and mutational diagnostics of NSCLC, which harbor
activating and resistance EGFR mutations along with corre-
sponding genetic alterations leading to drug resistance. Further,
an emphasis will be put on the developmental challenges of
targeted nanomedicines for the co-delivery of therapeutic agents
to lung tumors. Finally, current approaches in literature used to
design nanotools loaded with logical combinations of different
drugs and inhibitors of various oncogenic pathways to fight

NSCLC resistance are covered.

Review
EGFR mutations and current problems in
NSCLC treatment

The main reasons behind the limited success of TKI
monotherapy in the suppression of lung cancer growth for an
extended period are tumor heterogeneity, key signaling path-
way alteration, and activation of alternate signaling, which
effectively rescue the main inhibited pathway. The oncogenic
significance of EGFR and the weak response to TKIs have been
the focus of clinical interest for more than a decade, motivating
the research community to look deeper into relevant explana-
tions for therapeutic failure and suggest smart solutions for

overcoming resistance.

There are five selective EGFR TKIs approved for the treatment
of EGFR-mutated NSCLC, namely, gefitinib (GEF) and
erlotinib (ERL) (first-generation reversible EGFR TKIs),
afatinib (AF) and dacomitinib (DAC) (second-generation irre-
versible EGFR TKIs), and osimertinib (OS) (third-generation
irreversible EGFR TKI). All of these drugs act as therapies of
choice for NSCLC with EGFR-activating mutations [16-19].

First-generation EGFR TKIs are well-established molecularly
driven therapies for lung cancer harboring specific types of acti-
vating EGFR mutations involved in the development of NSCLC
(classical sensitive EGFR mutations, i.e., deletions in exon 19
and the single-point substitution mutation L858R in exon 21)
[8,9]. Not all tumors with activating EGFR mutations will
respond to EGFR TKI treatment. A subgroup of around
20-30% of patients harboring an activating mutation is intrinsi-
cally resistant to TKIs and shows weak clinical response, in-
cluding those with wild-type EGFR NSCLC cancer. The estab-
lishment of clinical criteria for intrinsic resistance is still
ongoing, and considerable efforts are made toward the estima-

tion of the efficacy and optimal sequence of administration of
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different EGFR TKIs across TKI-sensitive patients with
common and uncommon EGFR mutations [20]. The type of
EGFR mutation influences the effectiveness of gefitinib and
erlotinib across NSCLC tumors. For example, gefitinib is more
efficient in treating NSCLC harboring the L858R mutation than
in NSCLC expressing the G719S mutation [21]. Further, an ap-
proved treatment with EGFR TKIs for NSCLC with defined but
uncommon mutations such as G719X, S768I, and L861Q is the
second-generation TKI afatinib. Lastly, osimertinib is a third-
generation TKI that is approved for EGFR T790M positive
NSCLC with acquired resistance to first- and second-genera-
tion drugs [12,22,23]. Similar to traditional cytotoxic agents,
acquired resistance to TKIs and early relapse are still signifi-
cant limitations of this therapeutic approach. Following the
initial pronounced response, after only 9 to 14 months around
50% of patients develop resistance to therapy with first- and
second-generation TKIs as a result of T790M secondary muta-
tion in exon 20 of EGFR [24]. Acquired resistance to TKIs is
unavoidable and has already been documented even for the
third generation of TKIs (target-dependent and target-indepen-
dent molecular mechanisms of resistance to TKIs are presented
in Table 1). Target-independent acquired resistance driven by
cMET amplification after EGFR TKI treatment may be treated
with crizotinib, a dual inhibitor of ALK and cMET, and briga-
tinib (multi-kinase inhibitor of EGFR, ALK, FLT3, and other
kinases). This therapy shows effectiveness against mutant vari-
ants of EGFR and ALK that are resistant to common types of
EGFR and ALK inhibitors [25].

Table 1: Molecular mechanisms of resistance to EGFR TKis.

Target-dependent

Secondary exon 20 mutation: EGFR T790
(40-55% of EGFR resistance cases) and EGFR
amplification

Secondary mutations with low occurrence:
D761Y (exon 19), L747S (exon 19), and T854A
(exon 21)
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However, only a limited number of mutations are covered by
clinical therapy. In addition, some novel therapeutic ap-
proaches against resistant tumors have failed due to the hetero-
geneity of the progression of genetic alteration and the result-
ing complexity of resistance mechanisms [23]. Enormous
efforts have been made in finding a way forward from this
standstill, and evidence has been derived that no single drug can
treat the broad spectrum of molecular alterations in NSCLC.
Considering the fact that multiple mechanisms are involved in
the reactivation of the EGFR signaling pathway, targeting
multiple constituents within the EGFR cascade or targeting
parallel pathways to prevent cross talk between multiple growth
factor receptors have emerged as valid approaches that could be
used to tackle cancer resistance and maximize the efficacy of
EGFR inhibition. Presently, a combinatorial therapeutic strategy
is believed to be a rational approach to combat the complexity
of resistance and continuous cancer mutations. Co-delivery of
TK inhibitors with anticancer drugs, immunotherapy, or gene-
specific therapeutics to disrupt key resistance pathways, reacti-
vate pS3-mediated apoptosis, or inhibit cellular drug efflux are
only a few examples of strategies used to fight cancer resis-
tance mechanisms successfully [23,24]. In addition, co-delivery
of anticancer therapy using surface-engineered nanoparticles for
tumor targeting may alleviate some of the unwanted effects on
off-site targets and increase the therapeutic concentration at the
site of action as well as efficacy and safety of the current
therapy for lung cancer treatment. Co-delivery of combined

therapeutic agents at the right time and at the right place using

Tertiary mutation: EGFR C797S; L798I
Other tertiary mutations: WZ4002, L718Q, and L844V

Secondary (T790M gatekeeper residue) and tertiary kinase domain (C797S) resistance mutation in the targeted kinase reduces
drug affinity or prevents access of the TKI to the active site and reduces its efficacy. Resistance to gefitinib and erlotinib is evident
when the T790 mutation is present, and the C797S mutation induces resistance to osimertinib.

Target independent

Bypass resistance (bypass the EGFR blockade)
MET gene amplification: Amplified MET causes
phosphorylation of ERBB3. Even when
phosphorylation of EGFR is inhibited by an EGFR
TKI, activation of the PIBK/AKT pathway is
maintained through ERBB3 or the ERBB3/ERBB2
duet.

HGF overexpression: HGF induces activation of
the PIBK/AKT pathway through MET; this activation
is independent of ERBB3 or EGFR).

HER2 amplification: HER2 forms heterodimers with
EGFR to activate downstream signaling.

Downstream signaling

mutations in BRAF and PI3K,
KRAS, PTEN loss, NF-1 loss, and
CRKL amplification, MAPK pathway
activation by mutated KRAS or MEK
(less frequent events)

Phenotypic alterations
epithelial-mesenchymal transition
(EMT), or small cell histologic
transformation
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smart nanotools to exert a simultaneous effect on multiple
signaling pathways, leading to the avoidance or combating of
resistance as well as the prevention of side effects, is the theo-
retical rationale behind the use of designed nanoparticles (NPs)
[26-28].

Advances in the therapeutic approaches

used for overcoming NSCLC resistance

Combinatorial treatments are designed with the goal of exerting
additive or synergistic inhibitory effects on the proliferation and
survival mechanisms on which the cancer cells are heavily de-
pendent. The efficacy of existing small molecules in synergistic
combinations for relevant genetic mutations in resistant cancers
has been evaluated in many research and clinical studies, with
promising results in some types of mutant lung cancers. A
plethora of multimodal treatments for the co-administration of:
(1) conventional cytotoxic agents with signaling pathway inhibi-
tor/s, (ii) inhibitors of two or more signaling pathways within a
signaling network, (iii) inhibitors of multiple targets within a
single pathway exerting synergistic effects, and (iv) cytotoxic or
molecular targeting agents with small interfering RNA (siRNA)
for silencing the mutating genes at protein and messenger RNA
(mRNA) level, have made their way to clinical therapy or are
under evaluation for their efficacy and safety in many research
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studies and several clinical trials. The synergistic effects of
combination therapy depend on the status and the type of
genetic alteration; as such, the most potent will be the one
showing synergistic or additive effects on oncogene pathways
essential for cell survival.

