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Abstract: Nanoparticles are structures that possess unique properties with high surface area-to-
volume ratio. Their small size, up to 100 nm, and potential for surface modifications have enabled
their use in a wide range of applications. Various factors influence the properties and applications of
NPs, including the synthesis method and physical attributes such as size and shape. Additionally,
the materials used in the synthesis of NPs are primary determinants of their application. Based
on the chosen material, NPs are generally classified into three categories: organic, inorganic, and
carbon-based. These categories include a variety of materials, such as proteins, polymers, metal
ions, lipids and derivatives, magnetic minerals, and so on. Each material possesses unique attributes
that influence the activity and application of the NPs. Consequently, certain NPs are typically used
in particular areas because they possess higher efficiency along with tenable toxicity. Therefore,
the classification and the base material in the NP synthesis hold significant importance in both NP
research and application. In this paper, we discuss these classifications, exemplify most of the major
materials, and categorize them according to their preferred area of application. This review provides
an overall review of the materials, including their application, and toxicity.

Keywords: nanoparticles; nanotechnology; industrial applications; toxicity; organic nanoparticles;
carbon-based nanoparticles; inorganic nanoparticles

1. Introduction

Nanoparticles (NPs) are nanostructures that have a size of up to 100 nanometers
applied to all directions (x, y, and z). These particles are unique due to their small size and
configurable functions with surface molecules. Owing to these, their small particle sizes and
large surface areas alter their molecular interactions, creating new areas of application [1].
The characteristics of the particles and their structures are the key parameters that determine
the functionality, activity, and utility of the NPs. For instance, the size and the shape of
the NP can determine the modification possibilities, optical properties, and its entry to
cells, which is important for applications like cancer treatment and imaging studies [2].
Additionally, the surface charge of the NP is a major factor that influences the interaction in
the environment, affecting not only cellular interaction but also the toxicity potential along
with the characteristics of the material [3].

All of these factors impact the application of the NP and lead to distinctiveness in
their use. In the current literature, many reviews evaluate the detailed application of NPs
in specific areas, such as industry [4], food products [5], drug delivery [6], antimicrobial ac-
tivity [7], imagining [8], therapeutics [9], and so on. When these applications are inspected,
different types of NPs are predominant in certain areas. In other words, many attributes of
the NPs affect their activity and shift their preference to certain specialties. The synthesis
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methods, shape, and size of the NPs can significantly change the efficiency and activity of
the particle. Considering all these factors, the chosen material is also a primary variable
that determines the role, and especially the type, of NP. Based on the material, NPs are
classified into three main types—inorganic, carbon-based, and organic—and subdivided
into different kinds such as metallic, ceramic, polymeric, and lipid-based due to their
distinct characteristics, size, and shape [10] (Figure 1).
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Figure 1. Representative scheme of NPs.

The primary goal of this article is to analyze nanoparticle categories based on their
main structures, examine their features and applications, investigate their use with other
NPs and nanocompounds, and cover the toxicity of commonly used production materials.
Thus, we assessed the classification of NPs into three bases that characterize the material’s
main structure. We covered these three groups and explained the properties and applica-
tions of the majority of the top sub-materials. Finally, we briefly examined the toxicity of
various elements commonly used in NP synthesis.
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2. Classification of NPs

As addressed, NPs are classified into three categories, organic, inorganic, and carbon-

based, with each of these having their advantages and disadvantages (Figure 2).
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Figure 2. Classification of nanoparticles [11,12].

2.1. Inorganic NPs

Inorganic NPs (iNPs) are composed of inorganic atoms bound with covalent or metal-
lic bonds [13]. They can be synthesized from semiconductors, ceramics, or magnetic metals
(Figure 3). The main core of the iNP is formed by the crystallization of inorganic salts,
arranged three-dimensionally with bound atoms. As a result of that, the particles are
highly organized and orderly positioned, which increases their resistance against destabi-
lization triggers.

The size of the surface is a crucial factor in the iNP’s activity capacity, which is also
related to their toxicity potential [14]. Such attributions are the main factor behind the
wide-ranged distribution of inorganic NP applications. For example, the type of ligand that
is chosen for the NP surface significantly influences its application. Surface ligands can
alter, even change the function of NP, thereby affecting the preferred area of application (as
greatly exemplified in Section 3) [15].

Since inorganic NPs can be efficiently applied as therapeutic agents, they are one of the
most preferred NP types on a commercial scale [16]. These inorganic NPs are extensively
produced for mainly anticancer, antioxidant, and antibacterial applications [13]. Depending
on the iNP’s structure, certain iNP subclasses are preferred and more efficient as agents.
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Figure 3. Classification and subtypes of iNPs [15].

2.1.1. Magnetic NPs

Magnetic nanoparticles (MNPs) are described as inorganic NPs that show a response
to an applied magnetic field [17]. They are generally composed of magnetic materials,
either solely or combined, including nickel, iron, cobalt, and their oxides [18]. MNPs are
subdivided into two classes, single and multi-domain, based on size differences. Specif-
ically, MNPs typically around 10-20 nanometers are considered among single magnetic
domain NPs.

MNPs possess various properties, including magnetic anisotropy, low Curie tempera-
ture, magnetic coercivity, and high heating efficiency [17]. Those properties are primarily
influenced by finite-size effects resulting from quantum confinement of the electrons, dif-
ferent crystal structures, and surface effects that are related to symmetry breaking of the
crystal structure, at the surface of the particle [19]. Additionally, single-domain MNPs
exert superparamagnetic behavior under optimum temperatures [20]. Superparamagnetic
behavior can be defined as the change in magnetization of MNPs through thermal energy
due to their small volume [21]. MNPs that exhibit superparamagnetic behavior typically
have a uniform surface and a size smaller than 20 nm. These MNPs can become perma-
nently magnetized when subjected to an external magnetic field [22]. In other words, in
the absence of the electromagnetic field, the net magnetic moment of a system containing
MNPs will be zero at high enough temperatures. On the contrary, in the presence of a
magnetic field, there will be a net statistical alignment of magnetic moments in MNPs,
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similar to paramagnetic materials but with a magnetic moment involving multiple atoms
up to 10* times larger [23].

This property, characterized by the absence of residual magnetization after the external
field is removed, enables MNPs to avoid agglomeration and maintain their colloidal
stability [21]. Overall, it is considered one of the key factors that make MNPs distinctive for
use in biological areas including magnetic resonance imaging (MRI), drug delivery systems,
magnetic hyperthermia (MH) treatment, gene delivery, and tissue engineering [24-26].

MNPs are frequently used in many biological applications. Iron oxide nanoparticles
(IONPs), magnetite (Fe304), and its oxidized form maghemite (y-Fe,O3) are the most
studied MNPs for biological uses due to their ease of functionalization, biodegradability,
biocompatibility, and low-cost synthesis [27]. Briefly, IONPs possess significant antibacterial
properties and are widely employed in diverse applications, such as drug delivery systems.
Further details on these applications will be discussed in subsequent chapters.

2.1.2. Ceramic NPs

Ceramics are materials that have been solidified by the application of pressure and/or
heat. They are composed of a blend of metals and nonmetals, including one or more
metals mixed with a nonmetal, or numerous nonmetallic components combined with a
nonmetal [28]. Applications for ceramic materials include glass, cement, clay minerals, and
other materials. Furthermore, a variety of medical applications employ ceramics made
of calcium phosphates, silica, alumina, zirconium, iron oxides, carbonates, and titanium
dioxide because of their favorable interactions with human tissues. By way of example in
the dental industry, metal-ceramic alloys are utilized for crowns, and compounds based on
calcium hydroxide and phosphate are employed as endodontic filling materials [29].

In general, they resist strong chemicals better than metals and polymers and act as
heat and electrical insulators. Mechanically, they are brittle and hard. They retain their
great hardness, superior resistance to heat and corrosion, and electrical insulating qualities
at the nanoscale [30]. Inorganic substances such as alumina or silica make up the majority
of ceramic NPs. All metals, metal oxides, and metal sulfides can be utilized to create
nanosystems with different dimensions, shapes, and porosities, so the NP core is not
restricted to only these two substances [31]. Because they do not swell or change porosity
in response to pH variations, these particles completely shield entrapped molecules, such
as proteins, enzymes, and medications, from denaturing as a result of variations in the
external pH and temperature [32]. Furthermore, nitric oxide donation and detection using
hybrid nanospheres containing cadmium selenide quantum dots have shown excellent
selectivity and efficient sensitivity [33].

New ceramic materials and NPs are currently being developed quickly for use in
biological applications. Advanced synthetic techniques have been employed to enhance
the physical-chemical properties of nanoscale ceramics, including hydroxyapatite (HA),
silica (S5i0O,), titanium oxide (TiO,), and alumina (Al;O3), to minimize their cytotoxicity in
biological systems. One of the most widely used applications of ceramic NPs in biomedicine
is controlled drug release. The dose and size are crucial in this discipline. Additionally,
the high stability, high load capacity, ease of absorption into hydrophobic and hydrophilic
systems, and various modes of administration (oral, inhalation, etc.) of NPs make them
a promising tool for controlling drug delivery. Furthermore, a directed action is made
possible by a range of organic groups that can be functionalized on its surfaces [34]. Similar
to metallic NPs, ceramic NPs have also been widely used in bone tissue engineering because
of their many advantages for bone tissues and cells. Because the components of some
ceramic NP kinds, notably HA and tricalcium phosphate (TCP) NPs, are similar to those of
natural bone, they are ideal as materials to replace bone [35].
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To sum up, ceramic NPs offer a promising substitute for synthetic counterparts in
medication delivery. Stability against pH and temperature changes is their primary benefit.
They also form easily into a wide range of shapes, sizes, and forms, which makes them
perfect for delivery systems. However, a major obstacle to its practical implementation is
the paucity of studies.

2.1.3. Semiconductor NPs

Semiconductors are solid materials that possess a crystalline structure [36]. As their
name suggests, semiconductors have conductivity and electron energy gaps that lie between
conductors and insulators. Certain semiconductors, such as zirconium dioxide (Zr O,) and
zinc oxide (ZnO), are commonly used in the synthesis of semiconductor NPs (sNPs) [37].
The application of sNPs is extensively discussed in certain areas, such as catalysis, sensors,
optical coatings, and especially ceramics and dentistry [36,38].

Zirconium dioxide (ZrO;) is a widely preferred semiconductor crystalline material
for NP development. ZrO, has gained attention in several research areas due to its bio-
compatibility, non-toxicity, high compression resistance, and fracture strength [39]. Thanks
to its resistant feature, ZrO; is largely involved in dental implants and certain biomateri-
als to enhance the resistance of the material [40]. These properties have extended to the
use of ZrO, and ZrO;-based materials in distinct areas such as thermal coating, energy
storage, and many biomedical applications, which are very similar to general sNP appli-
cations [41]. In biomedical applications, ZrO, NPs can also exhibit antimicrobial activity
through charge-based interaction with bacterial cells [42].

Another common semiconductor material that is used in NP synthesis is ZnO. It
possesses several unique characteristics as a highlighted semiconductor material, including
high chemical stability, radiation absorption, and photostability [43]. It has a wide range
of application areas, including but not limited to electronics, rubber and textile industries,
and pharmaceuticals. ZnO NPs exhibit significant thermal and mechanical stability, along
with the high binding and gap energy [44]. Thanks to its rich chemical and physical
properties, ZnO is one of the leading materials used in NP synthesis for many applications
such as electronics, sensors, and solar cells [45]. In addition, similar to ZrO,, ZnO NPs
are also included in antimicrobial activity research [46]. A crucial mechanism behind the
antimicrobial activity of ZnO NPs was demonstrated in an in vitro study, causing bacterial
death by the release of hydroxyl radicals [47]. Moreover, ZnO NPs are heavily discussed
in the current literature for biomedical application, particularly with green synthesis
methods, including drug delivery, anticancer research, and bioimaging [48]. Detailed
examples of these materials, along with other types of inorganic NPs, are discussed in the
application section.

2.2. Carbon-Based NPs

Carbon has a notable place in nanotechnology due to its ability to form long and
resistant chains. This unique capability of carbon is constantly utilized in the field of NPs,
known as carbon-based NPs. Carbon-based NPs possess significant characteristics such as
high chemical stability, powerful heat and electrical conductivity, high optical absorption,
and luminescence [49]. Consequently, they are involved in many study fields, including
biosensors, drug delivery, cancer, and cellular therapy; in vivo, in vitro, and optical imaging;
and so on [50]. Additionally, carbon-based NPs can exhibit antibacterial activities by
directly interacting with the bacteria and potentially causing oxidative stress that creates
membrane damage, leading to cellular death [51].

Carbon-based NPs come in different forms, including graphene, fullerene, and carbon
black NPs (Figure 4). These allotropic forms of carbon are specifically highlighted thanks
to their significant chemical and physical properties, which are extremely essential in
nanotechnological applications.
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2.2.1. Graphene

Graphene is a carbon-based nanostructure that consists of single-layer carbon atoms. It
has a unique electrochemical nature thanks to its high thermal conductivity, hydrophobicity,
and density [52]. Since it is equipped with a wide range of chemical and physical properties,
it is applied in many areas. To add, graphene derivatives, including graphene oxide (GO)
and chemically modified graphene, have also received high attention in the field [53]. GO
contains high oxygen-containing functional groups that facilitate its functionalization for
specific areas [54]. As a result of these, it is usually utilized with an NP, rather than as
an NP by itself, as a combined material to form a hybrid structure to add properties of
graphene to the structure. This hybrid structure can be formed in two ways: either the NP
can be decorated on graphene sheets (forming a composite), or the surface of the NP can be
modified with graphene or its derivatives [55].

Significant numbers of inorganic metal NPs have been decorated with graphene to
develop a hybrid structure that possesses the combination of both material’s properties.
This property is utilized in various areas, such as drug carrying, cell labeling, and pho-
tothermal therapy [56]. Combined with the high functionalization opportunity, graphene’s
high surface area and molecular composition allow for significant amounts of drug loading,
increasing the preference for GO-based materials to a significant level [57]. Furthermore,
graphene-based nanomaterials are widely used as a supportive material in biomedical
applications, especially in regenerative tissue studies [58]. The biomaterial that aims to be
used in the regeneration of the tissue needs to possess certain characteristics, primarily the
ability to promote and modulate cellular progress, such as cell growth, proliferation, and
signals [59]. Since graphene meets these required characteristics with high biocompatibility,
multiple types of graphene structures are currently used in tissue engineering applications
as well [60]. In these terms, we have elaborated the application of graphene as an additive
material to other types of NPs, rather than its sole NP application.

2.2.2. Fullerenes

Fullerenes are an allotrope of carbon that consists of hollow clusters of sp-2-hybridized
carbon atoms, making them one of the primary nanomaterials used extensively [61]. These
molecules form spherical cages, with carbon atoms located at the corners of polyhedral
structures [62]. Fullerenes have unique chemical reactivity and electronic traits; thus,
they have been used in various fields of science as nanosensors [63], antioxidants [64],
material in solar cells [65], therapeutics in nanomedicine [66], and so on. Despite the rich
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characteristics of fullerenes, their general application on an NP basis consists mainly of
one type of derivative: Cgy. Fullerene Cgyp is one of the most investigated derivatives,
dominantly applied in NP technology compared to other derivatives. Cgg fullerene is a
spherical molecule that has 60 carbon atoms, making up 20 six-membrane and 12 five-
membrane rings [67]. The most highlighted feature of Cq is its significant radical scavenger
activity, as it is called a “radical sponge”, thanks to its large number of double bonds and
cage-like structure [68]. On the contrary, Cgy can also lead to the synthesis of reactive
oxygen species (ROS), but under specific conditions. When Cg is exposed to visible or UV
light, it causes excitation and enables the creation of ROS by the excess energy [69].