Conventional cytotoxic agents with signaling
pathway inhibitor/s

EGFR signal transduction pathways can be roughly divided into
a pro-survival arm with the PI3K-mTOR-AKT cascade and a
proliferative arm with the Ras-Raf-Mek-Erk cascade. Enhanced
kinase activity on mutated EGFR with exon 19 deletion is asso-
ciated with upregulated c-MYC levels through the Ras-Raf-Erk
pathway, promoting angiogenesis via hypoxia-inducible factor
la (HIF-1a) and vascular endothelial growth factor (VEGF)
signaling [29-31]. According to preclinical data, a combination
therapy consisting of erlotinib and cisplatin targets angiogen-
esis and manifests synergistic and additive antitumor activity
via downregulation of the c-MYC-HIF-1a—VEGF signaling
pathway in mutated NSCLC with exon 19 deletions (Figure 1)
[32-34]. Several randomized clinical studies have also reported
on the increased effectiveness of combined chemotherapy/
EGFR TKI treatments in patients with NSCLC bearing an
EGFR mutation. Therefore, to prevent or delay the emergence

Combinatorial therapy for EGFR TKls resistance

anti-VEGF/VEGFR mAb
/small molecule VEGFR2 inhibitors
+ EGFR TKls

= Vv progression free surviva

erlotinib+cisplatin
=Tefficacy
X resistance

EGFR specific siRNA

+ afatinib

= M growth inhibition
M apoptosis

{HIF-1o, &)

EGFR dependent

| scFV antibody mediated siRNA delivery for
| L KRAS, LEGFR, | MET + gefitinib
= synergistic effect/re-sensitization

MET TKls

+ EGFR TKls anti-HER2 Ab

= v outcomes /selective HER2
S inhibitors

+EGFR TKls

EGFR independent

Figure 1: Examples of combinatorial therapy for (left) EGFR-dependent and (right) EGFR-independent TKI resistance. The upward-pointing black
arrows indicate upregulation/increase, while the downward-pointing black arrows indicate inhibition/decrease. The black tick marks indicate a benefi-

cial effect. The red x mark indicates a delayed or prevented event.
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of acquired resistance to EGFR TKIs, adding carboplatin and
pemetrexed to gefitinib is recommended as a first-line option in
patients with EGFR-mutated tumors [35-40].

Inhibitors of two or more signaling pathways within a
signaling network

EGFR and VEGF share common downstream signaling, al-
though they may function independently during oncogenesis.
Increased VEGF levels, which have been confirmed in cancers
with acquired resistance, lead to the preservation of tumor
growth when the tumor is under attack from EGFR TKIs.
Because of the interplay of mechanisms, combining EGFR
TKIs and VEGF inhibitors seems to be a rational approach to
combat tumor resistance and increase the efficacy of anti-tumor
therapy [41-45]. Several trials that compared the efficacy and
safety of EGFR TKIs from the first, second or third generation
combined with anti-angiogenic therapy, such as small-molecule
inhibitors of VEGFR-2 (vandetanib, nintedanib, axitinib, and
cediranib) or anti-VEGF/VEGFR monoclonal antibodies (ramu-
cirumab, which is specific for the VEGFR-2 extracellular
domain, or bevacizumab, a VEGF-A inhibitor), have been con-
ducted to evaluate the efficacy of combination therapy in
mutated NSCLC (Figure 1). Results from preclinical and clini-
cal trials point to substantially improved progression-free
survival in patients with EGFR-mutant NSCLC receiving
combined EGFR TKIs and angiogenic therapy. However, this
combined therapeutic approach has been characterized by an in-
creased incidence of adverse reactions of grades 3-5 [41,46-53].
Nanomedicines can be used as tools for improved localization
of combination therapy at the site of action, improving the
outcome and decreasing the adverse effects.

Inhibitors of multiple targets within a single pathway
exerting synergistic effects

Amplification, overexpression, and mutation of MET and
HER?2 are heavily involved in EGFR TKI resistance develop-
ment, and the cross talk of these receptors is a way to avoid TK
inhibition in many cancers (Figure 1). Hence, these oncogenic
drivers are legitimate therapeutic targets in NSCLC with off-
target mechanisms of acquired resistance to first- and second-
generation TKIs. Various MET TKIs, among them crizotinib
and the more selective savolitinib, tepotinib, and capmatinib,
may be good candidates for EGFR TKI/MET TKI combination
therapy (Figure 1). This approach shows improved clinical
outcomes over chemotherapy or MET TKI monotherapy in
patients with advanced EGFR-mutant NSCLC who acquired
MET amplification or MET overexpression during EGFR TKI
treatment [54-62].

Further, substantial evidence for the efficacy of EGFR TKIs
combined with HER2-targeted therapy in patients with de-
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veloped EGFR TKI resistance due to HER2 amplification can
be found in the literature [63-65]. Patients with HER2 gene
mutations showing resistance to EGFR TKIs may be sensitive
to novel, more selective HER2 inhibitors (poziotinib and pyro-
tinib), HER2 targeting agents such as anti-HER?2 antibodies,
and small-molecule EGFR tyrosine kinase inhibitor dual
therapy (Figure 1). The administration of target-specific anti-
body—drug conjugates (cytotoxic chemotherapy) has also been
characterized by positive responses regardless of HER2-specif-
ic mutation sites. In oncogene-addicted cancers (HER2-mutant
cancer, oncogene-driven EGFR-positive, ALK-positive, or
RET-positive NSCLC), current studies do not encourage the use
of immune checkpoint inhibitors, with the exception of KRAS-
mutated cancers [61,64,65].

Despite the encouraging results of antibody—drug conjugates,
acquired resistance to these agents might eventually develop
following the initial positive response. Various mechanisms of
acquired resistance in patients with HER2-positive locally ad-
vanced breast cancer or metastatic breast cancer involving
factors crucial for their mechanism of action are reported across
the literature [66,67]. This suggests that such acquired resis-
tance might also become a common problem in advanced
NSCLC treatment [68]. Some of the potential factors of resis-
tance, such as poor internalization, defective intracellular traf-
ficking of the HER2 antibody—drug conjugates, masking of the
HER?2 epitope, high rate of recycling, and the effect of upregu-
lated drug efflux pumps, may be resolved by novel nanomedi-
cines designed to interact with the tumor cells in a variety of
ways with the goal of overcoming the limitations of the conju-
gates [68,69].

Cytotoxic or molecular targeting agents with siRNA

Targeting homologous mRNA sequences in cells and knock-
down of receptors involved in cell survival and proliferation
using RNA interference downregulates receptor protein expres-
sion, inhibits cell growth, and induces apoptosis. The effect ob-
tained by siRNA is not influenced by the receptor alteration
status and significantly decreases the gene's oncogenic poten-
tial. Chen et al. compared the efficacy of TKIs in NSCLC cells
harboring different mutations with combined therapy consisting
of TKIs (gefitinib, erlotinib, and afatinib) and EGFR-specific
siRNA. The authors noted that combined therapy with the po-
tent irreversible EGFR/HER TKI afatinib and EGFR-specific
siRNA resulted in enhanced growth inhibition and apoptosis
due to the inhibitory effect of the EGFR-specific siRNA on the
overall EGFR oncogenic activity, including the downstream
TKI resistance mutations (Figure 1) [70]. Lu et al. tested the
efficacy of combined siRNA treatment with gefitinib in several
NSCLC cell lines (A549, H1975, and H1993). The A549 cell
line carried wild-type EGFR and KRAS mutations, H1975 cells
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expressed L858R/T790M EGFR, and H1993 cells harbored
MET amplification. Therefore, three types of siRNA were used
as EGFR-scFv—-arginine nonamer peptide fusion protein com-
plexes, namely siRNA for KRAS, EGFR, and MET gene
expression silencing (Figure 1). The synergistic effect of gefi-
tinib and scFv antibody-mediated siRNA delivery for silencing
the expression of resistance-related genes was evidenced by a
significant reduction in cell growth and increased rate of apo-
ptosis compared to the cells treated with siRNA only. Further-
more, considering that these cell lines are EGFR-positive TKI-
resistant NSCLC cells, a synergistic effect of gefitinib and
siRNA may be regarded as proof of restored sensitivity of
EGFR-positive NSCLC to gefitinib as a result of silencing the
expression of resistance-related genes [71]. Therapy consisting
of EGFR siRNA combined with EGFR TKIs and anti-EGFR
monoclonal antibodies can additively enhance growth factor
inhibition in vitro, maintaining its biological efficacy in cells
and xenograft models with different mutation statuses [70,72-
74].