In addition, fullerenes are also widely used in dermatology. Thanks to its capability of
showing significant antioxidant activity and UV-based damage protection, many fullerene-
based patents have been created in dermatological applications, such as in hair care,
makeup, deodorants, and so on [70]. In light of this, many products contain fullerene as an
ingredient, including but not limited to creams, lotions, soups, and face masks [70]. To add
more, fullerene’s molecular structure is suitable for modification and NP synthesis; thus, it
is usually preferred for drug delivery systems as well [71]. Thanks to its superior molecular
structure, its involvement in delivery systems is widespread, such as in nucleic acid and
topical drug delivery, delivery to the central nervous system, and control of antibacterial
and oxidative stress [72]. In addition, fullerene is also extensively used in cancer diagnosis
and therapy as a carrier, material, and drug, especially due to its light-sensitive ROS
generation [73].

2.2.3. Carbon Black NPs

Carbon black NPs (CBNPs) are nanomaterials composed mainly of carbon, along with
trace amounts of other elements such as hydrogen and oxygen [74]. They are formed during
the thermal decomposition processes of hydrocarbons that are either in a liquid or gaseous
state, resulting from the change of temperature caused by lack of oxygen [75]. CBNPs
possess excellent electrical conductivity and versatility, and are easily functionalized, in
addition to being available and cost-effective [76]. These properties make them one of the
most widely used materials in industrial applications. Specifically, CBNPs are mainly used
as reinforcing fillers in the rubber industry to enhance the physical properties of rubber [77].
Additionally, they have been used in the design of electrochemical sensors [78], lithium
and sodium batteries [79], and as additives to polymers [80].

Apart from industrial applications, CBNPs are mainly utilized through hybridization
with other types of NPs to enhance their activity and application. For instance, a recent
study demonstrated a hybrid platform using carbon black and palladium NP to create an
enhanced immune sensor for cancer cells [81]. Human serum samples were also included
in the research to further point out the potential of this hybrid NP platform in real-time
application. Similarly, another hybridization was performed using gold NPs and carbon
black material to develop more sensitive drug detection [82]. In both of these applications,
it was stated that the high surface area-to-volume ratio and electrochemical properties with
electron transfer advantage were the highlighted features of the CBNPs.

However, despite their widespread use, CBNPs can promote oxidative stress, leading
to cellular damage and inflammation, especially in the lung and cardiovascular systems [83].
This toxicity, arising from their high surface area-to-volume ratio, has led to CBNPs being
considered a risk factor, highlighting the need for further studies. This is why they have a
limited role in biological applications, especially compared to other carbon-based NPs.

2.2.4. Carbon Quantum Dots

Carbon quantum dots (CQDs) are environmentally friendly, cost-effective, low-toxic
carbon-based NPs with a size smaller than 10 nm [84]. They are also known as small carbon-
based NPs with unique electronic properties, which underlie their fluorescence properties
in many areas [85]. Their unique structure makes them promising in various fields such as
optronics, biomedicine, drug delivery, sensing, and catalytic applications [86-88]. CQDs
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can also contain diverse functional groups such as amine, carboxyl, carbonyl, hydroxyl, etc.
These groups highlight CQDs potential for biological, organic, and polymeric functional-
ization and create opportunities for their use in diverse areas [89].

Furthermore, multiple studies have shown that CQDs are biocompatible and effec-
tive for fluorescence imaging, providing an alternative to heavy metal quantum dots for
in vitro and in vivo applications [90]. Additionally, CQDs synthesized using citric acid and
branched polyethyleneimine (BPEI) at low temperatures exhibited enhanced fluorescence,
increasing their potential for chemical sensing [91]. Similar bioimaging applications were
demonstrated using CQD NPs against cells and tumors, highlighting their potential for
imaging purposes [92].

Additionally, it was highlighted that CQDs with a positive charge can show consider-
able antibacterial activity by interacting with negatively charged elements of the bacterial
cell wall, causing structural damage and eventually cell death [93]. To specify, the antibac-
terial effectiveness of positively charged CQDs against Gram-positive and Gram-negative
bacteria, Streptococcus aureus (S. aureus) and Escherichia coli (E. coli), respectively, was demon-
strated [94]. Moreover, numerous studies with resembling results are present in the current
literature, which will be elaborated on in the following chapter [95,96].

Overall, it can be concluded that the unique characteristics of CQDs, such as biocom-
patibility, ease of functionalization, affordability, chemical inertness, antibacterial activity,
and low toxicity, make them promising candidates for a variety of uses (Table 1).

Table 1. NPs according to their highlighted properties and application areas.

Type of the NP Effective Properties Area of Application References
- Superparamagnetic - ?ﬁ\élr;etlc resonance imaging
Magnetic NP - Heating efficiency . [24,97-99]
- Magnetic susceptibility - Hyperthermia therapy
& - Drug delivery
- High mechanical strength
- High stability
- Good body response - Drug delivery
. - Resistant to temperature and pH - Tissue engineering
Ceramic NP - Flexibility in terms of administration - Biosensors and diagnostic [32,34,35]
methods (oral, inhalation, etc.) and ease of - Drug carrier
integration into hydrophobic and
hydrophilic systems
- Dental implants
Semiconductor NP Antn.nlcroblal activity - Rubber mdugtry [36,38,100-102]
- Luminescence - Food packaging
- Cancer
- Thermal conductn.nty . . Drug delivery
- Preferred mechanical and optical - Antibacterial
Graphene NP properties (strong supportive material) . [56,103-105]
e - . . - Anticancer
- Hybridization potential with metal ion -
- Industrial
NPs
- Dermatology
- Highly antioxidant - Drugdelivery
Fullerene NP gy . - Diabetes [70,106-108]
- UV-induced damage protection ..
- Antioxidant

- Antitumor
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Table 1. Cont.
Type of the NP Effective Properties Area of Application References
Reinforcing agents in the
Electrical conductivity rubber industry
Carbon black NP ngh remfprcement capability Conduc?lve additives in [75,109,110]
Pigmentation electronics
High surface area Manufacture of
cement-derived composites
Photoluminescence Bioimaging
Carbon quantum Chemical stability Drug delivery [85,94,111]
dots Versatile surface functionalization Fabrication of sensors Y
Antibacterial activity Antibacterial research
Mucoadhesive Drug dehvery
Antimicrobial Food packaging and
Chitosan NPs e preservation [112-116]
Open for modification d heali
(including metal ions) Wound healing
Diabetes
pH-sensitive Dru .
. . e . g delivery
Alginate NPs High ch.emlcal. modification choices Food preservation [117-119]
Compatible with other polymers Diabetes
Utilized for nanogel fabrication
Compatible with other polymers Drug.dehvery systems
Significant biodegradability Imaging
PLA/PLGA NPs & Diabetes [120-124]
(CO; as end product) . . .
Sustained drug release Tissue engineering
Wound healing
Encapsulation of both hydrophilic and Drug de?hvery
hydrophobic molecules Cosmetics
Liposome NPs y . Food preservation [92,125-127]
Controlled and targeted delivery of drugs .
. o Wound healing
Ease of functionalization .
Gene delivery
Encapsulation of both hydrophilic and Drug delivery
e hydrophobic molecules Cosmetics
Solid-lipid NPs Protection of labile drugs Food preservation [128-151]
Enhanced physical stability Cancer
High drug loading capacity Drug delivery
Nanostructured Enhanced drug stability Cosmetics [132-135]

lipid carriers

Controlled drug release
Preventing drug expulsion

Food preservation
Cancer

Biocompatible Drug delivery
Cagl;sngr;te— Biodegradable Cancer [117,136-138]
Functional flexibility Food preservation
Biodegradable Drug dehve?y
. . .. Vaccine carriers
High yield and entrapment efficiency Bioimagin
Protein-based NP Suitable for the design of oral and topical sng [139-141]

drug carriers
Self-assembling features

Therapeutic protein delivery
Nucleic acid (DNA, RNA, and

miRNA) delivery
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2.3. Organic NPs

Organic NPs can be defined as solid particles made up of natural or synthetic organic
molecules, generally ranging in diameter from 10 to 100 nm, but, preferably, they can reach
up to 1000 nm within the definition [142].

Organic NPs exhibit important characteristics such as non-toxicity and biodegradabil-
ity, since they are composed of proteins, lipids, polymers, and carbohydrates (Figure 5).
These properties, consequently, enable organic NP utilization in various biomedical areas
including targeted drug delivery, bioimaging, cancer therapy, and biosensing [143]. More-
over, certain properties such as size, shape, and surface morphology also hold importance
in determining the therapeutic effectiveness of organic NPs [12].

%ﬁ

Organic
Nanoparticles
. |
-‘#o
ﬁ}‘ '[“.f
A
f ’?oﬂ’(
q % : Carbohydrate
Protein based Lipid based Polymeric basod

Sl

®

Plant
Protein NPs

Nanostructured
lipid carriers

Figure 5. Classification and subtypes of organic NPs [142].

Opverall, the compatibility and effectiveness of organic NPs in these applications not
only underscore their potential but also give rise to promising opportunities for further
research and development.

2.3.1. Polymeric NPs

Polymers are composed of repeated monomers that show extended diversity, as their
structure can show variables in terms of size, structure, and function [144]. The diversity in
the composition and flexible synthesis of polymers has led to a favorable shift towards the
application of polymeric NPs (PNPs). Since they are synthesized from natural polymers,
making them biocompatible and biodegradable, they possess significantly lower toxicity
levels [145]. The low toxicity of polymers is a contributing factor to their preferred usage,
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especially in drug and gene delivery systems. Given that NP-based delivery systems have
significant advantages, such as specificity in targeting, stabilization, and protection of
the delivered agent, and flexible release conditions, PNPs are frequently used in drug
delivery [146].

The polymers used for NPs can be either natural or synthetic. The most common
natural polymers used are chitosan and alginate. Among synthetic polymers, poly (lactic
acid) (PLA); poly (glycolic acid) (PGA); and the copolymer of PGA and PLA, poly(lactide-
co-glycolide) (PLGA), are the most commonly used in PNP application. Each polymer is
preferred for different and similar applications based on its unique properties.

Chitosan NPs

Chitosan is one of the most abundant biopolymers found in nature, known for its
high biodegradability and antimicrobial activity [147]. In addition to possessing properties
found in general polymers for NP synthesis, such as high biocompatibility, low toxicity,
and modifiability, chitosan can also improve absorption rate, and exhibit mucoadhesive
characteristics and antimicrobial activity [112].

Chitosan NPs are used in food packaging [148], antioxidant and antibacterial re-
search [149,150], drug delivery [151], and other applications. Among these applications,
chitosan NPs are commonly preferred for drug delivery, similar to other types of PNPs,
thanks to their cationic structure and presence of amine groups, which are essential for
uptake by the cellular membrane [152]. Chitosan’s attributes, especially its mucoadhesive
characteristics and modifiability, are also utilized in cancer treatments [153].

Many metal ions, such as silver ions, are used with chitosan NPs to generate enhanced
effects, especially in antibacterial research. Chitosan NPs can directly disrupt the bacterial
cell walls and membranes and can be modified with these metal ions to further increase
their activity [154]. Since silver NPs have proven to be effective antibacterial agents [155],
they are often combined with chitosan to enhance antibacterial activity [156]. A similar
study also showed the antioxidant, antibiofilm, wound healing, and antifungal potential of
chitosan with silver NPs [157]. This enhanced antibacterial activity of silver-chitosan NPs
is also being explored in food preservation research [113].

Along with the utilization of metal ions in chitosan NPs, similar polymers and different
bioactive molecules are also used in various areas. For instance, it has been established
that adding lysozyme, an enzyme capable of hydrolyzing bacterial cell walls [158], to
chitosan NPs significantly improves antibacterial activity [159]. Lysozyme-added chitosan
NPs showed increased activity compared to chitosan NPs and solo chitosan application.
Chitosan is also commonly combined with alginate in NP synthesis, which will be briefly
covered in the next section.

Alginate NPs

Alginate is also a significant material in NP applications, due to its tendency to be
functionalized by its free carboxyl and hydroxyl groups. Certain characteristics, such as
hydrophobicity, solubility, and specificity, can be modified through oxidation, esterification,
sulfation, and amidation reactions [160,161]. Like the other PNPs, alginate is common
in drug delivery systems. Much research has demonstrated the efficient drug delivery
capabilities of alginate NPs [162,163]. Due to its high biodegradability, biocompatibility,
potential for modification, and pH sensitivity, alginate is a very effective material for
delivering various biomolecules. This effectiveness has led to its approval by the FDA for
use in drug delivery systems [118]. Like chitosan, alginate also exhibits mucoadhesive
properties, thanks to its ability to form weak bonds with mucin [164]. All of these attributes
of alginate (NPs) are utilized in the transportation of various bioactive molecules, such as
CRISPR plasmid DNA [165], the bioactive ingredient curcumin [166], peptide hormone
insulin [167], and so on.

Alginate is often combined with chitosan in the application of PNPs. For example, the
combination of alginate and chitosan NPs shows significant potential in delivering drugs
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and natural compounds [168,169] to various regions, including the intestine [170]. Besides
drug delivery, this hybrid NP is also studied and applied as a nanofertilizer [171], vaccine
carrier [172], antibacterial agent carrier [173], and so on. In fact, alginate is used not only
as a general NP in drug delivery applications but also in the production of nanogels [119].
Nanogels offer significant advantages, such as a reduced potential to cause adverse effects,
an increased capability to carry the desired biomolecule, and controlled release of these
biomolecules [174]. Additionally, they exhibit unique sensitivity to important factors
such as temperature and pH, which are essential in drug release [175]. In this regard,
many researchers have demonstrated the synthesis and application of alginate nanogels,
particularly in biomolecule transport and release [128,176,177].

Polylactic Acid and Polyglycolic Acid NPs

PLA is a biodegradable polymer material that is produced from renewable sources
such as wheat, corn, and starch [178]. Alongside its high biodegradability, it also possesses
significant biocompatibility, mechanical strength, and composability [179]. Moreover, it
requires considerably lower energy for production and can be degraded to carbon dioxide
(CO,) and biomass [180], which is a great advantage in biomedical applications. Addition-
ally, several characteristics of PLA have been discussed as advantageous in packaging and
fiber application [181]. Similar to chitosan and alginate, PLA NPs are also combined with
other types of polymers. For example, a study used chitosan-modified PLA NPs to increase
the bioavailability of antitumor agent ursolic acid [182]. As discussed above, chitosan
was the preferred polymer in this combination due to its mucoadhesive characteristics.
Similarly, PLA NPs were combined with polyethylenimine to increase the antimicrobial
activity of carvacrol in food preservation [183].

PGA is another preferred type of polymer used in both polymer-based and NP appli-
cations. Its application is as widespread as that of PLA. Even though PGA and PLA have
similar structures, both possess unique properties: high mechanical properties, thermal
stability, and faster degradation for PGA, and high transparency and rigidity for PLA [181].
In current research, PGA is utilized in NP applications as a part of a copolymer rather
than a primary material. The main copolymer of PGA that is widely used is polylactide-
co-glycolide (PLGA), an FDA-approved biodegradable copolymer. Like the other types
of polymers that have been discussed, PLGA shows significant biodegradability and bio-
compatibility, which is a crucial factor for its use in delivery systems [184]. Additional
characteristics of PLGA include capacity for surface functionalization, CO, as an end prod-
uct after the degradation, and involvement of wide-ranged biomedical applications [120].
Advantages and additional characteristics of PLGA include increased protection on the
biomolecule that has been loaded, reduced dose frequency and degradation time, and
maintains sustained drug release [185]. This is why PLGA is one of the safest, most pre-
ferred, and most effective polymers utilized in PNP applications, which will be covered
extensively in the NP application section.

2.3.2. Lipid-Based NPs

Lipid-based nanoparticles (LBNPs) are a versatile class of NPs that are widely used
in current medical studies, particularly as effective drug carriers. They possess various
advantages such as non-toxicity, biocompatibility, and biodegradability when compared
to other classes of NPs [186]. Due to their non-toxic nature, they are utilized for the
transportation of both hydrophilic and hydrophobic molecules, as well as for controlling the
release of drugs and enhancing their efficiency [129]. Additionally, one advantage of LBNPs
is that they can be functionalized to include antibacterial agents, which are essential for
improving wound healing, promoting skin regeneration, and reducing inflammation [187].
This capability, consequently, not only underlines the importance of LBNPs but also creates
substantial opportunities to develop innovative applications in the field of NPs.

In the current literature, LBNPs are generally categorized into three groups: liposomes,
solid lipid NPs (SLNs), and nanostructured lipid carriers (NLCs).
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Liposomes

Liposomes are artificially produced spherical nanomaterials that are widely employed
in medical [188], cosmetic [127], and industrial fields [189] due to their distinct characteris-
tics, such as biocompatibility, stability, and biodegradability. Along with their long-standing
application, they are referred to as the earliest generation of lipid NPs [190]. Currently,
they are often utilized as delivery systems, particularly for targeted drug delivery, as they
can efficiently encapsulate both hydrophilic and lipophilic drugs in the aqueous phase or
bilayer membrane, respectively [191].

The structure of the liposomes consists of one or more lipid bilayers, usually composed
of phospholipids such as phosphatidic acid, phosphatidylglycerol, phosphatidylserine,
phosphatidylcholine, and phosphatidylethanolamine [192]. The composition of these
components can significantly affect the properties of liposomes, including size, fluidity,
rigidity, stability, and electrical charge [193].

Moreover, liposomes can be subdivided into four groups, small unilamellar vesicles,
large unilamellar vesicles, multilamellar vesicles, and multivesicular vesicles, based on
their size and the number of bilayers that they contain [194]. Additionally, it is important
to mention that both the number and size of the bilayers significantly affect the amount of
drugs that can be encapsulated [195]. Liposomes can also contain cholesterol in addition
to phospholipids. Cholesterol plays an important role in liposome content by improving
stability and fluidity, reducing lipid exchange, and enhancing structural rigidity [196].
Alternatively, polymers can be incorporated with liposomes since they are suitable for
surface modification due to their flexible bilayer structure. For example, PEGylation is
currently considered an effective method to increase stability and extend the circulation time
of liposomes in vivo [197]. In addition, several studies in the literature regard liposomes as
promising antibacterial agents due to their ability to deliver antibiotics directly to the site
of infection, effectively targeting and eliminating resistant bacterial strains [198].

In summary, liposomes are considered essential in medical, pharmaceutical, cosmetic,
and industrial areas due to their unique characteristics including the ability to encapsulate
various substances, targeted delivery potential, high drug-loading efficiency, and controlled
release function. This versatility allows for extensive use in diverse applications, such
as cancer therapy [199], gene delivery [200], vaccine formulation [201], and skin care
treatments [202], highlighting their broad utility in various areas.

Solid Lipid NPs

SLNSs are the first generation of LBNPs, containing a solid lipid core matrix stabilized
by surfactants or polymers [203]. They are spherical, ranging in size between 50 to 1000 nm,
and are especially known for being efficient colloidal delivery agents [204]. SLNs also
possess favorable characteristics such as physical stability, protection of labile drugs, deliv-
ery of both hydrophilic and lipophilic molecules, ease of production, and low cost [205].
These properties ultimately make them valuable materials in applications such as drug
delivery [206], cancer therapy [207], and cosmetics [208], similar to liposomes.

Even though SLNs are considered alternatives to conventional carriers such as lipo-
somes or polymeric NPs, it is important to consider certain drawbacks associated with
SLNSs, such as low drug loading efficiency, limited space for encapsulation, and the possibil-
ity of drug expulsion resulting from their desired, tightly packed, crystalline structure [205].
However, considering both advantages and disadvantages, SLNs still hold great impor-
tance in covering a significant portion of the LBNPs, in terms of application and preference
for further studies.

Nanostructured Lipid Carriers

NLCs, generally referred to as the second generation of LBNPs, are designed to
overcome the limitations of SLNs. They are defined as colloidal drug delivery systems
characterized by containing both solid and liquid lipids in their core matrix [209]. They
exhibit improved loading efficiency and higher loading capacity as a result of their imperfect
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crystalline structure when compared to SLNs [210]. Furthermore, NLCs are capable of
avoiding drug expulsion as they incorporate liquid lipids, which consequently enables
them to prevent crystallization [186].

Overall, NLCs are widely employed nanocarriers in targeted drug delivery [132],
cancer therapy [211], the food industry [133], and cosmetic applications [212], as well as
other types of LBNPs. Since they possess numerous advantageous features, NLCs are
considered important for future applications and are likely to be crucial in advancing
NP technologies.

2.3.3. Carbohydrate NPs

Carbohydrate-based chemicals or carbs themselves make up the majority of the
nanoscale structures known as carbohydrate NPs. They are frequently referred to as
carbohydrate-based NPs or glyconanoparticles. These NPs’ biocompatibility, biodegrad-
ability, and functional flexibility have sparked a lot of attention [137].

Starch NPs

A natural source of stored energy, starch is a polymer that is renewable, biodegradable,
and generated by a wide variety of plants. Starch molecules are composed of anhydrous
glucose units, which are typically gathered in distinct, independent granules. Starch,
synthesized in dense granules ranging from 1 to 100 um, consists mostly of amylopectin
(~70-75%) and amylose (~25-30%) [213]. The packing of amylopectin double helices, made
up of two polyglycoside chains, in a unit cell determines the degree of crystallinity in
starch, which can vary significantly (14—-45%) based on the starch source [214]. In nature,
it is the second most abundant biomass material. Despite years of research, a widely
recognized model for starch structure does not exist due to its intricacy [215]. Starch is
typically classified into four main categories: cereal, tuber, legume, and other starches.
More research is being conducted on starches taken from diverse genetic and botanical
sources. In addition, starches can occasionally be chemically and physically altered to suit
certain purposes [216]. Starch impacts various food properties, including moisture content,
consistency, appearance, and shelf life [217]. It is frequently used to make custard, sauces,
pie fillings, soups, gravies, and stews. In addition to acting as a thickening or bulking
ingredient and enhancing the texture of a meal, it also serves as an adhesive, gel, and other
agents [218].

Starch has the ability to create bio-NPs, often referred to as starch NPs. These starch
NPs, unlike natural starch, are characterized by their smaller size, typically ranging from
tens to a few hundred nanometers by exhibiting a spherical form [219]. Furthermore, starch
NPs possess distinct qualities such as a large surface area per unit mass, low diffusion limi-
tation, better absorption capacity, higher biological penetration rate, and greater solubility
compared to natural starch granules [220,221]. They are also non-toxic and suitable for
the environment [222]. The use of starch NPs as a filler in composites coincided with the
growing interest in nanomaterials. Researchers [223,224] discovered that the addition of
starch NPs enhanced the mechanical and biodegradability properties of the composites.
Furthermore, it has been claimed that the starch NPs are applicable in various domains,
including pharmaceuticals, cosmetics, and foods [225,226].

Dextran NPs

Dextran is a neutral bacterial exopolysaccharide that is both extremely biocompatible
and biodegradable. Its straightforward but distinctive biopolymeric composition makes it
ideal for use as a nanodrug carrier, nanomedicine, cell imaging system, and nano-biosensor.
The fact that it is highly water-soluble and exhibits minimal cellular toxicity after drug
delivery is crucial. Renal failure is unlikely because the body is capable of fully metabolizing
dextran. NPs based on dextran exhibit enhanced solubility in water, a large cargo capacity,
inherent viscosity, and short storage duration [227]. Despite being nothing more than an
assembly of glucose molecules, dextran finds widespread application in medicine, primarily
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as an adjuvant that lowers blood viscosity and inhibits the development of blood clots [228].
Additionally, dextran has been used in nanomedicine, a relatively new field that uses
submicron particles for both diagnostic and therapeutic applications. To circumvent NP
and opsonin interactions, dextran is utilized as a substitute for PEGylation [229]. Drugs that
are administered orally (such as ibuprofen) have improved qualities when dextran is added
to SLNs [230]. Additionally, dextran was employed to preserve and stabilize distinct protein
structures of insulin, hemoglobin, streptokinase, albumin, and asparagines [231,232]. By
reducing immunogenicity and lengthening the duration of protein biodistribution, dextran
supplementation maintains the high activity of proteins. Given that dextran is widely used,
can efficiently metabolize, and is cleared by the liver and spleen, it is tempting to employ
dextran as the foundation of a nanosystem as well as an additional material [233].

Cyclodextrin NPs

Cyclodextrins (CDs) are starch-digesting enzyme-derived cyclic oligosaccharides.
Primary and secondary hydroxyl groups of the «, 3, and y CDs are situated on the narrower
and wider rims of a truncated cone-shaped structure, respectively, and contain six, seven,
and eight glucopyranose units. In addition to these conventional forms, large-ring CDs
(LR-CDs) are also available. Being composed of more than eight glucopyranose units, LR-
CDs possess bigger cavities. This structure enables LR-CDs to accommodate larger guest
molecules, enhancing their applicability in forming inclusion complexes. [234]. The toroidal
shape and non-polar interior of CDs give them a remarkable ability to form supramolecular
host-guest interactions [235]. Since CD molecules have unique architectural characteristics,
allowing for them to form inclusion complexes with a variety of molecules, including ions,
proteins, and oligonucleotides, they offer notable advantages [236].

The literature has extensively documented the several medical applications of CDs
due to their low toxicity and immunogenicity. Increasing the solubility of hydrophobic
medications in water is crucial. To improve the CD derivatives’ characteristics, particularly
their pharmacological action, chemical modifications have been made to them [237].

Pharmaceutical researchers have significantly used CDs to improve the bioavailability,
aqueous solubility, and stability of a number of medicinal medicines due to their remarkable
capacity to trap a guest molecule inside of their hydrophobic cavity [238]. Recently, CDs
have been incorporated into polymer systems to create nanocarriers that are particularly
helpful for increasing the solubility of hydrophobic medications. Compared to micropar-
ticles, these CD NPs have a larger surface area, and they are generally more stable than
liposomes. With exhibiting significantly less toxicity, more surface area than microparticles,
and higher stability than liposomes, CD-conjugated NPs show diverse benefits, including
increased drug solubility, improved encapsulation efficiency, and efficient drug loading.
They also act as drug carriers to a particular target site, such as cancer cells [239]. After
systemic delivery, CD-based NPs can enhance bioavailability, alter drug metabolism, lessen
toxicity, and lengthen the biological half-life of medications [240,241].

Protein NPs

Usually, naturally found or synthetically synthesized proteins are used to create
protein NPs. A family of natural molecules known as proteins have special functions and
applications in the material and biological sciences. Because of their amphiphilicity, which
enables them to interact favorably with both the drug and solvent, they are thought to be
the perfect materials for taking NPs. Biodegradable and metabolizable, natural protein-
derived NPs can have their surfaces modified to facilitate the attachment of medicines and
targeted ligands [242]. They have successfully included both water-soluble (e.g., human
and bovine serum albumin) and insoluble (e.g., gliadin and zein) proteins from a range of
proteins [242,243].

Enzymes found within the human body have the ability to destroy protein-based
nanocarriers. Furthermore, research has shown that protein NPs only slightly or barely
cause an immunological response [244]. Proteases also interact with hydrophilic and
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hydrophobic medications and solvents because of their amphiphilic nature. Since they
include a lot of hydroxyls, amino, and carboxyl groups, they can be chemically modified.
Consequently, one or more ligands and therapeutic molecules can be covalently or non-
covalently bound to protein NPs. This provides a great deal of surface customization
potential [245,246].

Collagen NPs

By being the most prevalent protein in the mammalian body, collagen is a structural
protein in vertebrates that makes up 20-30% of all proteins in the body. Covalent crosslinks
between tropocollagen molecules finally form to make collagen. This protein has broad
applications in medicine because of its high biocompatibility, low immunological stimula-
tion, and biodegradability [247]. Collagen demonstrates hemostatic qualities, moderate
immunogenicity, bioactive material synergism, and good in vivo absorption [248]. Biomate-
rials of distinct physical forms, such as shields, films, sponges, hydrogels, microspheres,
sheets, coatings, liposomes, disks, nanofibers, tablets, pellets, and NPs, are produced as
a result of techniques including crosslinking, grafting polymerization, blending, and co-
valent conjugation. These techniques are used to overcome constraints such as enzymatic
degradation, weak mechanical strength, and low thermal stability [249].

Collagen is an effective delivery system for a variety of substances, including growth
hormones, medications, proteins, and DNA. Because collagen is so versatile, it may be
altered to create materials with a wide range of durability, structures, and forms. Moreover,
collagen can combine with other physiologically active and therapeutic molecules to form
complexes. This protein utilizes in a variety of applications, including drug delivery
through the creation of microspheres and microneedle [250] formulation of NPs for gene
delivery, protein delivery through pellets and tablets [251], gel formation and combination
with liposomes for sustained drug delivery [252], cancer treatment [253], and collagen
shields in ophthalmology [254].

Collagen NPs have several advantages over other natural and synthetic polymeric NPs,
including favorable biocompatibility and biodegradability, low antigenicity, high contact
surface, decreased toxicity, and high cationic charge density potential due to their multiple
amino groups; however, their ability to cross the blood-brain barrier is limited if their
surface is not modified with target compounds. They are small in size, have a lot of surface
area, are capable of being absorbed, and can diffuse into water to create colloidal solutions.
Moreover, collagen NPs enhance cell retention, are readily sterilizable, and lessen the effects
of harmful byproducts produced during decomposition [255]. Due to their compact size,
extensive contact surface area, high absorption capacity, and ability to disperse in water to
form a stable and clear colloidal solution, collagen NPs have been utilized as drug carriers
for the prolonged release of steroids and antibacterial medications, particularly in the
field of dermatology [256,257]. Due to its important role in the development of organs
and tissues, collagen is frequently utilized in medicine for purposes such as medication
administration and tissue regeneration. Numerous cellular processes are impacted by
collagen [248].

Albumin NPs

Albumin is becoming a more effective protein carrier for peptide or protein-based
medicines, both for drug targeting and enhancing their pharmacokinetic characteristics.
With a molecular weight of 66.5 kDa, albumin is the most prevalent plasma protein, present
in human serum at 35-50 g/L. Albumin, like the majority of plasma proteins, is made
in the liver at a rate of about 0.7 mg/h for each gram of liver, or 10-15 g per day; the
average half-life of human serum albumin (HSA) is 19 days [258,259]. Acidic and very
soluble, albumin is a very strong protein that remains stable in the pH range of 4-9. It
can be dissolved in 40% ethanol and heated to 60 °C for up to 10 h without experiencing
any negative effects. Its favorable absorption in tumor and inflammatory tissue, readily
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available nature, biodegradability, and absence of toxicity or immunogenicity combine to
make it a perfect option for drug delivery [260].