Further advances in the multimodal combination
therapy approach

KRAS proteins operate as guanosine diphosphate (GDP)/guano-
sine triphosphate (GTP) molecular switches in response to acti-
vated transmembrane receptors such as EGFR. The KRAS
mutation occurs at a frequency of around 30% in NSCLC, with
the KRAS p.G,C mutation being the most frequent variant.
Mutated KRAS cannot return to its inactive GDP form, which
triggers EGFR-independent activation of several downstream
effectors [75-77]. The binding of KRAS-GTP to several effec-
tors, among them PIK3K and RAF kinases, triggers activation
of downstream AKT and mTOR (PIK3K), which regulates apo-
ptosis, metabolism, and translation, as well as MEK and ERK
signaling (RAF kinases), which influences cell cycle progres-
sion and proliferation [78]. Therefore, it is expected that KRAS-
mutated tumors would not respond to EGFR TKIs. Patients with
KRAS-mutant NSCLC can benefit from direct KRAS inhibi-
tors, such as sotorasib, which lock KRAS in its inactive GDP-
bound form. However, a heterogeneous resistance pattern
during KRASG,C inhibitor treatment has been noticed after an
initial positive response [78-80]. Co-targeting of upstream
signaling (suppression of receptor tyrosine kinases) and down-
stream signal inhibition by targeting the RAF-MEK-ERK
signaling cascade are tested in clinical studies as relevant ap-
proaches to delay resistance and improve KRASG,C inhibitor
efficacy [81,82]. Clinical data from CodeBreak 100/101
revealed promising efficacy with long-lasting anti-tumor effects
when a programmed cell death protein 1 (PD-1) antibody was
administered alongside a KRASG,C inhibitor, suggesting that
PD-1 inhibition produces a synergistic effect with sotorasib and

enhances CD8-positive T-cell infiltration, which causes an inhi-
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bition of tumor growth [83-87]. In addition, there is substantial
evidence that the co-delivery of siRNA that shows specific
binding to mRNA of the most commonly occurring KRAS
missense mutations together with a chemical EGFR inhibitor
may efficiently reduce mutant KRAS-induced effects and may
contribute to overcoming resistance in the treatment of NSCLC
[72,88,89].

Many of the obstacles to the co-delivery of combined therapies
can be resolved by nanomedicines as tools for the targeted
delivery of high concentrations of anticancer drugs at their site
of action. Although designated as molecularly targeted thera-
pies, the targeting of receptors by EGFR TKIs and other recep-
tor inhibitors is not absolute. Once the EGFR TKIs are absorbed
from the gastrointestinal tract and distributed in the body, they
interact with EGFR signaling pathways of many normal cells
influencing their proliferation, differentiation, migration, and
apoptosis. This leads to side effects, including rash, erythema,
diarrhea, gastrointestinal perforations, ocular lesions, and hema-
tological disorders. Using nanomedicines as a vehicle for the
administration of TKIs may alleviate the aforementioned prob-
lems of conventional administration and (i) improve their phar-
macokinetic profile, (ii) increase tumor targeting potential and
localization at the tumor site, (iii) decrease the exposure of
healthy tissues to the drug, (iv) minimize off-site targets and
side effects, (v) even bypass, reduce, or reverse the multidrug
resistance mechanisms, and/or (vi) overcome acquired resis-
tance and sensitize mutant NSCLC cells to EGFR TKIs through
the synergistic action of combined therapy against various
multiple anti-tumor targets [20,22,90].

Surface-engineered nanoparticles for lung
tumor targeting and co-delivery of

combinatorial therapy

Simultaneous delivery of combinatorial inhibitors with the goal
of targeting multiple constituents within a single pathway or
different oncogenic pathways in therapeutic concentrations at
the tumor site, preferentially in the tumor cell, is essential for
the efficacy of the therapy. Adequate concentrations might not
be achieved with conventional dosage forms mainly due to the
poor localization of the free drug molecules at the site of action
and the differences in bioavailability and pharmacokinetic pa-
rameters. Notably, the failure of delivery at the right time and at
the right place contributes to severe systemic toxicities and inef-
fectiveness. Successful translation of scientific knowledge of
the mechanisms of resistance combined with nanotechnology as
a tool for targeted delivery may bring improvements in the effi-
cacy of anticancer drugs and may aid in elucidating the benefi-
cial synergistic combinations regarding lung cancer subtype
treatment. Nanomedicines have the potential for (i) multivalent

targeting and co-delivery of agents to endothelial cells, tumor

245



microenvironment, and tumor cells, (ii) delivering large
payloads of active substances with different physicochemical
properties, such as small-molecular drugs and siRNA, to the site
of action, and (iii) limiting drug resistance [91]. Nanotherapy
can change the landscape of clinical lung cancer treatment by
mitigating the risk of therapeutic failure due to the non-coordi-
nated co-delivery of therapeutic agents and off-target side
effects. However, despite substantial progress, a precise control
of the in vivo trajectories of the nanosystems is still beyond our
reach. Some of the promising approaches and design considera-
tions in the engineering of tumor-homing nanoparticles will be
discussed below with an emphasis on increased lung tumor
tissue localization.

Current approaches for overcoming biological
barriers and improved drug targeting

Looking back at almost half a century of research on drug
targeting, experimental evidence shows that efficient tumor lo-
calization and intracellular delivery may still be very chal-
lenging. However, an improved understanding of the mecha-
nisms involved in angiogenesis, tumor—stroma interactions, mo-
lecular heterogeneity between cancers, genetic and epigenetic
alterations, and cancer marker expression has not only im-
proved current therapeutic plans for cancer patients but has had
an impact on the design approaches of the nanotools for cancer
imaging and anticancer drug delivery. In recent years, new plat-
forms to enhance the low tumor targeting capacity of nanomedi-
cines using biomimetic targeting motifs, multifunctional and
multistage nanomicelles and polymer nanoparticles, and nano-
structured lipid nanocarriers, combined with precision oncology
research to identify additional targetable biomarkers, have
emerged. Some have been applied in the co-delivery of clinical-
ly relevant combinations of molecularly targeted drugs,

chemotherapeutic agents, and siRNA.

Historically, the most promising first-generation, passive
targeting, stealth polymer NPs for anticancer drug/gene delivery
are hydrophobic core—hydrophilic shell NPs including (i) self-
assembled kinetically stable amphiphilic block copolymer
core—shell NPs, (ii) polymer—polypeptide hybrid core—shell
NPs, and (iii) polymer-lipid hybrid core—shell NPs additionally
decorated with ligands for overexpressed receptors on cancer
cells [92]. Traditionally selected overexpressed cancer cell sur-
face markers for the active targeting of NPs include avf3 inte-
grin, aminopeptidase N (CD13), lymphocyte homing receptor
(CD44), programmed death ligand-1 (CD274), folate receptor
protein, nucleolin receptor, epidermal growth factor receptor
(EGFR), vascular endothelial growth factor receptor (VEGFR),
human epidermal growth factor receptor 2 (HER2), luteinizing
hormone-releasing hormone (LHRH) receptor, and somato-
statin receptors (SSTRs) [93].
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Due to the complexity of the problem of specific targeting, sec-
ondary to the many different types of barriers in the body, in-
corporating several functionalities to address diverse barriers
might improve the targeting efficacy of nanomedicines. Various
solutions have been proposed to improve mononuclear phago-
cytic system (MPS) evasion, extravasation at the tumor site, and
diffusion through the dense collagen matrix of the solid tumors.
Biomimetic, multifunctional, and multistage targeted nanoscale
delivery systems with improved potential for intratumor and
intracellular localization, as well as sub-cellular targeting,
capable of tackling several body barriers and tumor hetero-
geneity more efficiently, have been designed to address the
problems of efficient targeting [94].

Multifunctional stimuli-responsive nanosized drug delivery
carriers: Mixed-layer and multilayered nanocarriers with biore-
sponsive and cleavable layers, possessing different functional
properties for improving the enhanced permeability and reten-
tion (EPR) effect, diffusion in the tumor microenvironment, cel-
lular internalization and subcellular targeting, were synthesized
by click coupling reactions or arranged by self-assembly and
co-assembly of block copolymers. These carriers may chal-
lenge different barriers after bioresponsive cleavage of the
above functionalities. One recently published example involves
a micellar structure composed of a polycaprolactone (PCL)
core, a mixed poly(2-dimethylamino)ethyl methacrylate/
poly(ethylene oxide) (PDMAEMA (TPP)/PEQ) middle layer,
and a PEO corona. The system was self-assembled using
poly(ethylene oxide)-poly(e-caprolactone)-b-poly(ethylene
oxide) (PEO]13—b—PCL70—b—PEOU3) and poly(2—(dimethy1—
amino)ethyl methacrylate)-b-poly(e-caprolactone)-b-poly(2-
(dimethylamino)ethyl methacrylate (PDMAEMA »o(TPPH)_p-
PCL79-b-PDMAEMA,((TPP")) block copolymers. PEO-PCL
blocks were linked using acetal groups to enable the cleavage of
the PEO blocks from the NP surface in the acidic environment
of a tumor and the lysosomes, exposing the PDMAEMA layer
decorated with triphenylphosphonium (TPP) ligand to the envi-
ronment. The TPP lipophilic cation is characterized by a large
hydrophobic surface area, which facilitates its permeation
throughout phospholipid bilayers, lysosomal escape due to the
proton sponge effect, and further accumulation within mito-
chondria [95]. Barthel et al. developed mixed-layer ABC
triblock terpolymer mixed PEO shell nanomicelles of a size
below 30 nm, based on poly(ethylene oxide)-b-poly(allyl
glycidyl ether)-b-poly(tert-butyl glycidyl ether) (PEO-b-PAGE-
b-PtBGE). The PAGE segment can be subsequently modified
using thiolene chemistry to introduce positive charges [-NH;
(cysteamine, ENT)], negative charges [-COOH (3-mercapto-
propionic acid, ECT)], and active targeting ligands [thiogalac-
tose residues (EGT)] for fine-tuning the charges in the shell in