Because albumin has several distinct drug-binding sites, a substantial amount of
medication can be absorbed into the particle matrix, making albumin-based NP carrier
systems an appealing approach [261]. Owing to the well-defined main structure of albumin
and its high lysine content, albumin-based NPs may facilitate the electrostatic adsorption
of positively charged (such as ganciclovir) or negatively charged (such as oligonucleotide)
molecules without the need for additional substances [262,263]. Additionally, coacervation,
controlled desolvation, or emulsion creation are simple methods for creating albumin NPs
in soft circumstances. They are smaller (between 50 and 300 nm) than microparticles and
generally have more controlled release characteristics than liposomes, which could increase
patient acceptance and adherence [264].

Albumin-based NPs provide a number of unique benefits, including biodegradability,
reproducibility, and ease of preparation. Owing to the high protein binding of differ-
ent medications, these substances can be effectively incorporated into the albumin NP
matrix. Because the surfaces of the NPs have functional groups (such as amino and car-
boxyl groups), covalent derivatization of albumin NPs with drug-targeting ligands is
feasible [265]. Additionally, clinical investigations using approved HSA-based particle
formulations, such as AbraxaneTM and AlbunexTM [266], support the expectation that
they will be well tolerated [267]. Additionally, preparations of protein NPs, particularly
HSA, seem to be a good agent for gene therapy since they may prevent serum interac-
tions that are frequently experienced following the intravenous injection of transfection
complexes [268,269].

On the other hand, the albumin-bound nanocarrier system (~130 nm) is a noteworthy
protein-based nanocarrier used in cancer therapy. According to studies, albumin builds up
in solid tumors, which makes it a good candidate for targeted drug delivery. Its therapeutic
viability is demonstrated by the FDA-approved albumin-bound paclitaxel (Abraxane) for
metastatic breast cancer. Current clinical trials make use of this approach as well [270]. It is
made by combining medications such as paclitaxel with HSA in an aqueous solution, then
forming drug-loaded albumin NPs (100-200 nm) using high-pressure homogenization [260].
The body’s natural transporter, albumin, uses caveolae-mediated transcytosis to help
molecules move across endothelium membranes [271].

Gelatin NPs

One proteinaceous substance that can be utilized to make NPs is gelatin. As one of the
most extensively utilized animal proteins, gelatin is produced by carefully regulating the
hydrolysis of collagen, a key molecule found in skin, bones, and connective tissues [272].
The FDA has accepted gelatin as a polymer, and it is categorized as “generally recognized
as safe” (GRAS). Due to its well-established safety record, it is used as a dietary supplement
and as an intravenous expander for plasma, under the brand names Gelafundin and
Gelafusal [273].

Numerous techniques, including precipitation, phase separation, emulsion-solvent
evaporation, microemulsion, and the self-assembly of gelatin molecules or gelatin-drug
complexes, can be used to create gelatinous NPs [274]. Numerous hydrophilic and hy-
drophobic pharmaceuticals, including those for the treatment of cancer, AIDS, malaria,
analgesics, infections, muscle relaxants, and inflammation, have been administered by
the use of gelatin NPs. Diabetes is treated with topical ophthalmic medications, pro-
tein synthesis inhibitors, tissue plasminogen activators, gene delivery, protein medication
administration, and vaccine delivery [275,276].

The authors Lu et al. synthesized 600-1000 nm sized gelatin NPs loaded with pacli-
taxel, which were demonstrated to be effective in identifying and eliminating human RT4
bladder transitional carcinoma cells [277]. It is simple to conjugate gelatin with artificial
polymers such as PEG. PEGylated gelatin NPs enhanced the hydrophobic encapsulated
compounds’ plasma half-life and anti-inflammatory properties [278]. Additionally, chloro-
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quine phosphate, an antimalarial medication, was encapsulated in these NPs to lessen the
adverse effects of systemic exposure [279].

Milk Protein NPs

Naturally occurring biologically active chemicals are transported by milk proteins.
They fall into two groups according to their structure [280,281]. Caseins and whey proteins
(whey) are among the proteins in this group that have spherical and linear structures,
respectively [282].

Casein NPs

Casein (Cas), the primary protein found in milk, offers several advantages as a drug-
carrying NP, including low cost, easy accessibility, and high stability [283]. Cas is made up
of four peptides that vary in terms of amino acid, phosphorus, and carbohydrate content
but are identical in terms of their amphiphilic nature. Block distribution in the protein
chain is demonstrated by casein’s hydrophilic and hydrophobic sections. Phosphorylation
of casein peptides results in a negative charge on their surface, which causes them to
bind amorphous calcium phosphate nanoclusters. These characteristics allow for casein
molecules to aggregate into spherical micelles under the right circumstances. Since Cas
makes up 2.75 percent of milk, it is one of the most widely consumed proteins. Innovative
research methods have expanded our knowledge of its characteristics and made new uses
possible [284].

Cas has a variety of structural and physicochemical characteristics that make using
them as carriers of medicines feasible. A few of these characteristics are its significant
stability and surface activity, possessing a high capacity to bind to a wide range of ions
and molecules, showing remarkable self-assembly and emulsification qualities, and having
the ability to bind water and produce gels. CAS proteins may self-assemble into stable
micelles in aqueous solutions because they contain clearly defined hydrophobic and hy-
drophilic regions [285]. Processes involved in nanoencapsulation benefit from CAS’s strong
association property. It is becoming known that CAS-based NPs could be used to deliver
pharmaceuticals and nutraceuticals [286,287]. Of all the milk proteins, it has excelled in the
field of nanomedicine by increasing the bioavailability of insoluble medicines with reduced
toxicity, whereas other polymers may have adverse consequences due to buildup in tissues
or cells [288]. Cas in particular is a viable candidate for oral medication administration since
it can shield the esophagus and buccal epithelia from drug toxicity [289]. With an obvious
amphiphilic structure, Cas is a di-block copolymer that may combine with other molecules
to produce nanoscale core-shell nanocomposites in an aqueous media. Hydrophobic blocks
form the core of the nanocomposite, while hydrophilic blocks build the shell [290]. Owing
to its physicochemical and structural characteristics, Cas has been thoroughly investigated
for use in pharmaceutics to improve bioavailability. Cas has been shown in earlier research
to be a useful nanovehicle for the oral administration of drugs that are poorly soluble in
water, including ibuprofen, folic acid, paclitaxel, and docosahexaenoic acid [291,292].

Whey Protein-Based NPs

A particular kind of whey protein that has been modified at the nanoscale to im-
prove its functional characteristics comes in the form of whey protein NPs. These NPs
are produced by a number of methods, including emulsification, desolvation, and heat
treatment. To stabilize the structure, the NPs are then crosslinked using substances like
transglutaminase or glutaraldehyde [293].

A member of the transferrin (Tf) family of cationic iron-binding glycoproteins in mam-
mals is lactoferrin (Lf) [294]. It is released in most mammalian external fluids, including
tears and saliva, and has an extremely high affinity for binding iron, as observed in milk.
Numerous functions of Lf have been demonstrated by research, including iron absorption,
antibacterial, antifungal, antiviral [295], antioxidant, and antitumor properties [296]. These
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health-promoting qualities have led to the widespread usage of Lf in a variety of disciplines,
such as dietary and medicinal applications [297,298].

By encapsulating bioactive substances, Lf-NPs can be used in food products to improve
their nutritional qualities and grant new functional characteristics. Therefore, it is becoming
more and more important to evaluate how these systems function when ingested by people.
It is possible to do this assessment using in vitro digestion models because they are less
complicated, more affordable, easier to use, and do not raise any ethical concerns compared
to in vivo models [299].

In the fields of food science, medicine, and nutraceuticals, Lf NPs are becoming more
useful than ever as carriers. These NPs are prized for their capacity to encapsulate and
shield bioactive substances, as well as their biocompatibility and antibacterial qualities.
They can be created by emulsification, self-assembly, and desolvation, among other tech-
niques [300].

The two primary proteins in whey that have been researched to develop medication
nanocarriers are beta-lactoglobulin (3-1g) and alpha-lactalbumin (x-lac). These proteins
have several qualities, one of which is their strong resistance to stomach enzymes that
degrade proteins [301]. Because of their biocompatibility and capacity to contain bioactive
chemicals, 3-lg and a-lac NPs hold great potential in the fields of food science, medicines,
and nutraceuticals. Under some circumstances, 3-lg self-assembles to improve nutrient
bioavailability and offer controlled release in functional foods. In the pharmaceutical
industry, they enable targeted distribution and enhance the solubility and stability of
hydrophobic medications. High encapsulation efficiency and natural origin represent the
benefits; however, issues with stability, scalability, and allergenicity still exist. Research is
still being conducted to emphasize their potential in a variety of industries by improving
stability, minimizing allergenicity, and optimizing preparation [302]. On the other hand,
crosslinking agents, heat treatment, and self-assembly are among the methods used for
producing o-lac NPs. a-lac NPs are ideal for functional foods in the food industry because
they improve nutrient bioavailability and offer controlled release. When properly altered,
they can potentially enable the targeted administration of medications by enhancing their
solubility, stability, and bioavailability [303].

Plant Protein-Based NPs

This novel strategy for medicine delivery makes use of plant protein nanocarriers.
Plant proteins, such as gliadin and zein, have a longer drug release ability than animal
protein nanocarriers because they are hydrophobic [304,305]. Compared to animal proteins,
vegetable proteins are far more affordable and more commonly available. Additionally,
there is no chance that they could expose people to animal illnesses, including bovine
insanity [306].

Some common plant proteins employed in the development of NPs are zein from corn,
gliadin, and glutenin from wheat gluten and soy proteins. Proteins found in plant extracts
and lesser-known legumes like peanuts and chickpeas are also thought to be sources of NPs.
Plant proteins are preferred for creating nanomaterials because they are less immunogenic
than animal proteins [307,308].

Proteins make up the majority of the complex that is wheat gluten, along with carbs.
Among these proteins are gliadin and glutenin. These proteins are isolated and detected
using 70% alcohol. Glutenin has a molecular weight of 106 kDa and is an alcohol-insoluble
protein. Gliadin is a class of proteins with a molecular weight of 25-100 kDa that are
70% isolated from alcohol by gluten [309]. Numerous investigations have demonstrated
the efficacy of gliadin NPs as drug release controllers for hydrophobic and amphiphilic
substances, including amoxicillin, vitamin A, and vitamin E. Gliadin’s structure includes
hydrophobic amino acids and glutamine, which allows for it to interact hydrophobically
with the cell membrane while also forming a lot of hydrogen bonds with the mucosa’s
mucous layer. Because of this, gliadin NPs have demonstrated excellent promise in the
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creation of oral formulations, particularly for the management of gastrointestinal disorders
such as gastric ulcers [310].

A broad class of glycoproteins, or proteins with the ability to bind to carbohydrates,
are called lectins. One of the most well-known and intriguing plant lectins is wheat germ
agglutinin (WGA). This protein can increase the absorption of oral medication formulations
thanks to its high stability, low toxicity, immunogenicity, resistance to proteolytic degrada-
tion, specificity in identification, and binding site to glycosylated components of intestinal
mucosa [311,312]. In order to develop targeted drug delivery systems and cover a variety
of NP types with lectins, numerous studies have been carried out in this sector. Moreover,
lectins are helpful in the creation of oral vaccinations. The immunological response of the
oral vaccine is improved by NPs coated with lectins and bearing pathogenic antigens that
are directed towards the surface of Peyer’s patches in the intestine [309].

Because of the nutritional and functional qualities of legume proteins, which are found
in legumes (family Fabaceae or Leguminosae), they are widely used in food products all
over the world. Studies on the use of native and modified legume proteins as encapsulating
materials for a variety of bioactives are currently being conducted in large numbers. Grass
PPI, chickpea protein isolate, pea protein isolate, pea protein isolate, and soybean protein
isolate (SPI) are among the legume proteins that are frequently used to create nanocarri-
ers. Nanocomplexes, nanoemulsions, nanogels, and nanofibers are among the resultant
nanocarriers [313]. One of the most plentiful sources of plant protein at the moment is
soybean. SPI is the fortified form of soy protein. Because soy protein extract contains a
balanced mix of polar, non-polar, and pregnant amino acids, it can be used in a wide range
of medications. Partial enzymatic hydrolysis has been used recently to treat SPI. The am-
phiphilic hydrolysates were subsequently self-assembled into NPs to carry curcumin [314].
Another well-liked legume protein for making nanocarriers is pea protein. In particular,
PPI—which is distinct from pea grains—has just lately gained the same prominence in
academic and industrial research as SPI [315,316].

Typically, peanut protein is one of the top three plant protein sources worldwide. The
most widely commercially available form of peanut protein is peanut protein isolate (PEPI),
which is made out of a balanced mix of amino acids [317]. Additionally, after modification,
PEPI exhibits good surface-active characteristics and is soluble in water. In order to produce
NPs through robust intraparticle disulfide bonds, PEPI has recently been denatured and
aggregated using heat treatment in conjunction with divalent ions. There is potential for
these protein NPs to function as efficient Pickering stabilizers [318].

Curcumin’s anticancer efficacy against several cancer cell lines was markedly increased
by a rapeseed protein nanogel loaded with curcumin, which had a high encapsulation
efficiency (95%) [319]. The byproducts of the production of sesame 0il, sesame proteins,
have significant biological significance. They have a 65-80% globulin fraction with potent
emulsifying qualities. Sesame proteins were employed as a natural substitute surfactant in
this context to stabilize a nanoemulsion containing fish oil that was high in w-3 PUFA [320].
The 89.7 nm sized optimized nanoemulsions extended the fish oil’s storage life by eight
weeks. Moreover, probiotics were spray-dried and encapsulated using soybean protein
isolate as the wall material [321].

One creative technique to make the best use of plant leftovers is to use green leaf
protein as a nanocarrier in food and medicine products. The larger balanced fraction of
necessary amino acids in a product indicates the presence of certain proteins [322]. Because
of their superior nutritional profile over cereals, pseudocereals like quinoa, amaranth,
buckwheat, and chia have become more significant in the food market. Quinoa proteins
have been utilized recently to encapsulate various bioactives, including luteolin, resveratrol,
betanin, quercetin, and curcumin [323]. Liu et al. (2022) found that encasing quercetin
into quinoa protein nanomicelles improved its bioavailability, water solubility, and stabil-
ity [324]. The manufacturing of potato starch, a widely accessible and reasonably priced
raw food source, yields a byproduct with added value that is called potato protein. Vegetar-
ians and vegans can eat this protein [325]. Potato protein is also extremely amphiphilic and
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water-soluble, which makes it an excellent choice for encasing hydrophobic substances. For
instance, potato protein NPs contained astaxanthin, a xanthophyll pigment. The findings
showed that astaxanthin was shielded from digestion-related breakdown by encapsulation.
The GIT fluids’ bioaccessibility, bioavailability, and solubility were greatly enhanced [326].

3. Applications of Nanoparticles Based on Their Classification

NPs are composed of various materials, including metals, metal oxides, ceramics,
polymers, lipids, carbon-based substances, and proteins. These materials significantly
influence the characteristics of NPs, which, in turn, affect their areas of application. In this
section, application areas of NPs are examined, specifically focusing on those classified as
inorganic, organic, and carbon-based, and how their composition correlates with their field
of use is evaluated (Figure 6).
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Figure 6. Applications of nanoparticles [327,328].
3.1. Inorganic NP Applications

As inorganic NPs are known for their significant potential as therapeutic agents,
they are mostly included in antibacterial studies, along with drug delivery systems and
anticancer treatments.

3.1.1. Antibacterial Application of Inorganic Nanoparticles

Inorganic NPs constitute a significant portion of NP-based antibacterial research and
have been extensively studied and confirmed for their efficiency in numerous antibacterial
studies in the current literature. Most subclasses of inorganic NPs can penetrate cell
membranes and disrupt intracellular metabolism in many types of bacteria, including
drug-resistant strains [329]. It would be challenging to cover all the subtypes of inorganic
NPs’ antibacterial activity and applications comprehensively. Therefore, we have included
a few major examples in this section and extended their involvement in the area in Table 2.

Inorganic NPs have been extensively studied and confirmed for their efficiency in
numerous antibacterial studies in the current literature. Silver NPs are among the most
commonly employed inorganic NPs in the biomedical field due to their desirable character-
istics, such as antibacterial activity [330]. Various studies in the current literature delve into
the antibacterial mechanisms of silver NPs in detail [331,332]. One mechanism involves
silver NPs interacting with and modifying the outer bacterial membrane, penetrating
and disrupting the membrane’s permeability, ultimately inhibiting bacterial proliferation.
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To exemplify, a study examining this mechanism showed that silver NPs are excellent
antibacterial agents against S. aureus and E. coli, which cause cellular disturbance and
eventually cell death [333]. Another mechanism suggests that silver NPs penetrate the cell
membrane and bind to phosphorus or sulfur groups in molecules such as proteins or DNA,
consequently altering their configuration and function. This interaction also includes the
binding of silver NPs to microbial DNA, inhibiting bacterial replication [334].

Moreover, a different mechanism involves silver NPs releasing silver ions that interact
with cellular structures and disrupt metabolic processes, causing extensive disruption in
bacterial cells. Specifically, after free silver ions are absorbed, they deactivate respiratory
enzymes, leading to the generation of ROS. This increase in ROS levels primarily causes
the breakdown of the cell membrane and DNA modifications [335].

Furthermore, there are multiple studies in the current literature underscoring the
antibacterial activity of silver NPs. To exemplify, a study examined the antibacterial activity
of silver NPs on E. coli ATCC 8739 [336]. Results revealed that silver NPs, at a concen-
tration of 10 ug/mL, could inhibit the growth of 107 cfu/mL E. coli cells. Furthermore,
detailed microscopic analyses using SEM and TEM revealed severe damage to the bacte-
rial cells, including the formation of pits and gaps on the cell surface and fragmentation
of the cell membrane. Consequently, it was noted that silver NPs efficiently inhibited
bacterial proliferation.

Similar to the previous example, another study assessed the antibacterial effectiveness
of silver NPs, which were synthesized using silver nitrate and sodium borohydride along
with starch as a stabilizing agent [337]. Characterized through diverse methods, the
NPs showed strong antibacterial activity against both Gram-negative E. coli and Gram-
positive S. aureus. The findings eventually confirmed silver NPs are effective across various
conditions, promoting their potential in antibacterial applications

Like silver NPs, gold NPs have also become a major area of interest in NP studies.
Although they are not efficient antibacterial agents on their own, their ease of functional-
ization makes them valuable materials in antibacterial research. As an example, a study
investigated the antibacterial properties of gold NPs modified with phenylboronic acid
derivatives. Researchers utilized thiol and amine groups, which have different binding
affinities to gold, to anchor the phenylboronic acids. This modification enabled the NPs to
selectively target and bind to specific molecules in bacterial cell walls such as lipopolysac-
charide in Gram-negative and lipoteichoic acid in Gram-positive bacteria. Additionally, by
altering the ratios of thiol to amine groups, they were able to customize the antibacterial
activity of the gold NPs, making them adaptable for treating a range of bacterial infections,
including those resistant to conventional antibiotics [338].

Additionally, gold NPs were synthesized using panchagavya (PG) as an eco-friendly
reducing agent [339]. Synthesized PG—gold NPs were characterized and tested for their
antibacterial efficacy against E. coli, Bacillus subtilis (B. subtilis), and Klebsiella pneumoniae.
Findings indicated that PG-gold NPs exhibited significant antibacterial activity, particularly
against Gram-negative bacteria. Furthermore, it was suggested that PG—-gold NPs could be
developed as alternative antibacterial agents against pathogens.

Similarly to the referenced studies, metal ions such as maghemite and magnetite
are also utilized in antibacterial research. For instance, IONPs are functionalized with
citric acid to reduce agglomeration, representing a novel approach [340]. Particularly, NPs
coated with a 0.3 M concentration of citric acid exhibited enhanced magnetic properties
and demonstrated significant antibacterial activity, with a zone of inhibition measuring
36 mm.

Overall, considering the outcome of the referenced studies, a wide-ranging application
of metal-based NPs in antibacterial research can be indicated.

Lastly, we discussed the diverse applications of semiconductor NPs in the previous
sections. However, it should be mentioned that they also exhibit potential in the biomedical
area as well. In particular, ZrO,’s low toxicity, compatibility with other materials, along
with its antibacterial activity, further promote its employment in this area.
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In investigating the antibacterial activity of ZrO, NPs, two bacteria strains, S. aureus
and E. coli, were used and compared with ZrO, complexes [341]. The antimicrobial screen-
ing showed that ZrO, NPs exhibited activity against E. coli, but not against S. aureus. On
the other hand, ZrO, complexes not only showed activity against both bacterial strains but
also displayed antifungal activity against five fungal strains. The researchers discussed
that since chemical reactivity can be affected by the structure of the crystal, the difference
in antibacterial activity could be due to the charge and arrangement of the components
on the surface of the NP. Therefore, alterations on the surface of ZrO, NPs can enhance
antibacterial activity. A research study demonstrated an enhancement in the antimicrobial
activity of ZrO, NPs by biofunctionalization of the NP surface with glutamic acid [342].
The antimicrobial activity was tested against Rothia mucilaginosa, Rothia dentocariosa,
Streptococcus mitis, and Streptococcus mutans. The results were compared with normal
(pristine) ZrO, NPs, and glutamic acid-modified ZrO, NPs showed increased antimicrobial
activity. The researchers suggested that the reason behind the enhancement is the change in
the surface charge after the interaction of glutamic acid with the NP, potentially increasing
the interaction between the NP and bacteria. It was also demonstrated that green synthesis
of ZrO, NPs can show antimicrobial activity [343].

3.1.2. Inorganic Nanoparticles in Drug Delivery Systems

Inorganic NPs possess specific characteristics that make them favorable carriers in
drug delivery systems. Their notably organized structure equips them with a high uptake
capacity, incredible stability, and tolerably low toxicity and immunogenic responses [344].

AuNPs are favored due to their stability, biocompatibility, and the ability to be easily
functionalized, which has induced their employment in various applications including
drug delivery, cancer therapy, and biosensing [345]. In terms of drug delivery, AuNPs are
also preferred, similar to other types of metal ions. For example, a study investigated the
use of cyclic peptide-capped gold NPs (CP-AuNPs) as potential drug delivery systems.
Cyclic peptides were synthesized acting as reducing and capping agents, efficiently form-
ing CP-AuNPs. These NPs significantly enhanced the cellular uptake and retention of
fluorescence-labeled antiviral drug lamivudine in cancer cells. Notably, lamivudine-loaded
CP-AuNPs exhibited approximately 12 to 15 times higher cellular uptake than lamivu-
dine alone, indicating the significance of utilizing gold NPs for enhancing drug delivery
applications [346].

On the other hand, IONDPs are highly valued for their superparamagnetic properties,
large surface area, and chemical stability, making them ideal materials for drug delivery ap-
plications, as mentioned in the previous section. In a particular study, multifunctionalized
IONPs were specifically designed for targeted drug delivery to CD44-positive cancer cells.
The IONPs were coated with dimercaptosuccinic acid, to enhance stability, and function-
alized with anti-CD44 antibodies along with chemotherapeutic gemcitabine derivatives.
Results demonstrated that these IONPs can specifically target and deliver drugs to cancer
cells overexpressing the CD44 receptor, which is a common marker for various cancer
types [347].

In addition to metal ions, semiconductor NPs can also be effectively utilized in drug
delivery applications. In a study, ZnO NPs were synthesized and then characterized to
confirm their phase purity and structural properties. Next, they were encapsulated with
chitosan to enhance drug loading efficiency and tested for their capability to effectively load
and release ciprofloxacin, which is a commonly used antibiotic. Results demonstrated that
the ZnO—chitosan complex showed significant initial release and high efficiency, highlight-
ing the potential of ZnO NPs as effective carriers in drug delivery systems [348]. Hence,
such an example involving ZnO NPs indicates the possible use of semiconductor NPs in
advancing drug delivery technologies.
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Table 2. Applications of inorganic NPs.

Type of the iNP

Application Area

Highlighted Results

References

Iron oxide

Drug delivery

Successful delivery of anticancer drugs, sorafenib,
doxorubicin, and ibuprofen, with enhanced activity
Modified Fe304 NPs possessed suitable magnetic field
response, hydrophobicity, drug binding, and uptake for
hypothermia therapy

[349-352]

Iron oxide

Bioimaging

Improved efficiency and targeting for tumor diagnosis
as a contrast agent for MRI (in vitro, in vivo)
Functionalized Fe3O4 NPs were utilized for NIR
fluorescence imaging combined with MRI

Hybrid NP with gold and FeOy4 used as a contrast agent
in MR imaging

[353-355]

Iron oxide

Cancer treatment

Modified Fe304 NPs synthesized into nanocomposite
for efficient drug delivery and preventing breast cancer
Encapsulation of curcumin in chitosan-coated Fe;Oy
NPs created a combined therapy, with increased drug
effectiveness, against breast cancer

Polypyrrole-Fe304 NPs successfully tested against lung
cancer by inhibiting metastasis and tumor growth with
MRI capability (in vivo, in vitro)

[356-358]

Iron oxide

Antibacterial

Synthesized iron oxide NPs from green sources possess
significant antibacterial activity

Modified iron oxide NPs significantly prevented biofilm
formation along with high stability and non-toxicity in
cell culture

[359-361]

Iron oxide

Drug delivery

Modified iron oxide NPs, carrying sorafenib, possessed
significant magnetic properties and increased anticancer
activity of the drug

Curcumin loaded and modified NP higher drug load
capacity, cytotoxicity, and cellular uptake on cancer cells

[362,363]

Silver

Antibacterial activity

Synthesis of Ag NPs from different sources possess
significant bactericidal activity against both
Gram-positive and Gram-negative bacteria

A combined structure of silver and copper exhibited
extreme antibacterial activity when compared to their
sole application

[364-366]

Silver

Drug delivery

Silver NPs incorporated into Fe304 and SiO,
nanocomposite formed an efficient drug delivery system
and tested for antibacterial and anticancer drug delivery
Silver NPs exhibited efficient release of phenindione
and enhanced its anticoagulant activity

[367,368]

Silver

Anti-inflammatory
activity

Different source-derived silver NPs successfully
modulate inflammation by suppressing
pro-inflammatory cytokines (in vitro, in vivo)

[369,370]

Silver

Anticancer activity

Green synthesized silver NPs show significant
anticancer activity on liver and breast cancer cells
(HepG2, MCEF-7)

[371,372]
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Table 2. Cont.

Type of the iNP Application Area

Highlighted Results

References

Silver Food packaging

A composite film, including silver NPs, extended the
shelf life of carrots and exhibited significant
antibacterial activity

Enhanced storage quality and antibacterial activity, and
increased shelf life of tomatoes

Fabricated functional film coupled with silver NPs
possessed significant antibacterial activity on foodborne
pathogens, suitable water vapor permeability, and
mechanical properties for food packaging

[373-375]

Gold Antibacterial

Gold—chitosan hybrid NPs were shown to be effective
against antibiotic-resistant bacteria with desired stability
and drug release of Punicagranatum L. extract

Gold NPs synthesized from different green sources
exhibited great antibacterial activity

[376-378]

Gold Drug delivery

Gold NPs positively influence anticancer drugs by
enhancing biodistribution, target-based routing, and
release of the drug

[379,380]

SiO, Industrial

Si0, /nanodiamond hybrid NPs showed higher thermal
stability, thermal conductivity and desired mechanical
properties for tire tread production

S5i0, /ZnO hybrid NPs were utilized for protection
against acidic chloride-induced steel corrosion at
98.6% capacity

Usage of 5iO; NPs for the removal of zinc ions from
wastewater greatly increased the removed ion
percentage (66.58%)

[381-383]

V410)) Dental applications

Green synthesized ZrO, NPs showed significant
antibacterial activity, along with an increase in
osseointegration capacities and biointegration formation
ZrO; NPs enhanced the mechanical properties of the
3D-printed resin, thus possessing potential as a
provisional dental restoration

ZrO;, NPs encapsulated polyethyl methacrylate resin
showed great antibacterial activity with a great potential
to be used for provisional prosthesis

[384-386]

ZrO, Antibacterial

Dual-loaded antibiotics, ampicillin, and erythromycin
possessed significant antibacterial activity, along with
wound healing

Enhanced the antifungal and antibacterial activity of
diamond-like carbon films by accumulating at the

cell surface

Modified ZrO, NPs with 3D-printed resin managed to
show significant antibacterial activity and antibiofilm
formation without any side effects

[387-389]
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Table 2. Cont.

Type of the iNP

Application Area Highlighted Results References

ZnO

- Chitosan-based developed ZnO NPs, capsulated with
gallic acid films, significantly increased antioxidant,
antibacterial, and mechanical properties of chitosan film
for food packaging

- ZnO NP-based food packaging films were developed;
mechanical and water vapor barrier properties were

Food packaging enhanced along with high antimicrobial activity against [390-392]

food-borne pathogens

- A hybrid NP with chitosan loaded with clove essential
oil was formed and acted as a strong barrier against UV
rays, oxygen, and water vapors, along with showing
antimicrobial and antioxidant activity for extending the
shelf life of chicken meat

ZnO

- Synthesis of ZnO NPs from different sources, such as

Antibacterial leaf extracts or other microorganisms, exhibits [393,394]

significant antibacterial activity

ZnO

Cosmetics

- Sodium and aluminum-doped ZnO NPs were
synthesized as a UV filter sunscreen cream significantly
prevented photocatalytic activity and showed great
antioxidant capacity

ZnO

- Significant cytotoxicity was observed with increasing
intracellular ROS levels on MCE-7 breast cancer cells

- Anticancer activity of the ZnO NPs on HeLa cells was
demonstrated with apoptosis induction mechanism for
cervical cancer

- Similar apoptosis induction against different types of
cancer cells was also conducted (such as colorectal
and liver)

Cancer [396-399]

3.1.3. Inorganic Nanoparticles in Food Packaging and Preservation

In food packaging, the biodegradability, molecular structure, and toxicity of the main
nanocompound in the packaging are crucial factors. Given that the product inside the
package will constantly interact with it, some part of the package will inevitably migrate
into the product [400]. This means that the used material in the package will be ingested
when the product is consumed. In these terms, the base material for the package should
be biodegradable and non-toxic to avoid any unwanted results in the long term. The
biodegradability and non-toxicity of polymers, especially chitosan, are primary traits in
their application on food packaging, as covered in the organic NP application section.

Food packaging and preservation focus on similar challenges; the packaging material
should be non-toxic and highly biodegradable, as mentioned, for the sake of both food
consumption and the environment. Meanwhile, food preservation also focuses on the
condition of the food for consumption, but it mainly aims to prevent spoilage of the
food at the highest capacity. Nanostructure-based approaches are highly favored in food
packaging and preservation, given their ability to deal with microbial spoilage, along with
other addressed challenges [401]. In this case, materials that can show high antibacterial
activity are usually preferred in NP-based food preservation studies.