different biological environments either for higher uptake or
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reduced toxicity. In brief, the ABC triblock terpolymers
comprised identical A and C segments. Yet, different function-
alities in the middle PAGE block (B) are directly correlated to
the combination and the number of functionalities and, there-
fore, easily adjusted to optimize the systems for different target
sites, which is especially promising for nucleic acid delivery
[96]. One example of multifunctional, multilayer, biorespon-
sive lipid polymer nanoparticles with a cleavable layer as a
vessel for the co-delivery of erlotinib and bevacizumab was
recently published by Pang and co-workers. Clinical studies
point to the serious toxicity of conventional application, which
might be mitigated with nanotools for co-delivery of therapy for
the dual inhibition of VEGF and EGFR pathways. The de-
signed nanocarrier was composed of a polycaprolactone core
with bevacizumab and erlotinib, coated with a phospholipid
layer, with anchors composed of hyaluronic acid—adipic acid
hydralazide—poly(ethylene glycol) (HA-ADH-PEG).
Hyaluronic acid-decorated lipid polymer hybrid nanoparticles
(LPH NPs) specifically target overexpressed CD44 at the
NSCLC cells. In the acidic tumor environment, the pH-respon-
sive linker between HA and PEG is hydrolyzed, leading to the
cleavage of the HA layer. This, in turn, decreases the NP size
and enables faster tumor diffusion, improved internalization,
and drug release at the site of action. These nanocarriers exhib-
ited a high degree of tumor homing, low toxicity, and efficient
tumor inhibition in vitro and in a tumor mouse model [97]. An
additional example of multilayered cleavable pH-responsive

nanoparticles for KRAS mutated cancer is described in Table 2.

Multistage drug delivery systems: Multistage nanocarriers
address the issue of heterogenous barriers by the use of differ-
ent groups of particles carrying various functional modalities.
Tasciotti et al. proposed a multistage delivery system composed
of stage-1 mesoporous silica particles with improved deposi-
tion in the vascular endothelium, optimized for crossing the en-
dothelial barrier through intravascular gaps or fenestrations or
actively by a transcytotic mechanism, loaded with one or more
types of stage-2 nanoparticles. The payload of drug/diagnostic
agent-loaded nanoparticles optimized for improved interaction
with various cancer cells, including lung cancer cells, is re-
leased over time at the tumor site, showing facilitated diffusion
through tumor tissue due to their smaller size and specific sur-
face engineering [111]. Wong et al. developed a multistage
system with facilitated tumor diffusive transport composed of
100 nm gelatin nanoparticles, capable of releasing 10 nm NPs
from their surface, triggered by protease degradation after
tumor homing by the EPR effect [112]. Mesoporous silica vesi-
cles (MSVs; d,y = 3 pm) with high affinity to tumor vascula-
ture were also described by Blanco et al. as a platform for the
triggered release of various therapeutic nanoscale vectors (lipo-

somes, gold nanoshells, and microbots) and imaging contrast
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nanoparticles (quantum dots and iron oxide), after homing into
the tumor environment [113]. Xu et al. described an injectable
nanoparticle generator (iNPG) showing substantial natural
tumor tropism designed as aminopropyltriethoxysilane
(APTES)-functionalized nanoporous silica particles loaded with
a poly(r-glutamic acid) pH-cleavable linker—doxorubicin conju-
gate, which self-assembles into NPs after its release from the
iNPG [114]. Li et al. designed a multistage nanocarrier for
NSCLC targeting, composed of icotinib-loaded amphiphilic
chitosan micelles with hyaluronic acid—doxorubicin NPs lay-
ered by electrostatic adsorption upon the micelle surface.
Hyaluronic acid was used for CD44 targeting (a receptor that is
often overexpressed on the surface of lung tumor cells), as well
as for the optimization of biodistribution, improved tumor
homing potential, and cell internalization of the nanocarriers.
Due to the enhanced tumor accumulation, reduced accumula-
tion at the off-site targets, and same-place/same-time delivery of
therapeutic concentrations of both drugs at the site of action, an
optimal synergistic effect of the active substances and efficient
tumor inhibition was achieved [115]. Lv et al. prepared multi-
functional dendrimer nanoscale complexes composed of anti-
EGFR aptamer-modified poly(amidoamine) (PAMAM) loaded
with erlotinib and chloroquine (CQ) for NSCLC treatment.
These cationic nanoparticles showed high condensation
capacity for survivin-small hairpin RNA (survivin-shRNA),
which was trapped by electrostatic interactions in the cavity be-
tween several assembled nanoparticles (AP/ES+CQ NPs; AP =
amine-terminated PAMAM dendrimers modified with anti-
EGEFR aptamer; ES = erlotinib and survivin-shRNA; Figure 2,
Figure 3). The nanocomplexes demonstrated pH-dependent
selective survivin-shRNA release in the acidic environment
after endosomal escape and disassembly to single PAMAM
nanoparticles showing continuous release of erlotinib and
chloroquine. Chloroquine has a dual effect on the efficacy. It
improves vascular barrier integrity and together with PAMAM,
facilitates endosomal escape. Down-regulation of survivin
reverses EGFR TKI resistance in T790M mutant NSCLC cells
and sensitizes the tumor to erlotinib. The synergy of survivin
and EGFR downregulation coupled with decreased angiogen-
esis results in significant inhibition of proliferation and im-

proved induction of apoptosis [116].

Biomimetic drug delivery systems: The natural tropism of
biomimetic materials for improved tissue localization has been
proven to be a valuable tool in lung cancer targeting. Anselmo
et al. evaluated the cell hitchhiking approach in targeting using
red blood cell-polystyrene NP (200 and 500 nm) complexes
(RBCsNP complexes) [119]. Compared to the free NPs, the
delivery of RBCsNP complexes to the lungs, that is, the first
capillary bed downstream of the IV injection of the NPs, was

five-fold increased, which makes RBCsNP complexes very use-
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Table 2: Examples of various nanoparticles for the co-delivery of combinatorial therapy for resistant lung tumor treatment.

Type Co-delivered agents

polymer NPs (PLGA-PEI?) paclitaxel (PTX) + Stat3 siRNA

polymer NPs (MPEG-PLAP) ERL + cilengitide (Cilen;

integrin avB3 inhibitor)
polymer NPs (PEG-PLAC) ERL + fedratinib (FDTN; JAK2
inhibitor)

pH-responsive polymer NPs

doxorubicin (DOX) + Bcl2
(DOX-PEI+Bcl2 siRNAJ)

siRNA

complex polymer micelles
(P85-PEITPGS®)

paclitaxel (PTX) + survivin
shRNA (shSur)

micelleplexes (pH-responsive
cationic micellar nanoparticles;
PDMA-b-PDPA)

multilayered PAA cleavable
pH-responsive nanoceria
(FA-PAA-PNC9)

multistage solid lipid NPs
(SLNs) loaded in microspheres

paclitaxel (PTX) + Bcl-2 siRNA

doxorubicin + ganetespib

afatinib (AFT) + paclitaxel
(PTX)

liposomes (PEGylated

docetaxel (DTX) + Bcl-2 siRNA
lipo-DTX/siRNA NPsh)

nanostructured lipid carriers
(LHRH-decorated
NLC-PTX-siRNA)

paclitaxel (PTX) + gefitinib
(GEF) + siRNA targeted to
EGFR

polymer-coated magnetic NPs
(FA-PAA-P{(MCO)o(Pt) +
ganetespib/)

PEG-modified metallic NPs
(IR780@INPs-CTXK)

platinum cyanoximate complex
+ ganetespib

cetuximab + IR780
(sonodynamic therapy)

PEG-modified gefitinib + CuS (photodynamic
photoresponsive metallic switching)
nanocarriers

Description and outcome Ref.

increased sensitivity of NSCLC cells to paclitaxel due
to the silencing of STAT3

Cilen reversed EGFR resistance to ERL by inhibition
of integrin avB3, the activator of
galectin-3/KRAS/RalB/TBK1/NF-«kB

re-sensitization of EGFR resistant cancer to ERL due
to suppression of JAK2/STAT3 and disruption of
EGFR/JAK2/STATS axis

suppression of Bcl2 (a key regulator among the
anti-apoptotic proteins) resulted in DOX enhanced
antitumor efficacy

down-regulation of survivin, enhanced
paclitaxel-induced apoptosis and cell arrest in the
G2/M phase

suppression of Bcl2 (a key regulator among the
anti-apoptotic proteins) resulted in enhanced
antitumor efficacy of PTX

ganatespib synergizes and accelerates therapeutic
efficacy of DOX via ROS production

(98]

[99]

[100]

[101]

[102]

[103]