We have discussed the usage of chitosan in food packaging and preservation in the
following sections, addressing both aspects. Chitosan’s preferability as a primary material
for enhancing the application of inorganic NPs is apparent in numerous studies, and some
of them have been mentioned in Table 2. Hereby, chitosan is utilized with inorganic NPs
in food packaging studies. For instance, similar research using silver NPs was conducted
with chitosan to create an antibacterial film for food packaging [402]. The film was created
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using chitosan as a stabilizer and polyvinyl alcohol for biofilm formation with silver NPs.
Characterization of the biofilm revealed that the addition of silver NPs enhanced water
resistance and increased tensile strength through hydrogen bond formation, although
higher concentrations showed a converse effect. In addition, antibacterial tests against
E. coli and S. aureus yielded significant results, successfully preserving strawberry samples
for day 9 at certain concentrations. Another study utilized silver NPs with microcrystalline
cellulose, as well as starch and whey protein [403]. The researchers synthesized silver
NPs using leaf extract from Azadirachta indica, demonstrating a form of green synthesis.
Antibacterial tests were conducted using two Gram-positive (S. aureus and Bacillus cereus)
and three Gram-negative (E. coli, Pseudomonas aeruginosa, and Proteus vulgaris) bacteria. The
silver NPs showed significant activity against all bacteria except Proteus vulgaris. Eggplant
was chosen for the preservation test, and biofilm coating preserved the vegetable for 15
days. The significant antibacterial characteristics of silver NPs are a primary factor in their
preference for this application, as discussed above.

Additionally, other types of metal ions are commonly used for food preservation. For
instance, a packaging film was created using gold NPs combined with polyvinyl alcohol to
increase the shelf life of banana fruit [404]. Graphene NPs were also synthesized, tested,
and compared with gold NPs. The analysis of mechanical properties showed that both
graphene and gold NPs increased tensile strength and Young’s modulus but decreased
elongation at break. In addition, gold NP-based film showed the lowest water transmission
rate and the highest antibacterial activity against E. coli. In the end, the film with the gold
NP showed the best preservation of banana samples on day 5. A similar food packaging
study was conducted using green biosynthesized copper NPs with cellulose acetate and
polycaprolactone [405]. Likewise, usage of copper NPs decreased the water transmission
rate, increased tensile strength, and showed significant antimicrobial activity against several
bacterial and fungal strains: E. coli, S. aureus, Candida albicans, Aspergillus niger, Penicillium
expansum, and Fusarium oxysporum.

Apart from the metal ion-based NPs, other subclasses of inorganic NPs are also applied
in food application and preservation. Semiconductor NPs are also known to be effective
in food packaging. For instance, the current literature includes many studies of ZnO
NPs in food packaging studies to enhance previously referred properties such as water
transmission, antimicrobial, mechanical, and so on [406]. As an example, an antimicrobial
biofilm was synthesized for food packaging, combining ZnO and silver NPs [407]. During
the examinations, ZnO NP managed to absorb UV light and scatter visible light. The values
of elongation at break and tensile strength were observed, depending on the percentage
of silver and ZnO in the NPs. The single usage of ZnO and silver NP possessed similar
values, but when the proportion of silver was higher in the combination, both values
increased significantly. As most of the food packaging studies tested, the antibacterial
activity experiments against E. coli and S. aureus were conducted. The antibacterial activity
against S. aureus was higher than the E. coli due to the cell wall difference between the
bacteria, as was mentioned by the researchers. Although silver NPs showed higher activity,
the addition of ZnO to the film increased the activity significantly.

To avoid repetition, we will include one final example of NP application in this
section to highlight the role of ceramic NPs. A recent study used TiO, NPs with low-
density polyethylene to test their effectiveness in food packaging [408]. An increase in
the concentration of TiO, NPs in the nanocomposite greatly reduced the water vapor
transmission rate but subsequently increased the oxygen transmission rate. The authors
commented on these results by suggesting that the use of TiO, may be preferred for
packaging certain types of foods. The mechanical tests showed an increase in tensile
strength, which is not unusual, but a decrease in elongation at the break value. Finally,
P. aeruginosa and S. aureus were used for an antibacterial test, which was successful, and the
antibacterial activity slightly increased proportionally to the concentration of TiO, NPs.

Most subclasses of inorganic NPs, particularly metal NPs, are used in food packaging
and preservation. We provided several examples of NP applications in food packaging,
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including metal, semiconductor, and ceramic NPs. Additional examples are listed in
Table 2. When the discussed studies are thought of, the antibacterial activity, mechanical
strength, and transmission of water and oxygen are the primary factors that have been
observed during experiments. In this case, the abundance of studies with inorganic NPs
in the application of food preservation is quite expected, especially when the common
characteristics of NPs are considered. Since most of the inorganic NPs are significant
antibacterial agents, and they all share NP traits, it is possible to say that they are quite
preferable in this area. They are not the only type of NP that is preferred in this area, since
some of the subclasses of organic NPs are also known for antibacterial activity and possess
high biodegradability, as we discuss in later sections.

3.1.4. Inorganic Nanoparticles in Cosmetics

TiO; and ZnO NPs are commonly used in cosmetics, particularly as sunscreens, due to
their ability to filter UV light [409]. They can absorb and/or reflect UV photons, depending
on their particle size [410]. This is why they have been widely used in sunscreen products
for a long time. One common disadvantage that is discussed and studied is the photoactive
nature of TiO, NPs. TiO; can initiate synthesis of ROS when it is photoactivated, which is
considered as a general problem for its safety [411]. The general approach to prevent ROS
synthesis is to combine TiO, NPs with other molecules that can scavenge these reactive
molecules, as explained in one of the studies discussed in the carbon-based NP cosmetics
section. However, with the application of ZnO NPs as a sunscreen ingredient, there is a
possibility that it can cause slight toxicity under high concentrations. Studies have shown
that this can be prevented by using TiO, NPs simultaneously [412].

Since both of these molecules have proven their efficiency and are often studied to
compare new methods in their characterization and reduce their potential toxicity, a few
examples will be given to emphasize and discuss their protection against UV light. To
give an example, the protection of TiO, NPs against UV irradiation was investigated to
determine the effect of particle size on activation [413]. As the activity of TiO; NPs was
affected by size, three different sizes of NPs were used in the experiment (the size of
the particles was decreased to optimal nanometers during the research). The smallest
particle showed higher dispersion and UV protection and pointed out its suitability for
sunscreens. Another study used ball-milling to enhance the UV protection activity of both
TiO; and ZnO NPs when mixed [414]. Three types of samples were used and compared:
without being milled, one-time milled, and two-time milled. Each sample was used to
formulate a sunscreen cream, and a two-time milled mix showed the highest UV absorption
rate. The produced free radicals were significantly lower in two-time milled samples,
compared to the rest. In addition, it was shown that visible light absorption was lower in
the milled groups (which is considered an advantage rather than a disadvantage due to the
increased transparency). This was, however, not the case for the UV absorption, which was
statistically not significant when compared among each other. To give one last example, a
TiO,-ZnO composite was synthesized for enhanced UV absorption [415]. Referring to the
first study discussed in this section, TiO,’s particle size was also a factor that affected the
UV absorption; meanwhile, the particle size of the ZnO did not alter the absorption capacity.
Most importantly, the new composite showed higher overall UV absorption, contributing
to research that aimed at improving the application of both of these NPs.

TiO; and ZnO NPs have remarkable potential in the cosmetics industry thanks to
their significant properties. The recent literature researches how to improve the efficacy
and safety of these two NPs. Much important research currently exists that compares the
methods, size of the particle, novel characterization methods, and so on. Nevertheless, we
briefly discuss their key properties to highlight the role of inorganic NPs in cosmetics.

3.2. Carbon-Based NP Applications

Carbon-based NPs possess unique traits that allow for them to be utilized in distinct
areas as an NP and supportive material.
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3.2.1. Carbon-Based NPs in Tissue Engineering

NPs are prominent nanostructures included in tissue engineering studies and appli-
cations. Scaffolds are 3D materials that provide mechanical support and facilitate cellular
interactions for proliferation and cell attachment in tissue regeneration [416]. NPs are
primarily highlighted in scaffold applications to enhance mechanical support and the
bioactivity, release, and solubility of bioactive molecules [417]. Carbon-based NPs are
considered in this area to enhance the stability and mechanical properties. For instance, GO
NPs are used for mechanical support and to increase proliferation rates. GO itself is widely
involved in many nanocomposites, often with other NPs for similar purposes. Conversely,
CQDs are used for antibacterial support and tissue regeneration. For simplicity, we discuss
CQD and GO NPs in this section to highlight the involvement of carbon-based NPs in
tissue engineering, with additional studies provided in Table 3.

CQD-co-incorporated GelMA hydrogel scaffolds were investigated for their use in
treating bone defects infected by multidrug-resistant bacteria, with their surface charge be-
ing regulated. Positively charged CQDs exhibited noteworthy antibacterial activity against
E. coli, S. aureus, and MRSA, a multidrug-resistant bacteria, and also prevented biofilm
formation. On the other hand, negatively charged CQDs significantly promoted bone
regeneration, nearly achieving complete repair of bone defects at the end of 60 days [418].
To give one additional example, different nanocomposite scaffolds were created with CQDs,
poly glycerol sebacate, and polycaprolactone for cardiac tissue engineering [419]. Various
aspects of the synthesized nanocomposite were investigated, including mechanical prop-
erties, cell viability, conductivity, and compatibility. The addition of CQDs affected the
application of the nanocomposite by increasing Young’s modulus, electric conductivity,
fiber arrangements, and cell proliferation. Additionally, a high percentage of CQD in the
nanocomposite had an adverse effect on cell viability by slightly decreasing it (0.5 wt%
chosen as the optimum ratio).

As mentioned, GO NPs are widely included in many nanocomposites for tissue en-
gineering, similar to CQDs. As an example, a study synthesized GO NPs with a chitosan
scaffold to build up a nanocomposite for cartilage tissue engineering [420]. Regarding the
significant mechanical properties of GO, it was aimed to enhance the scaffold mechanically.
As a result, the addition of GO NPs in certain concentrations (up to %2 W/V) increased
mechanical properties in decent amounts. Subsequently, the proliferation of chondrocytes
for cartilage engineering was evaluated. Based on the NP concentration, the scaffold
including GO showed the highest rate of proliferation, with GO acting as an additional
proliferation promoter. Similarly, silk fibroin/soy protein scaffolds were utilized with
B-tricalcium phosphate and GO NPs to enhance mechanical properties and osteoinductiv-
ity [421]. The initial observation was a significant increase in compressive strengths due
to the addition of GO NP and (-tricalcium phosphate to scaffolds. For determining the
efficiency of the scaffolds in bone engineering, the biomineralization capability of each
group was tested. The accumulation of minerals on the surface of each type of scaffold
was observed for two weeks. Visuals acquired by electron microscopy showed that GO
NPs increased aggregation of the minerals and mineral deposition of the scaffold. Later,
proliferation comparisons of the scaffolds were observed in the cell viability test. Not only
was the proliferation rate highest in the GO NP-added scaffolds (especially on days 5 and
7), but also it showed the best morphological results during the examination. Finally, to
observe the enhancement in proliferation from another aspect, osteogenesis-related gene
expressions were analyzed. On both days (7 and 14), the scaffold that included GO NPs
showed the highest mRNA expression rates.

3.2.2. Carbon-Based NPs in Antitumor and Cancer Research

Carbon-based NPs have drawn considerable attention in antitumor and cancer re-
search. Along with the direct interaction with cancer cells, carbon-based NPs are commonly
modified to shape their application in targeting and delivery systems. This capability
of modification of carbon-based NPs enhances tumor targeting and antitumor activity,
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making them valuable in cancer research [422]. Fullerene’s wide range of applications
in delivery systems, light-sensitive ROS generation, and anticancer activity are the major
factors behind its application in antitumor and cancer research.

For instance, a study used fullerene Cgy NPs to test out antitumor activity on breast
cancer in both in vitro (MCF-7 cells) and in vivo (Wistar albino rats) [423]. During the in vivo
experiment, specific parameters were identified and compared to the effect of Cgg after
the induction of breast cancer. The results showed that the addition of Cg after induction
managed to decrease the oxidative stress and toxin levels in breast tissue, and increased
catalase activity, glutathione levels, and protein density. Afterward, the histological images
pointed out positive results on behalf of Cgp, as the tumor diameters were lower in the
fullerene group. On the other hand, in vitro experiments showed a dose-dependent activity
(demonstrating activity at 25 mg/mL and higher) of Cgg in a cell viability test.

In addition to the direct application of Cgp in cancer research, it is also applied for
cancer cell imaging and tumor targeting. In an experiment, highly fluorescent fullerene
Cso NPs were synthesized, modified with folic acid, and used for cancer cell imaging [424].
Folic acid’s specific affinity against folate receptors, which is found in high levels in cancer
cells, was utilized with fullerene’s luminescent characteristics. To determine any potential
cytotoxicity, cell viability tests were conducted using COS-7 cells, which showed safety for
administration up to 200 pg/mL. Later on, COS-7, U87, and HeLa cells were used for testing
the selective imagining property of Cg9 NPs. U87 and HeLa cells showed blue fluorescence;
meanwhile, COS-7 did not show any, confirming its selectivity. A similar study used Cgg
NPs for tumor targeting to enhance antitumor activity [425]. During the experiments, a
delivery system known as an “off-on” state was developed, and doxorubicin was used as
the anticancer drug. The “off” state represents the encapsulated drug’s protection until
it reaches the site of action, where it transitions to the “on” state for instant drug release.
Doxorubicin was covalently attached to the C¢o NP via ROS-sensitive linkage, representing
the “off” state. To activate drug release (representing the “on” state), the light sensitivity of
Cgp was activated (by laser irradiation), inducing ROS generation to break the ROS-sensitive
linkage and release the drug immediately. This experimental model was applied in both
in vivo and in vitro experiments. For the in vitro experiment, 4T1 cells were used, confirming
the tumor-targeting capability of C¢y NPs and showing a decrease in cell viability after
entering the “on” state. Finally, an in vivo mice study demonstrated significant antitumor
activity and reduced cytotoxicity compared to administering the drug alone, thanks to the
tumor-targeting enhancement.

Another study also investigated Cgp in a cancer study but from a different perspective.
Cgo NPs were tested on rats against induced hepatotoxicity by a chemotherapeutic agent,
cyclophosphamide [426]. To evaluate the effect of C¢y against hepatotoxicity, five groups
were created and orally administered Cg) (alone or with zinc chloride). First, the levels of
liver enzymes and liver disease markers in blood plasma were determined for all groups.
Cgo prevented the increase in marker levels and significantly reduced the increase in liver
enzymes to levels near those of the control group (further enhancement was observed with
the addition of zinc chloride). Further, Cgy and zinc chloride increased the low levels of
albumin and protein levels to nearly control levels. The significant antioxidant activity of
Cgo, well known in the literature, was also observed during the experiments, as indicated by
decreased oxidative stress markers and increased glutathione levels. These results further
indicate the potential of C¢y NPs in cancer research, particularly as agents to relieve the
side effects of cancer treatments.

Similarly, CQDs also play a significant role in cancer research. Since they possess
significant photostability, fluorescence, and compatibility, CQDs are applied in various
applications related to cancer treatment and diagnosis, such as photoinduced therapy,
tumor inhibition, drug delivery, and fluorescence imaging [427,428].

For instance, a study investigated the development of a novel drug delivery system
involving the integration of the anticancer drug 5-fluorouracil (5-FU) with CQDs [429]. For
confirming the successful characterization of 5-FU-CQD nanoconjugate, various tests such
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as drug release kinetics and cytotoxicity assays were applied to evaluate its potential in drug
delivery for improving the efficiency and security of cancer treatment. Results indicated the
5-FU-CQDs exhibited enhanced drug delivery capabilities, increased cytotoxicity against
cancer cells, and improved cellular uptake compared to the free drug when tested on normal
human lung fibroblast (GM07492A) and human breast cancer (MCF-7) cell lines. Overall,
these findings suggested a promising approach to advanced cancer therapy. In addition, a
study evaluated the cancer cell imaging property of CQDs modified with folic acids [430].
HeLa and MCEF-7 cells were used to test and perform fluorescence imaging. Before that, the
cell viability of CQD was checked with MCE-7 cells and showed no morphological damage
during the administration. The imaging results showed that modified CQDs showed
significant photoluminescence; meanwhile, unmodified CQDs showed a total opposite.
Although CQD can target cancer cells with several approaches, functionalization of this NP
indeed yields more promising results [431].

Table 3. Applications of carbon-based NPs.

Type of the Carbon-Based NP

Application Area Highlighted Results References

Fullerene

- Enhancement of antioxidant capacity by increased
Antioxidant catalase activity (in vivo) [432,433]
- Protection against oxidative cell injury

Fullerene

- Antioxidant activity and tissue protection in

Diabetes hyperglycemia-induced lung damage (in vivo)

[434]

Fullerene

- Potential anti-inflammatory activity against heart
tissue damage by inflammation (in vivo)
Reduction in inflammatory responses in eye tissue
by inducing HO-1 protein expression (in vivo)

Anti-inflammatory [435,436]

Fullerene

- A fullerene Cgp-included conjugate was
functionalized and successfully conducted to
efficiently target tumor cells for
delivery applications

Drug delivery [437]

Fullerene

- Fullerene C4y NPs were tested for photodynamic
Cancer therapy against a human lung cancer line and [438]
possessed great potential for future administrations

Graphene

- Enhancement in antibacterial activity in copper and
silver NPs
i i . . . . . 439,44
Antibacterial - Enhancement in bacterial detection and antibacterial [ 0]

activity with gold NPs

Graphene

- Increased targeting and drug release in anticancer
drug delivery systems

- Efficient anticancer drug delivery with
enhanced accumulation

Drug delivery [441-443]

Graphene

- Hybridization with gold NP for enhancing cancer
imagining and anticancer activity
Anticancer (in vivo and in vitro) [444,445]
- Decoration on CuO NPs for enhancing stability and
anticancer activity

Graphene

- Enhancing mechanical properties of materials

- Enhancing gas-sensing traits of TiO, NPs

- Material for enhanced thermal energy storage and
water production

Industrial [446-450]
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Table 3. Cont.

Type of the Carbon-Based NP Application Area Highlighted Results References

- Graphene-included nanocomposite exhibited
significant antibacterial activity and increased
proliferation of mesenchymal stem cells for bone
tissue engineering

- Chitosan and graphene-included scaffolds increased
viability of stem cells, enhanced biodegradation, and

Graphene Tissue engineering improved cell-scaffold adherence for neural [451-453]
tissue engineering

- Reduced GO and alginate-included nanohybrid
nanogels improved thermal stability, increased
myoblast adhesion and myogenic differentiation,
and enhanced physical and chemical properties of
the structure for skeletal muscle tissue engineering

- Abiosensor based on the change in algae oxygen
Electrochemical evolution from herbicide exposure was developed
Carbon black sensor desien - Modification of electrochemical sensor by Super-P [454,455]
& CBNP enhanced the detection of carbendazim by
improved efficiency of charge transfer

- Up to 3% addition of CBNPs increased compressive
strength, electrical resistivity, and static modulus of

Reinforcement of cement mortars (addition of CBNPs higher than the
Carbon black cement-based 3% showed converse effect) [456,457]
materials - A generated cement-CBNP enhanced energy

conversion performance of a
cement-based nanogenerator

- Functionalized form enhanced cell performance, ion
selectivity, and stability in vanadium redox battery.
Carbon black Energy storage - Synthesized hollow carbon NPs with carbon black [458,459]
significantly improved electrolyte storage,
capacitive, and rate performance.

- Exhibited characteristics, cell penetration and
fluorescence emission, that are suitable for
bioimaging applications

- Significant fluorescence image, decent

Carbon quantum dot Bioimaging biocompatibility, no significant toxicity was [460-462]

observed (in vivo)

- Enhanced light stability and photobleaching
resistance in bacterial bioimaging application with
specific staining

- CQD-polyaniline biocomposite biosensor
successfully managed to detect low levels
of dopamine

- A more specific, sensitive, and ranged fluorescent
biosensor for acrylamide detection was developed

- Real-time and sensitive fiber optic biosensor based
on CQD successfully developed for nitric
oxide detection

- CQD-chitosan composite used for sensitive,
selective, and cost-efficient detection of insulin.

Carbon quantum dot Biosensor design [463-466]
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Table 3. Cont.

Type of the Carbon-Based NP

Application Area Highlighted Results References

Carbon quantum dot

- CQD exhibits significant antibacterial activity,
increases the recovery of infected wounds, and
decreases infection death (in vivo)
Antibacterial - CQDs avoid antimicrobial resistance, generate ROS, [467-469]
and possess intracellular antibacterial activity
- Combined application of CQD with different types
of NP shows enhanced antibacterial activity

Carbon quantum dot

- CQD-included hybrid NP successfully delivered
5-fluorouracil for breast cancer treatment

- Combination of CQDs and PLGAs successfully
carried two types of antibiotics, azithromycin, and
tobramycin, with significant antibiofilm activity

- Cytarabine-encapsulated CQDs, in combination
with chitosan gels, possessed pH-sensitive drug
release with high efficiency

Drug delivery [470-472]

Carbon quantum dot

- The addition of CQD NPs to the bioactive scaffold
increased the expression of cardiac-marker genes
and the value of Young’s modulus
Tissue engineering -  The addition of CQD NP into the PLGA scaffold [473,474]
significantly increased osteogenesis, bone
mineralization, and proliferation for bone
tissue engineering

Carbon quantum dot

- Nitrogen-doped CQD-included nanocomposite,
along with several biomolecules, used for wound
healing and skin tissue regeneration by exhibiting
Wound healing high antibacterial activity and great Young's [475-477]
modulus and tensile strength values
- CQDs modified with various components promoted
in vivo wound healing

3.2.3. Carbon-Based NPs” Antioxidant Activity and Cosmetic Applications

The radical scavenging activity of fullerene is well known and distributed across
multiple fields, including cancer research and dermatology. To emphasize, the primary
reason that fullerene is widely involved in cosmetics and dermatological research is its
characterization as a “radical sponge” [478]. The antioxidant activity of Cg is not limited
to the general radical scavenging studies. Its conditional ROS-generating characteristics
and possible mitochondria-targeted antioxidant activity are an interesting subclass within
this research area.

As an example, an experiment was conducted for the antioxidant activity of Cgg NPs
combined with polydopamine and glutathione via Michael’s addition reaction [479]. An
in vitro radical model was used to test the radical scavenging activity of the combined Cg
NPs. Dose-dependently, combined Cgg NPs scavenge up to 86.2% of the hydroxyl radicals at
200 pg/mL. Considering the light-sensitive ROS generation trait of Cgg, a cell viability test
was conducted in the presence and absence of light. In the dark, cell viability values were
slightly higher, indicating the potential proliferative activity of this NP. Conversely, under
white light irritation, nearly all cell viability values matched the control group, indicating
the intensity of the ROS scavenging ability compared to ROS generation with negligible
cytotoxicity. The experiment progressed by testing the oxidative stress levels in cell cultures:
HEK-a, HUVEC, HM, and L-02 cells. At 20 and 30 pg/mL, the cell viability of all types
of cells was higher, with a mean value of 80% viability. Finally, the observed cellular
uptake results showed that Cgy NPs are localized in the mitochondria. Fullerene’s possible
mitochondrial localization and antioxidant activity are discussed in another study [480].
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This research investigated the two-edged activity of C4yp NPs using an E. coli model. The
antioxidant and prooxidant activities of Cgy were investigated with multiple tests. Cg
NPs concentration-dependently exhibited intense protective activity but shifted towards
prooxidant activity after nearly 50 min. At certain concentrations, especially 103 and
10~ g/L, the highest protective activity was observed, along with the least prooxidant
activity. The E. coli strain used is known for exhibiting its antioxidant system and enzymes,
similar to mitochondria. Following this correlation, this model can meet the specifically
directed antioxidant ability of Cgg toward mitochondria.

As discussed, thanks to the significant antioxidant activity of Cgg NPs, they have
a wide range of applications in the current research. Related to its antioxidant activity,
Cgo’s protective effect against UV-induced damage is also a major trait in dermatological
applications. For instance, the UV-protection and antioxidant activity of Cgp, combined
with nanodiamonds (NDs) was evaluated for sunscreen formulation [481]. As discussed
in the previous section, ZnO and TiO; NPs are used in UV protection and cosmetics. This
study investigates the addition of Cgy and NDs to TiO, NPs for sunscreen formulation,
providing supportive protection against ROS generation by TiO, during photoactivation.
In addition, the scavenging potential of vitamin C, Cg, and NDs was determined and
observed in the presence of TiO, (under dark lighting conditions). After vitamin C (since
it has the lower molar mass value), C¢p showed the highest potential (per unit mass),
followed by the NDs. The presence of TiO; in the dark did not disrupt the scavenging
potential of any compounds. During the irradiation, vitamin C showed a decrease in its
scavenging potential, possibly due to activated ROS synthesis by TiO; NPs. On the other
hand, both Cgy and the NDs showed increased scavenging activity (higher than in the
non-irradiation test), even after the photoactivation of TiO, NPs. However, C4g did not
decrease intracellular oxidative stress levels, as it can generate ROS under irritation as well.
In addition, both Cgp and NDs decreased the transmission of UV light and showed anti-UV
traits. The absorption of UV photons by TiO, was also demonstrated.

3.2.4. Carbon-Based NPs” Anti-Inflammatory Activity

Fullerenes, particularly Cgy, have gained attention in anti-inflammatory research due
to their significant radical scavenging capability, resulting from their conjugated double
bonds and high electron affinity [482]. These carbon-based NPs exhibit antioxidant proper-
ties, allowing for them to neutralize ROS and free radicals that contribute to inflammation
and cellular damage, thereby reducing oxidative stress and associated inflammatory re-
sponses [483]. Regarding these characteristics, multiple studies in the current literature
have explored the potential of fullerenes in anti-inflammatory studies.

To exemplify, a study investigated the therapeutic potential of n Cg, the aqueous
suspension form of Cgp, in treating atopic dermatitis in mouse models [484]. Researchers
observed that n Cg significantly reduced IgE production and Th2 cytokine levels, particu-
larly IL-4 and IL-5, while inducing a Th1 immune response with increased concentrations
of IL-12 and IFN-y. Additionally, epicutaneous administration was more effective than
subcutaneous administration, evidenced by a considerable increase in filaggrin expression
and a notable reduction in eosinophil and leukocyte infiltration. Overall, n Cg holds poten-
tial as a promising therapeutic agent for the treatment of atopic dermatitis by modulating
immune responses and enhancing skin barrier functions.

Similarly, in another study, researchers used Cg fullerene suspension (CgoFS) to treat
ulcerative colitis (UC), a chronic inflammatory bowel disease characterized by ulcers in the
colon [485]. In vivo experiments on rats showed that C¢)FS repaired barrier dysfunction
in the colon, reduced inflammation, promoted ulcer healing, and enhanced colon health
compared to the group treated with mesalazine enema (ME), a commonly used anti-
inflammatory drug for UC. Moreover, C4FS decreased the number of mast cells and
basophils, thereby suggesting a broader anti-inflammatory effect. In summary, these
findings collectively highlight that C¢oFs can be an effective therapeutic agent for treating
UC, potentially offering better outcomes compared to conventional medications like ME.
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Besides fullerene, CQDs have also been used as anti-inflammatory agents in various
studies. For example, recent research demonstrated the effectiveness of CQDs, derived
from Carthamus tinctorius L. and Angelica sinensis, in reducing inflammation associated with
rheumatoid arthritis (RA) [486]. In vivo experiments on rat models revealed that CQDs
exhibited remarkable anti-inflammatory properties, effectively reducing inflammation.
Additionally, CQDs derived from C. tinctorius and A. sinensis significantly downregulated
pro-inflammatory cytokines such as IL-1, IL-6, and TNF-«, as well as vascular endothelial
growth factor (VEGF), which are known to play crucial roles in the pathogenesis of RA.

3.2.5. Carbon-Based NPs in Diabetes

Due to their proper molecular structure and superior antioxidant activity, fullerene
NPs are studied with in vivo experiments on diabetes and diabetes-related abnormali-
ties [487]. To illustrate the direct activity of fullerene NPs against diabetes, an in vivo study
demonstrated the potential of fullerene Cgy NPs in diet-induced obesity in rats [488]. For
70 days, rats were fed a normal and high-fat diet separately, with Cgy NPs administered
after day 28. As expected, the high-fat-fed rat group showed significantly higher weight,
insulin, glucose, and pro-inflammatory cytokine levels compared to the control, low-fat
diet group. The administration of C4yp NPs decreased the mentioned metabolic parameters
to control levels, slightly reduced body mass index (from 2.7 to 2.3 times), and normalized
anti-inflammatory cytokine levels. In addition, increased oxidative stress caused by the fat
diet was also reduced by Cgp, followed by increased antioxidant enzyme activity.

Cgo NPs, along with their diabetes-regulating properties, are also used to encapsu-
late certain molecules for diabetes treatment. As an example, a study demonstrated the
combination of curcumin and Cgg fullerene NPs against kidney damage in in vivo diabetes
rats [106]. The kidney tissue of the diabetic rats, divided into nine groups, was examined.
The administration of curcumin, C¢o NPs, and a combination of these two was compared to
observe the kidney damage. The results indicated that the combined treatment increased
the protection of kidney tissue by reducing oxidative stress, fatty acid, and cholesterol
levels. In recent years, the same researcher tested the potential protective activity of Cgg
fullerene NPs against pancreatic damage in an in vivo rat study, which showed promis-
ing results [489]. To give one last example, fullerene NPs, attached to porphyrin and
encapsulated with magnesium-25, were tested on diabetic neuropathy [490]. In an in vivo
experiment, the changes in the numbers of small and large neurons were investigated and
compared between control and NP-treated groups. In the diabetic neuropathy group, the
number of large neurons was halved, and the number of small neurons doubled compared
to the control group. The NP group significantly increased the number of large neurons and
decreased the number of small neuron numbers back to control levels when compared to
diabetic neuropathy-induced rats. Additionally, similar to other studies, increased antioxi-
dant capacity and a decrease in lipid peroxidation were also observed in the NP-treated
group. At last, each group’s motor function was tested, and NP groups showed very near
results compared to control groups.

3.2.6. Carbon-Based NPs in Drug Delivery Systems

Due to their significant optical absorption, stability, and reactive surface area, resulting
from the characteristics of the carbon atom, carbon-based NPs have an important place in
drug delivery studies [491]. GO-based nanomaterials (including NPs) possess significant
characteristics, especially their unique electrochemical nature; they have a remarkable
potential in drug loading and delivery [492]. Nevertheless, they have been primarily
investigated and discussed for their potential as another type of NP suggested in drug
delivery systems.