[104]

synergistic effect of afatinib and PTX due to
inactivation of p70 s6 kinase by PTX and inactivation
of PIBK/AKT/mTOR

suppression of Bcl2 (a key regulator among the
anti-apoptotic proteins) resulted in enhanced DTX
antitumor efficacy

i) suppression of EGF tyrosine kinase signaling
pathways, ii) prevention of EGF receptor protein
synthesis, and iii) induction of cell death by the
microtubule-stabilizing drug paclitaxel lead to an
enhanced therapeutic effect in EGFR TKI resistant
cancer

ganetespib effectively suppressed KRAS mutated
cancer cells when co-delivered with Pt-agents and
prevented multidrug resistance

combinatorial treatment compensates for
cetuximab-resistant mutations due to the
ROS-generating potential of IR780, which promotes
cell apoptosis and inhibits proliferation

re-sensitization to gefintinib as a result of the
inactivation of bypass signaling in gefitinib resistant
tumors due to increased ROS levels which
downregulate expression of IGF1R and its
downstream AKT/ERK/NF-kB signaling

[105]

[106]

[107]

[108]

[109]

[110]

apPLGA-PEI NPs covered with a PEI corona; Pmethoxy poly(ethylene glycol)—poly(L-lactide) NPs; Cpoly(ethylene glycol)—poly(lactic acid) NPs;
ddoxorubicin—polyethyleneimine conjugate via a pH-sensitive linker mixed with Bcl2 siRNA; €Pluronic P85—polyethyleneimine conjugate and p-a-toco-
pheryl—polyethylene glycol 1000 succinate complex NPs; fpH-responsive poly(2-(dimethylamino) ethyl methacrylate)-b-poly(2-(diisopropylamino) ethy!
methacrylate) NPs; 9folic acid-decorated polyacrylic acid-coated pH-responsive cerium oxide NPs; "PEGylated cationic liposome complex with Bcl-2
siRNA; iluteinizing hormone-releasing hormone decapeptide-decorated multifunctional nanostructured carriers prepared by self-assembly of liquid/
solid lipids, surfactants, and cationic lipids; ifolate-ligated PEGylated polyacrylic acid-coated magnetic NPs with encapsulated platinum cyanoximate
complex and ganetespib; kPEG-modified (distearoyl-glycero-phosphorylethanolamine-PEG-COOQH) iron tetroxide core nanoparticles loaded with

IR780 and decorated with cetuximab.

ful for lung tissue targeting. Once in the lung microcirculation,
the RBC-bound NPs are mechanically detached from the RBCs
when the RBCs are squeezed through the tiny capillaries of the
air-blood barrier and transferred to the endothelium by nonspe-
cific interactions. When decorated with vascular endothelium-
specific ligands, as in the case of RBCs anti-PECAM mAb-

coated polystyrene NPs, the complex showed a 760-fold
increase in the lung-to-liver distribution ratio compared to non-
specific NPs. Different studies envision RBCsNPs complexes as
a highly performant platform for augmented NP localization,
which can be easily translated to drug delivery systems for lung
and brain targeting [119-122].
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C

Figure 2: (A) Gefitinib-loaded gelatin-A NPs functionalized with a cetuximab-siRNA conjugate (Ab-SiRNA-GelGEF NPs). 1: Gelatin-A nanoparticle,

2: cetuximab—KRASG 12C-specific siRNA conjugate, and 3: gefitinib [117]. (B) Multifunctional dendrimer nanocomplex. 1: poly(amidoamine) (PAMAM)
nanoparticle, 2: erlotinib, 3: anti-EGFR aptamer, 4: chloroquine, and 5: survivin sh-RNA trapped in the cavity between PAMAM nanoparticles struc-
tured together in a dendrimer nanocomplex (AP/ES+CQ NPs; AP = amine-terminated PAMAM dendrimers modified with anti-EGFR aptamer;

ES = erlotinib, and survivin-shRNA) [116]. (C) Cetuximab—cationic gelatin—specific siRNA delivery system (CTB-cGel-siRNA conjugate). 1: Cetux-
imab, 2: cationic gelatin, and 3: KRASG12C-specific siRNA [118].

CTB-cGel-siRNA conjugate

Ab-siRNA-GelGEF NP

7 Si-RNA

JKRASGI12C
\l/RAS/RAf/MEK/ERK L~ sh-RNA
reverse gefitinib resistance Jsurvivin

\]/PTEN/AIiT pathway

reverse erlotinib resistance

/
/
7

Figure 3: Nanotools for reversal of EGFR TKI resistance by RNAi. Favorable cell internalization was mediated by anti-EGFR aptamer/EGFR interac-
tion (AP/ES+CQ) and cetuximab—EGFR interaction (Ab-siRNA-GelGEF NPs; CTB-cGel-siRNA conjugate). Efficient transfection was enabled by
endosomal escape facilitated by (i) endosomal buffering and the proton sponge effect of chloroquine and PAMAM dendrimer (AP/ES+CQ), (ii) proton
sponge effect of Ab-siRNA-GelGEF NPs, and (iii) proton sponge effect the CTB—cationic gelatin—siRNA conjugate. 1: Early endosome and 2: late
endosome. This figure contains a modified version of “Liposome” by rafeequemvi CC BY 3.0. This figure contains a modified version of "Antibodies
IgG" by LucasPresoto is licensed under CC BY 4.0.

Biomimetic cell membrane protein-decorated NPs successfully a “do not eat me” CD47 cell signal, and an immuno-suppres-
mitigate immune system recognition, increase blood circulation  sive protein shell instead of, or combined with, a PEG corona
time, improve nonspecific tumor targeting, and increase tumor are among the most common biomimetic cell membrane-based
homing potential. NPs with red blood cell-like (RBC) surfaces, NP examples in literature. So-called red blood cell vesicle shell
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nanoparticles (RVPNs), or RBC-mimetic NPs, showed signifi-
cant retention in the systemic circulation and significantly de-
creased macrophage uptake compared to the conventional NPs
with PEG corona [123]. Improved targeting may be achieved by
RVPNSs coupled with the tumor-penetrating peptide iRGD spe-
cific to av integrins and neuropilin-1 receptors. After binding to
avB3 and avP5S integrin receptors in the tumor vasculature,
iRDG is subsequently cleaved by cellular proteases to a frag-
ment with a stronger affinity for the neuropilin-1 receptor.
Neuropilin-1 receptor binding triggers extravasation and initi-
ates deep tissue penetration, intratumoral dissemination, and
infiltration into the tumor parenchyma [123-125]. RVPNs deco-
rated with a composite of an anti-EGFR single-domain anti-
body and iRGD provided long circulation time, improved
extravasation and tumor localization, enhanced parenchymal
penetration, as well as increased interaction with the overex-
pressed EGFR receptors [126]. Such multifunctional nanocar-
riers with multistage targeting hold promise for improved effi-
cacy of treatment and increased the intracellular availability of
anticancer agents for solid tumors with EGFR overexpression,

among them lung cancer.

Leuko-like membrane-decorated NPs, platelet membrane-
coated core—shell nanovesicles, and cancer cell membrane-
coated nanoparticles are also versatile biomimetic nanocarriers
showing improved biodistribution and increased tumor-homing
potential [127-130]. Among them, cancer cell membrane
biomimetic NPs may demonstrate specific homologous
targeting to cancer cells [131]. In addition, hybrid cell mem-
brane biomimetic shells composed of fused red blood cell mem-
brane and homotypic cancer membrane materials may signifi-
cantly contribute to personalized nanomedicine design for

targeting various tumors [132].

One example of biomimetic NPs was described designed by
Wang and co-workers. They used the natural tropism of mouse
bone marrow mesenchymal cells (MSCs) for lung tumors for
improved targeting of docetaxel (DTX) NPs (DTX-loaded poly-
lactide-co-glycolide-b-poly(ethylene glycol); PLGA-b-PEG)
loaded into the MSCs. The authors used animal models to show
predominant lung trapping of MSCs in both rabbit and monkey.
In vitro experiments in A549 NSCLC cells pointed to the
release of the DTX-loaded PLGA-b-PEG NPs from the MSCs
and their subsequent internalization. Efficient internalization
and tumor inhibition were also confirmed in an in vivo lung

cancer mouse model [133].

Models for drug targeting via nanocarriers and ideas for the
resolution of the main drawbacks regarding their performance
are numerous. Only a choice of approaches was discussed in

this section giving rational solutions for improving the homing
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potential and decreasing off-site targets, which is one of the
major issues in targeted system design. Experimental options
are endless, but experience from clinical studies is still insuffi-
cient when it comes to the clinical development of nanosystems
with high homing potential and acceptable toxicological
profiles [134]. A systematic approach in synthesizing statistical
copolymer libraries, fine-tuning nanoparticle biointeractions,
and polymer bioresponsiveness, hand in hand with cell culture
experiments for fast screening and dynamic cell culture models,
may greatly improve the successful outcomes in the engage-
ment of nanotools in clinical treatments in the future [135].
Recently, lipid nanocarriers gained a lot of attention owing to
their ability to carry and efficiently deliver gene therapy materi-
als and antigens. Some of the approaches for their fine-tuning
for lung cancer targeting and nucleic acid co-delivery for the

treatment of resistant lung cancer will be discussed below.

The challenge of nucleic acid tumor targeting

Silencing target genes using siRNA is an attractive therapeutic
approach with significant translational potential in lung cancer
treatment. The high specificity of siRNA in the downregulation
of oncogenes offers numerous advantages in combinatorial lung
cancer treatment for targeting mutations that contribute to the
resistance to cancer therapy. Synthetic siRNA can be designed
to inhibit any target gene expression and consequently prevent
or decrease target protein expression, thus, altering the prolifer-
ation of cancer cells. Separate transcripts or mutations may also
be specifically targeted using siRNA according to the genetic
tumor profiling of resistant tumors. The increase in under-
standing of driver mutations of oncogenes and molecular mech-
anisms that contribute to cancer therapy resistance encouraged
the therapeutic application of RNA interference as a powerful
tool to fight resistant tumors. Knockdown of oncogenic genes
involved in drug resistance combined with traditional therapy or
molecularly targeted agents for subsequent tumor killing may
alleviate the issue of resistance. Some of the recent approaches
in the design of nanocarriers for overcoming the challenges of
siRNA delivery and therapeutic nanosystems for combined
RNAI treatments of resistant NSCLC will be discussed below.

The delivery of siRNA therapy to its targets in vivo is a
demanding task limited by extracellular and intracellular chal-
lenges. Combinatorial therapy further complicates the right-
time, right-place co-delivery of siRNA with other active ingre-
dients due to the differences in the physicochemical properties,
delivery, and stability problems. The nanoparticle core for
siRNA delivery should generally be positively charged to facili-
tate siRNA loading by electrostatic interactions. Frequently
used traditional polymer materials as nonviral vectors for
siRNA encapsulation are polyethyleneimine (PEI), cationic

dendrimers, phospholipids, cationic lipids, polysaccharides such
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as cyclodextrin, inulin, and chitosan. These polymers are used
alone or combined with amphiphilic polymers for core—shell
nanoparticles such as the triblock polymer poly(r-lactide)-
poly(ethylene glycol)-poly(r-lactide) (PLLA-PEG-PLLA) to
increase the stability and decrease the immunogenicity of the
nanosystems [136,137].

Lipid nanoparticles (LNPs) in clinical trials are mainly
composed of ionizable cationic lipids, amphipathic phospho-
lipids, cholesterol, diffusible PEG lipids (for transient protec-
tion), and a targeting ligand [138]. After IV administration, lung
capillaries receive the entire cardiac output, but successful lung
localization of nanocarriers depends upon NP interaction with
the endothelial cells. Lung endothelial cells are an important
target for drugs and gene delivery as they are involved in pro-
cesses such as inflammation, vascular permeability, and tumor
growth. Also, they play an important role in cancer develop-
ment [139,140]. However, efficacy or functional delivery
cannot be predicted by solely considering the biodistribution.
Endothelial transcytosis and improved tropism to tumor tissue/
cells, internalization rate, intracellular trafficking, and endo-
somal release are crucial to maximize the delivery or
co-delivery of active agents to the site of action in the cell
[141].

State-of-the-art LNPs for siRNA gene silencing, that is, stable
antisense—lipid particles (SALPs) and stable nucleic acid-lipid
particles (SNALPs), were recently developed as PEGylated
lipid carriers based on ionizable lipids with pKa values be-
tween 6 and 7. Onpattro™ is the first RNAi therapy used for
liver-based gene silencing approved by the FDA and EC and is
a SNALP transfection system based on transient PEGylation.
The lipid components of these benchmark LNPs for siRNA and
mRNA delivery to the liver are: (i) DLin-MC3-DMA (an
ionizable cationic lipid that contains amine functions with an
acid dissociation constant of ca. 6.5, neutral at physiological pH
and relatively non-toxic and non-immunogenic because of a
low surface charge in the physiological environment),
(ii) distearoyl phosphatidylcholine (DSPC), (iii) cholesterol, and
(iv) PEGy00o-C-DMG (PEGylated myristoyl glyceride, a lipid
with Cy4 acyl chains). The PEGylated lipids (PEG;(go-C-DMG)
are conjugated with short anchors to the NP lipid membrane,
which allows for their redistribution from the NP surface in the
surrounding environment and exposure of the ionizable lipids at
the surface of the LNPs. After dissociation of the PEGylated
lipids, the naked surface of the particles containing the ioniz-
able DLin-KC2-DMA, which is neutral in a biological environ-
ment, interacts with apolipoprotein E (ApoE), enabling ApoE
liver-mediated targeting. Transient PEGylation facilitates not
only the localization and interaction with the target cell but also

improves ion pair formation between the ionizable lipid (which
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will become cationic at pH 4) and the anionic endogenous endo-
somal phospholipids. This will enable the fast release of the
payload into the cytoplasm and efficacious transfection [142-
148]. Besides the efforts for liver and liver hepatocyte targeting,
different research groups are working on the challenge of devel-
oping lipid nanoparticles for specific organ targeting after IV
administration, including lipid nanoparticles for lung targeting
or targeting relevant cell types, that is, epithelial cells, endothe-
lial cells, immune cells of the lungs, B cells, and T cells. Data
regarding the biodistribution of polymers, polymer lipids, and
lipid nanoparticles indicate that the internal and external nano-
particle charges are one of the most influential factors for selec-
tive organ and tissue tropism of nanostructured LNPs [149-
153]. Cheng et al. added 1,2-dioleoyl-3-(trimethylammonium)
propane (DOTAP), a permanently charged quaternary amino
lipid, to SNALPs used for Onpattro™. They reported a shift of
the protein expression profile from liver to spleen and lungs.
The authors also pointed to charge-mediated changes in organ
distribution, depending on the type of lipid, upon IV injection of
LNPs fine-tuned for organ tropism with increasing DOTAP
concentration. Components of the NPs fine-tuned with DOTAP
were 5SA2-SC8 (a degradable dendrimer ionizable cationic lipid
with pK, < 8), 1,2-dioleoyl-sn-glycero-3-phosphoethanol-
amine (DOPE), cholesterol, 1,2-dimyristoyl-rac-glycerol-
methoxy(poly(ethylene glycol)) (DMG-PEG; 15/15/30/3,
mol/mol), and mRNA (5A2-SC8/mRNA, 20/1, wt/wt)
[154,155]. Although it is still a challenge to design SNALPs for
efficient tumor cell targeting, the design of lung-, spleen- and
liver-specific mRNA LNPs for selective organ targeting
(SORT) is evidence that there is a light at the end of the tunnel
and a solution for nucleic acid delivery problems for cancer and
gene therapy. Additional findings in the field emerged with the
combinatorial synthesis of SORT lipid libraries, which im-
proved screening, selection, and optimization of ionizable

SORT lipids for exclusive organ/tissue localization.

Considerable effort has also been made to understand the influ-
ence of the chemical properties (head structure, tail length,
degree of unsaturation, and degree of branching) of lipidoids
(i.e., above cationic lipid-like materials) and the lipidoid tail
structure on biodistribution and efficacy of the NPs. It has been
found that imidazole-based synthetic lipidoids preferentially
target the spleen, the amide-containing lipidoids contribute to
increased lung targeting, and lipidoids with ester bonds in the
tail tend to deliver mRNA into the liver [156]. Rational design
of LNPs by in vitro and in vivo optimization of morphology and
ratio of the lipid components and their physicochemical proper-
ties (polar headgroup, linker region, and type and length of
hydrophobic domain), PEG amount, PEG lipid alkyl length, as
well as the physicochemical properties of the LNPs (zeta poten-

tial, pK, value, and structure and conformation of the lipid bi-
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layer) will result in improved targeting, localization, internaliza-
tion, and endosomal escape. This will increase the potency of
the NPs. The FIND project is a high-throughput approach to
identify and define the rational design of LNPs for functional
delivery of mRNA to the liver and non-liver tissues and targeted
gene editing. Structure—activity relationships of the LNPs are
discovered by building and evaluating different LNP libraries
[153]. Studies should also intensify in the area of nanoscale
biointerface interactions and their influence on specific
targeting and internalization, improved tolerability, and the
reduction of immunogenicity and off-target effects that may
generate systemic cytokines, activate complements, and inten-
sify the frequency of the side effects.

A multifunctional envelope-type nanodevice (MEND), inspired
by the influenza virus, for lung endothelial cell siRNA targeting
was recently reported in the literature. The authors discussed
that the developed Glu-Ala-Leu-Ala peptid (GALA)-MEND
NPs could be clearly distinguished from conventional cationic
lipoplexes and polyplexes, which are known for their high fre-
quency and magnitude of coagulant, inflammatory, and hemo-
lytic side effects. Conventional cationic complexes may form
large aggregates with erythrocytes, which will drive lung accu-
mulation, induce microinfarctions and ischemia and cause
possible myocardial damage. The GALA-MEND structure
consists of a complex of siRNA and PEI, encapsulated in a
cationic liposomal envelope (di-octadecenyl-trimethylammoni-
umpropane (DOTMA)/egg phosphatidylcholine (EPC)/choles-
terol), the surface of which was modified with cholesteryl
GALA (Chol-GALA) and stearylpolyethylene glycol 2000
(STR-mPEG2000). GALA is a synthetic pH-sensitive peptide
inspired by the envelope-type influenza virus. GALA improves
siRNA delivery to endothelial cells after its structural transfor-
mation in the acidic environment of the endosomes, which facil-
itates endosomal membrane fusion and endosomal escape. This
artificial virus-like vector and nucleic acid carrier showed high
efficacy in targeting the lung endothelium because of lectin re-
ceptor recognition by the GALA protein. When intravenously
administered to mice, due to the high targeting potential and
efficacious siRNA delivery, GALA-MEND induced more than
80% gene knockdown compared to the non-treated group and
successfully suppressed lung metastasis by approximately 50%
compared with the control groups [157,158]. Santiwarangkool
et al. tried to improve the lung-targeting potential of GALA
peptide-decorated liposomes by adding a polyethylene glycol
linker between GALA and the lipid surface. Liposomes modi-
fied with GALA/PEG2000 showed increased lung accumula-
tion after IV administration in mice and were internalized more
efficiently by human lung endothelial cells (HMVEC-L) com-
pared with GALA/Chol-modified liposomes [159]. Targeting
and functional efficacy of siRNA-loaded GALA/PEG2000-
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MENDssPalmE NPs modified with an intracellular environ-
ment-responsive lipid-like material (i.e., pH-activated ssPalmE)
resulted in highly efficient knockdown of a lung endothelium
specific gene in a mice model. Compared to GALA-modified
NPs, GALA/PEG2000 as a ligand resulted in a more efficient
gene knockdown. Abd Elwakil et al. further investigated the
possibilities for improvement of gene silencing efficacy and
targeting potential of GALA-MEND for siRNA delivery to the
lung endothelium. They replaced DOTMA with a pH-sensitive
lipid (YSKOS5) in the LNPs. The incorporation induced a
dramatic improvement in silencing efficiency by enhancing
endosomal escape. However, this also caused a reduction in
lung selectivity, raising the awareness that not only the targeting
ligand but also the composition of the nanosystem itself heavily
influences the nanoscale biointeractions and the organ selec-
tivity. GALA/YSKO5-MEND NPs were more efficient than a
previously developed MEND with a robust lung endothelium
gene knockdown at small doses of 0.01 mg siRNA-kg™! [160].
Hagino et al. optimized GALA/YSKO05-MEND-modified LNPs
for pDNA delivery to the lungs. They prepared a double-coated
MEND composed of DOPE/STR-R8 (9.55:0.45) as the inner
coating, while the outer coating was composed of DOTMA/
YSKO05/Chol/DMG-PEG/CholGALA (4:4:2:0.3:0.4). The
MEND showed a higher lung/liver ratio and efficient gene
expression in the lung [161].

Co-delivery of cytotoxic agents, chemical inhibitors,
and nucleic acids using nanocarriers

Garbuzenko et al. designed LHRH decapeptide-decorated
multifunctional nanostructured lipid carriers (NLCs) for
co-delivery of siRNA and paclitaxel as combined therapy for
resistant NSCLC. Suppression of four types of EGFR tyrosine
kinases (TKs) by a pool of siRNAs resulted in a three- to seven-
fold greater in vitro efficacy of the LHRH-NLC-siRNAs-PTX
combined therapy compared to gefitinib in three cell lines with
decreasing order of gefitinib sensitivities, H3255, A549, and
H1781, regardless of the EGFR TK mutation status. LHRH
peptide may influence biodistribution and cell internalization as
it is overexpressed in many types of cancer cells, including
human lung cancer cells. In contrast, no detectable levels can be
found in liver, kidney, spleen, heart, muscle, and lung. The
LHRH-decorated nanomedicines showed a favorable lung dis-
tribution after IV and pulmonary administration in a mouse
model and superior anticancer effect in a human lung ortho-
topic A549 mouse model compared to the treatment with a local
inhalation with gefitinib [162]. Another example of LHRH-
decorated multifunctional nanostructured lipid nanocarriers for
EGFR-resistant cancer is described in Table 2.

Aiming to improve tumor response and regression, Xue et al.

proposed lipid/polymer nanocarriers composed of 7C1 (i.e.,
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PEI-C;5 carbon lipid) mixed with C{4PEG2000 for concurrent
delivery of miR-34a and siKRAS, to restore the pS3-regulated
tumor suppressor mRNA levels in lung tumor and reduce
KRAS gene expression. Restored miR-34a levels accompanied
with KRAS gene knockdown and reduced MAPK signaling in
KRAS-mutant cancers, increased apoptosis, and reduced tumor
growth in a physiologically relevant mouse model of human
lung adenocarcinoma. Multigene therapy proved to be more
efficient compared to single-RNA treatment and, when
combined with chemotherapy (cisplatin), further improved
survival. Considering novel achievements in the field of design
of LNPs with specific organ/tissue/cell tropism, combined
siRNA/microRNA treatments may be used for personalized

therapies targeting primary and metastatic cancer sites [163].

Kim et al. demonstrated that single or combined (Vim and/or
JAK3) siRNA delivery to EGFR-overexpressing tumor cells
using anti-EGFR immunolipoplexes coupled with cetuximab or
immunoviroplexes decorated with fusogenic viral envelope pro-
teins resulted in efficient reduction of cell viability and a potent

anticancer effect [164].

Li et al. designed self-assembled lipid prodrugs for the delivery
of therapeutic concentrations of two chemotherapeutic agents at
the same time and the same place in order to avoid differences
in pharmacokinetic profiles and optimize combination synergy
in the treatment of NSCLC. The study highlighted the superi-
ority of the co-delivery of PUFAylated (polyunsaturated fatty
acid) cisplatin and SN38 chemotherapeutic agents assembled in
PEGylated lipid nanomedicines using 1,2-distearoyl-sn-glycero-
3-phosphoethanolamine-N-[methoxy-(polyethyleneglycol)2000]
(DSPE-PEG2k), in comparison to single-drug therapy. The
remarkable increase in the efficacy in mice harboring a
cisplatin-resistant lung tumor xenograft was due to the SN38-
altered DNA repair combined with the inhibition of ATM/
Chk?2/p53-mediated pathway, which imposes additional DNA
damage. Therefore SN38, when acting at the same time as
cisplatin, augments its efficacy and prevents cisplatin resis-
tance [165].

Polymer-lipid hybrid systems or polymer systems are also de-
scribed as carriers for the co-delivery of siRNA. Gao et al. sug-
gested a combined immunotherapeutic approach involving
PD-L1-siRNA and IL-2 pDNA delivered to NSCLC using PEI
lipid nanoparticles (PEI-stearic acid/dipalmitoyl phosphatidyl-
choline/cholesterol NPs) [166]. The co-delivery of IL-2, a key
regulator of T-cell activation, with PD-L1 siRNA for immune
checkpoint blockade, contributes to the appropriate immune cell
equilibrium and optimizes long-term anti-PD-L1/IL-2
immunotherapy [166,167]. The authors argue that the combina-

tion of PD-L1 knockdown siRNA and immunostimulatory
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pDNAV/IL-2 delivered using LNPs reduces the drug resistance
rate and leads to enhanced anti-tumor activity while also pro-

viding tumor-selective therapeutic properties [166].

Ultrasmall, less than 30 nm, theranostic micelles with a magnet-
ic core surrounded by a DSPE-PEG2000 phospholipid layer,
loaded with erlotinib and decorated with bevacizumab (Bev +
Erl@MNPs) were developed by Wang et al. for the treatment of
refractory NSCLCs expressing EGFR wild-type (EGFR-wt)
genes. Their aim was to evaluate the capacity of the actively
targeted erlotinib-based nanoscale agent to sensitize wild-type
EGEFR to TKIs. The authors pointed to a dual effect involving
the successful sensitization of EGFR-wt to erlotinib, potent
tumor inhibition, and bevacizumab-induced normalization of
the tumor-embedded vessels in a mouse model. Vascular
normalization as an additional effect to the co-regulatory rela-
tionship and dual inhibition of VEGF and EGFR pathways was
proven to be a promising strategy to enhance cell apoptosis of
NSCLC cells in vivo [168]. Such combination therapies, includ-
ing the co-delivery of cetuximab and afatinib, are useful in
restoring the sensitivity towards third-generation specific muta-
tion inhibitors in tumors with acquired resistance, including
Src-AKT pathway activation and the recently reported EGFR
wild-type allele amplification [169].

Recently, two cetuximab-decorated gelatin-based KRASG,C-
specific siRNA delivery systems showing successful KRAS
oncogene knockdown leading to sensitization of the cancer cells
to gefitinib were described in the literature. In the
cetuximab—cationic gelatin—-KRASG12C-specific siRNA
gelatin antibody delivery system (GADS; CTB-cGel-siRNA
conjugate), positively charged gelatin had a dual role. It acted as
a linker between the antibody and the siRNA and as an endo-
somal escape agent for efficient delivery of the siRNA in the
cell cytoplasm due to its charge reversal properties (Figure 2,
Figure 3) [118]. The second system composed of gefitinib-
loaded gelatin-A NPs functionalized with a cetuximab-siRNA
conjugate (Ab-siRNA-GelGEF NPs) also efficiently delivered
stable siRNA to the cell cytoplasm in vitro and in vivo in a
mouse model (Figure 2, Figure 3). This successfully sensitized
the cancer cells to gefitinib through GAB1-SHP2 dissociation,
disabling the feedback loop between Ras and AKT pathways
and causing 70% loss in cell viability of KRAS-mutant NCI-
H23 NSCLC cancer cells [117].

Conclusion

A rigorous understanding of the challenges regarding efficient
cancer cell targeting and the engineering of corresponding
nanosystems is relevant to attack multiple molecular targets si-
multaneously, overcoming acquired drug resistance, and in-

creasing the therapeutic potential of molecularly targeted
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agents, anticancer drugs and immunotherapy. Experimental
options for nanomedicines with improved targeting and homing
potential are endless. However, clinical studies have often
resulted in dubious results and are often accompanied by an
unacceptable toxicological profile. The recent focus on large-
scale screening and optimization of tumor homing agent
libraries for the fine-tuning of polymer NPs and the synthesis of
statistical libraries of lipid NPs with balanced biointeractions
and bioresponsiveness may significantly improve the outcomes
of clinical treatments based on actively targeted nanotools with
improved cell internalization and selective intracellular
delivery. Multifunctional and multistage nanocarriers designed
to overcome different barriers, to interact with the environment,
and to respond to the inherent heterogeneity of the tumors

should yield advantages over conventional nanocarriers. Novel

Beilstein J. Nanotechnol. 2023, 14, 240-261.

strategies for precise delivery to specific intracellular targets
may resolve cancer resistance issues. They may also increase
the efficacy of co-delivery of combined therapy to block or
knockout oncogenic genes using RNAI, reverse drug resistance,
and subsequently kill the tumor using molecularly targeted or
anticancer agents. Knockout of overexpressed resistance genes
or removal of the functional regions of drug resistance genes to
reverse the resistance of NSCLC can be performed by gene
editing and CRISPR/Cas9 technology. However, additional
conclusive data to ensure the feasibility of the approach are still
needed.

Appendix
Table 3 shows all abbreviations and their meanings/explantions

used in the text.

Table 3: List of abbreviations.

Abbreviation

Ab-siRNA-GelGEF

Meaning/explanation

gefitinib loaded gelatin-A NPs functionalized with a cetuximab-siRNA conjugate

amine-terminated PAMAM dendrimers modified with anti-EGFR aptamer

anti-EGFR aptamer modified poly(amidoamine) (PAMAM) nano complexes loaded with
erlotinib/chloroquine and electrostatic interaction trapped survivin-shRNA

ADH adipic acid hydralazide

AF afatinib

AKT protein kinase B

ALK anaplastic lymphoma kinase
AP

AP/ES+CQ

ApoE apolipoprotein E

APTES aminopropyltriethoxysilane
ATS American Thoracic Society

Bev + Erl@MNPs

theranostic micelles with a magnetic core surrounded by a DSPE-PEG2000 phospholipid layer,
loaded with erlotinib and decorated with bevacizumab

BRAF v-raf murine sarcoma viral oncogene homolog B1
CD8 cluster of differentiation 8

CD13 aminopeptidase N

CD44 lymphocyte homing receptor

CcDh47 integrin-associated protein

CD274 programmed death ligand-1

Chol-GALA cholesteryl GALA

cMET mesenchymal-epidermal transition factor
c-MYC cellular myelocytomatosis protein

cQ chloroquine

CRKL CRK like proto-oncogene, adaptor protein

CTB-cGel-siRNA conjugate
DAC

cetuximab-cationic gelatin-specific siRNA delivery system
dacomitinib

(62,92,282,312)-heptatriaconta-6,9,28,31-tetraen-19-yl 4-(dimethylamino)butanoate

DLin-KC2-DMA 2,2-dilinoleyl-4-dimethylaminoethyl-[1,3]-dioxolane
DLin-MC3-DMA

DOPE 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
DOTAP 1,2-dioleoyl-3-(trimethylammonium)propane
DOTMA dioctadecenyl-trimethylammoniumpropane

DSPC distearoyl phosphatidylcholine

DSPE 1,2-distearoyl-sn-glycero-3-phosphoethanolamine

254



Beilstein J. Nanotechnol. 2023, 14, 240-261.

Table 3: List of abbreviations. (continued)

DSPE-PEG2000
DTX
ECT
EGFR
EGT
EML4-ALK -ALK
EMT
ENT
EPC
EPR
ERBB2
ERBB3
ERK
ERL
ERS
ES
FLT3
GADS
GALA
GDP
GEF
GTP
HA
HER2
HGF
HIF-1x
HMVEC-L
IASLC
iINPG
iRGD
JAK3
KRAS
LHRH
LNP
LPH NPs
MAPK
MAP2K1
MEK
MEND
MET
MPS
mRNA
MSC
MSVs
mTOR
NF-1
NLC
NPs
NSCLC
(O]
PAGE

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-2000]
docetaxel

3-mercaptopropionic acid

epidermal growth factor receptor

thiogalactose residues

echinoderm microtubule-associated protein like 4 and anaplastic lymphoma kinase
epithelial-mesenchymal transition

cysteamine

egg phosphatidylcholine

enhanced permeability and retention

receptor tyrosine-protein kinase erbB-2
receptor tyrosine-protein kinase erbB-3
extracellular signal-regulated kinase

erlotinib

European Respiratory Society

erlotinib and Survivin-shRNA

fms-related receptor tyrosine kinase 3

gelatin antibody delivery system

peptide with glutamic acid-alanine-leucine-alanine repeats
guanosine diphosphate

gefitinib

guanosine triphosphate

hyaluronic acid

human epidermal growth factor receptor 2
hepatocyte growth factor

hypoxia inducible factor 1

human lung endothelial cells

International Association for the Study of Lung Cancer
injectable nanoparticle generator

red blood cell vesicle shell nanoparticles coupled with tumor penetrating peptide
Janus kinase 3

Kirsten rat sarcoma viral oncogene homologue
luteinizing hormone-releasing hormone

lipid nanoparticles

lipid polymer hybrid nanoparticles

mitogen activated protein kinase
mitogen-activated protein kinase 1

mitogen activated protein kinase kinase
multifunctional envelope-type nano device
mesenchymal-epitehelial transition factor
mononuclear phagocytic system

messenger RNA

mouse bone marrow mesenchymal cells
mesoporous silica vesicles

mammalian target of rapamycin

neurofibromin 1

nanostructured lipid carriers

nanoparticles

non-small cell lung cancer

osimertinib

poly(allyl glycidyl ether)
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Table 3: List of abbreviations. (continued)

PAMAM poly(amidoamine)

PCL polycaprolactone

PD-1 programmed cell death protein 1

PD-L1 programmed death-ligand 1

PDMAEMA poly(2-dimethylamino)ethyl methacrylate
pDNA plasmid DNA

PECAM platelet/endothelial cell adhesion molecule 1
PEG poly(ethylene glycol)

PEG2000-C-DMG
PEI

PEGylated myristoyl glyceride, lipid with relatively short C14 acyl chains
polyethyleneimine

PIK3CA phosphatidylinositol 3 kinase, catalytic subunit alpha
PI3K phosphoinositide 3-kinase

PLGA poly lactic-co-glycolic acid

PLLA poly(L-lactide)

PtBGE poly(tert-butyl glycidy! ether)

PTEN phosphatase and tensin homologue

PTX paclitaxel

PUFA polyunsaturated fatty acid

RAF rapidly accelerated fibrosarcoma

RBC red blood cells

RBCsNPs complexes

red blood cell nanoparticle complexes

RET rearranged during transfection proto-oncogene gene

ROSH proto-oncogen tyrosine protein kinase

RTKs receptor tyrosine kinases

RVPNs red blood cell vesicle shell nanoparticles

SALPs stable antisense—lipid particles

SCLC small cell lung cancer

shRNA short hairpin RNA

siRNA short interfering RNA

SNALPs stable nucleic acid—lipid particles

SORT selective organ targeting

ssPalmE vitamin E scaffolded SS-cleavable and pH-activated lipid-like material

SSTRs somatostatin receptors

STR-mPEG2000 stearylpolyethylene glycol 2000

TKils tyrosine kinase inhibitors

TPP triphenylphosphonium

VEGFR vascular endothelial growth factor receptor

YSKO05 1-methyl-4,4-bis[(92,122)-9,12-octadecadien-1-yloxy]piperidine
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