As an example, in an experiment, GO NPs were functionalized with PEG to deliver
an antibacterial Nigella sativa extract [493]. To test the antibacterial activity of the system,
two types of bacteria, S. aureus and E. coli, were used along with two additional groups:
GO NPs and GO NPs-PEG. In both types of bacteria, each group showed significant
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antibacterial activity, but the group that included Nigella sativa showed the highest activity,
as expected. In addition, all groups promoted the generation of ROS in significant amounts,
indicating the GO NPs’ antibacterial activity together with its suitability for drug delivery
systems. A related study used PEGylated GO NPs to enhance the anticancer activity
of doxorubicin and cisplatin [494]. First, the drug loading and drug release potential of
the NPs were tested. The characterization of drug loading showed that GO NPs loaded
cisplatin in superior amounts, by exceeding levels of other types of NPs that are used
in similar approaches. Thereafter, GO NPs showed pH-sensitive drug release, which is
desirable in common anticancer deliveries for releasing the drug at tumor sites. Secondly,
both drug carrier and non-carrier forms of PEGylated NPs were investigated with cell
viability and cytotoxicity tests with CAL-27 and MCEF-7 cells. GO NPs showed cell viability
higher than 90%, confirming their safety in the delivery system. As expected, drug-loaded
GO NPs showed significant cytotoxicity and apoptosis rates. Also, the simultaneous
delivery of doxorubicin and cisplatin showed the highest activity compared to single-drug
delivery. At last, an in vivo experiment was designed to determine the antitumor efficacy.
The dual drug delivery of doxorubicin and cisplatin was applied with and without the GO
NPs. It was observed that even though the dose concentration was 2-3-fold higher in the
non-capsulated drugs, the encapsulated GO NP group showed higher accumulation in
tumor cells.

Similarly, CQDs are also included in some drug delivery systems, particularly in
cancer research. Since they possess various functional groups and can be functionalized
with diverse ligands, CQDs have become one of the most discussed types of NPs in cancer
drug delivery [431]. For instance, researchers aimed to develop targeted drug delivery
systems, particularly for breast cancer therapy, by employing transferrin-conjugated CQDs
(TF-CQDs) loaded with doxorubicin [495]. In vitro experiments showed that Dox-loaded
TF-CQDs reduced cell viability in the MCF-7 cell line and enhanced cellular uptake more
effectively compared to doxorubicin (Dox) or TF-CQDs alone. Moreover, it was stated that
the pH of the environment played a significant role in the release of Dox from TF-CQDs,
with acidic conditions enabling a more effective release. The delivery of Dox with CQDs
was evaluated similarly to cancer stem cells [496]. HeLa and breast cancer stem cells were
used in the in vitro experiment. For both types of cells, it was observed that CQDs managed
to penetrate the cell membrane and accumulated in the cytoplasm and nuclei of the cells.
Later, the same type of visualization was performed in vivo on mice. After 12 h, there was a
significant accumulation of CQDs in the tumor sites with strong fluorescence. Furthermore,
the emission intensity of the CQDs did not change after day 10. Compared to free Dox
administration, CQDs showed significant potential and enhancement in drug delivery.

3.2.7. Carbon-Based NPs in Antibacterial Research

Carbon-based NPs have been studied for their antibacterial properties. Among the
carbon-based nanomaterials, graphene and carbon dots exhibit several antibacterial mech-
anisms, such as directly damaging the cell wall of the bacteria, generating significant
amounts of ROS, and possessing inhibitory effects on bacteria metabolism [497]. In addi-
tion to these chemical and physical antibacterial mechanisms, they are also combined with
other NPs, and functionalized with distinct molecules due to their physical properties [498].

As an example, researchers demonstrated phosphorus-doped CQDs (P-CQDs) possess
bactericidal effects on both E. coli and S. aureus, with minimum inhibitory concentrations
measured at 1.23 mg/mL and 1.44 mg/mL, respectively. The synthesized P-CQDs under-
went characterization steps to confirm their composition and properties. Following the
experiments, it was observed that morphologies of E. coli cells were damaged and also,
S. aureus became irregular when treated with P-CDQs, indicating their potential as effective
antibacterial agents [499].

Another study, focused on the potential of CQDs derived from curcumin as antibac-
terial agents [500]. It was shown that CQDs functionalized with quaternary ammonium
groups (Q-CQDs) exhibited strong binding to bacterial membranes, facilitating membrane
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disruption, ROS generation, and subsequent cell death. In addition, in vitro and in vivo as-
says indicated that Q-CQDs successfully eliminated both S. aureus and E. coli and facilitated
wound healing while exhibiting low toxicity.

As clarified in the carbon-based NPs section, graphene can either be coated onto the
surface of the NPs or compose a composite with the NP to benefit the unique proper-
ties of the molecule. In the antibacterial application, this factor is significantly utilized
with positive results. For example, a silver NP was decorated with the GO to form an
antibacterial nanocomposite [501]. Along with the composite, GO and silver NPs were also
used to compare their antibacterial activity against four types of bacteria: E. coli, S. aureus,
S. epidermidis, and C. albicans. According to the cell viability results, the sole administration
of GO and silver NPs showed similar activity with GO having a slightly better activity.
On the other hand, the silver NP-GO composite showed significant activity with much
higher results compared to sole administrations. As mentioned previously, silver NPs are
known to cause disturbance and damage to the cellular membrane, which is behind its
antibacterial activity. This was also tested to observe the effect of GO on the antibacterial
activity by measuring the LDH levels in the medium. Similar to the significant increase in
antibacterial activity, the composite also substantially increased the LDH levels. Finally,
the composition slightly increased ROS production. The researchers discussed that, even
though it is not clear, the aggregation of silver NPs during the action might be relieved by
the GO, eventually leading to increased antibacterial activity.

Similarly, the same composite with GO and silver NPs was synthesized, and their
antibacterial activity and toxicity were evaluated [502]. Again, the decreased aggregation
of silver NPs and the enhanced antibacterial activity of the composite were observed.
One additional factor observed during this experiment was the toxicity comparison. The
composite showed significantly lower toxicity (no toxicity was observed until the concen-
tration reached 60 uL) against HEK293 cells, compared to silver NPs. Many similar studies
currently exist in the literature, using GO to form composites to enhance the antibacterial
activity of NPs. Here, we have discussed the use of GO with silver NPs since it was the
most detailed antibacterial NP that we have encountered. However, the use of other types
of NPs with GO is presented in Table 3.

3.2.8. Carbon-Based NPs in Industrial Applications

As explained in the section on CBNPs, carbon black NPs have a limited role in
biological applications due to their cytotoxicity and their emphasis on mechanical rather
than biological features. Concurrently, CBNPs are also utilized in diverse fields, such as
the design of electrochemical sensors, lithium batteries, and sodium batteries. Here, we
briefly discuss a few studies to highlight the applications of CBNPs, with additional studies
presented in Table 3.

CBNPs have been widely used in recent studies as reinforcing fillers for rubber-based
materials. Thanks to the properties of carbon black, CBNPs enhance crucial properties such
as tensile strength, tear resistance, and abrasion resistance [503]. For example, researchers
investigated the effect of adding carbon black on the properties of various types of rubber,
such as natural rubber (NR) and butadiene rubber, as well as their blends in varying
compositions [504]. Their focus was mainly on how carbon black effects cure characteristics,
density, hardness, and mechanical properties, including tensile strength, elongation at
break, and tear strength. In conclusion, the findings revealed that the addition of carbon
black reduced cure time, increased hardness and density, and significantly enhanced
mechanical properties, particularly in those filled with NR70 compared to its counterparts.

However, an important drawback needs to be mentioned: the disruption of the carbon
black’s reinforcement property at high temperatures. To exemplify, researchers treated
CBNPs with various methods such as washing with water, alcohol, toluene, and a water—
toluene emulsion and heated them to different temperatures to observe the changes in
surface activity. Subsequently, it was stated that although the surface activity of CBNPs
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increased with an increase in temperature, a decrease in the effectiveness of rubber rein-
forcement was observed after 450 degrees Celsius [77].

Additionally, a study presented a cost-effective and efficient method using the catalytic
properties of CBNPs to detect phosphate levels in water, which is essential for evaluating
its quality and monitoring eutrophication levels [505]. Experimental results indicated
significant sensitivity, with a low detection limit of 6 uM and excellent repeatability of
the method, making it suitable for long-term monitoring of phosphate levels in various
water sources.

As a final example, a study investigated the use of CBNPs in the development of
lithium-sodium batteries [506]. Researchers specifically focused on modifying CBNPs
by incorporating them with iron phosphide (FeP) NPs, aiming to enhance the battery
performance. Findings revealed that this modification significantly improved sulfur redox
kinetics, enabling long-term cycling at high rates. Furthermore, the uniform distribution of
FeP NPs on carbon black maximized exposure to active sites, resulting in enhanced battery
performance even at high sulfur loadings.

In conclusion, the advantageous features of CBNPs, such as their ability to serve
as effective reinforcing agents and contribute to electrochemical applications, have en-
abled their applicability in the industrial area, despite their acknowledged limitations,
including cytotoxicity.

Graphene is one of the leading materials in industrial applications, with high market
value and wide range products supported by an extraordinary number of patents [507].
Both as an NP and material, it is involved in many materials for reinforcement due to
its mechanical properties, CO, conversion in composite form, metal and gas absorption,
and so on [508]. A few examples that involve GO and other types of NPs will be briefly
discussed to indicate the industrial application of graphene in the scope of this review.

To give an example, in a study similar to the application of carbon black NPs, GO
NPs were hybridized with SiO; NPs to reinforce the mechanical properties of nitrile
rubber [509]. To determine the mechanical enhancement of the hybrid NP, nanocomposites
were formed with nitrile rubber, including GO NPs, SiO, NPs, and the hybrid NP. The
researchers discussed the thermostability of graphene and its increased effect with the
addition of O,-containing functional groups to graphene. As a result, the addition of 5iO,
NPs increased the thermal stability and decreased the weight loss from 47 wt% to 26 wt%
at 350 °C. The formed hybrid greatly increased tensile strength; however, the increase in
elongation at break was lesser. Another type of material wherein GO NPs are used to
enhance resistance is concrete. An experiment showed the enhanced blast load resistance of
steel fiber-reinforced concrete with GO NPs [510]. In the first experiment, certain amounts
of GO NP slightly decreased compressive strength. The researchers indicated that the
addition of GO NPs increased the surface area and caused distress in obtaining compaction.
Conversely, they found that the optimum amount of GO NP (0.025%) increased flexural
strength by 8.22%, as the bonding between the fiber and matrix strengthened. Subsequently,
blast loading tests were performed, and the addition of GO NPs showed better damage
patterns as a result. Finally, GO NPs decreased permanent deflection due to the bond
between the NPs and steel fibers. Many other similar types of research use GO and GO
NPs as reinforcing materials due to their rich physical properties. GO is either utilized with
other types of NPs to combine their properties, especially physical and mechanical or is
solely used in diverse materials.

3.3. Organic NP Applications

Organic NPs have a particular place in NP application, as they possess significant
biocompatibility, ease of functionalization, and low toxicity. Their organic composition
enables them to interact easily with biological systems, making them suitable materials for
a broad range of applications, such as wound healing, diabetes research, drug delivery, and
food packaging (Table 4).
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3.3.1. Organic NPs in Wound Healing Applications

Encapsulating hydrophilic and hydrophobic materials with organic NPs becomes an
advantageous approach for wound healing studies as they can modulate inflammation,
promote angiogenesis, and upregulate growth factors, which are crucial for accelerating
the tissue repair process and thereby the rate of wound healing. For example, PLGA NPs
loaded with LL37, a host defense peptide, were synthesized to evaluate their potential
in promoting wound healing [511]. Once the NPs were engineered to optimize efficient
LL37 encapsulation, in vivo experiments conducted on murine models demonstrated that
these NPs significantly accelerated wound closure, upregulated IL-6 and VEGFa expres-
sion, enhanced epithelialization, and improved angiogenesis compared to control groups.
Additionally, sustained release of LL37 from the NPs was observed to effectively modulate
the inflammatory response, which is considered crucial for an efficient healing process.

Also, another study was conducted to explore the effectiveness of curcumin-loaded
liposomes on wound healing [512]. The researchers formulated the liposomes to improve
the bioavailability and solubility of curcumin, known for its significant anti-inflammatory
properties. After successfully optimizing the liposome formulation, various tests, including
in vitro drug release studies, encapsulation efficiency measurements, and in vivo experi-
ments, were applied to assess the performance of the curcumin-loaded liposomes. Findings
indicated that curcumin was released continuously at the wound site, significantly pro-
moting the healing process, as evidenced by improved wound closure rates and a notable
decrease in inflammation.

Researchers synthesized vaccarin—chitosan NPs (VAC-NPs) to investigate their poten-
tial in the wound healing process [513]. The synthesis phase employed the ionic gelation
method, which involves crosslinking chitosan with tripolyphosphate ions to ensure effec-
tive encapsulation of vaccarin. Subsequent in vivo experiments conducted on rat models
demonstrated that VAC-NPs significantly promoted wound closure and facilitated the
sustained release of vaccarin, thereby effectively moderating the inflammatory response.
It was also stated that this mechanism might have arisen from the upregulation of IL-13
and PDGEF-BB, well-known factors in tissue repair and regeneration, further promoting
angiogenesis and efficiently accelerating wound healing.

In conclusion, the current literature features various studies with similar findings
utilizing LBNPs, especially liposomes, for wound healing applications. To sum up, LBNPs’
advantageous characteristics, such as being able to encapsulate both hydrophilic and
hydrophobic molecules effectively, not only establish their significance but also emphasize
their further potential in this field.

3.3.2. Organic NPs in Diabetic Research

Here, we explore the involvement of fullerenes in diabetic research, highlighting a few
studies that present their molecular structure and high antioxidant capacity. In this context,
most organic NPs are included in diabetic research for their mucoadhesive and antibacterial
traits, rather than their antioxidant activity. As a result, alginate NPs have a substantial place
in diabetic research. Since both chitosan and alginate possess mucoadhesive characteristics,
many diabetic-based NP studies include these two polymers in their experiments. The
mucoadhesive trait is crucial in site-specific drug delivery, such as in the gastrointestinal
regions and respiratory and reproductive systems, as many organs in these regions possess
mucous membranes and are susceptible to mucus-related diseases [514].

Based on this, NPs with mucoadhesive features have the advantage of increased
drug delivery efficiency in these regions. Using mucoadhesive polymers in NP synthesis,
primarily alginate, and chitosan, covers this advantage, and their non-toxicity reputation
strengthens it. The utilization of these polymers can increase the duration of drug exposure
in these regions, improve the durability of the drug against the removal effects, and decrease
the cost and required dose for administration [515,516]. As an example, chitosan and
alginate shell NPs were synthesized to orally deliver a polyphenol, naringenin, to a diabetic
animal model [517]. The synthesized NPs were characterized in terms of encapsulation
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efficiency, drug release efficiency based on pH levels, and mucoadhesion to determine
intestinal mucosal attachment. Along with the approximately 91% encapsulation efficiency,
the NP managed to release 90% of the drug at a pH level of 7.4 in the animal model. Later,
an ex vivo mucoadhesive test was performed with a rat intestinal lumen. The NPs showed
significant binding strength to the intestinal lumen, even after the washing processes. There
was no trace of toxicity, which is expected given the non-toxicity and biodegradability of
polymeric NPs. For 19 days, 50 mg/kg alginate-chitosan NPs loaded with naringenin were
administered to the diabetic rats, along with a control group. Blood glucose levels were
determined, and by day 30, the NP-administered rat group showed almost the same level
of blood glucose as the control non-diabetic group.

Independent of the mucoadhesive trait, alginate and chitosan are still utilized in NP
applications for diabetic research. For example, an interesting combination of NPs was
synthesized for the healing of diabetic wounds [518]. Two NPs, silver and calcium alginate,
were prepared—while chitosan served as a base matrix (to enhance biodegradability)
during the synthesis—to test the antimicrobial (from the silver ions) and hemostatic (from
the alginate) effects. Two Gram-negative (Pseudomonas aeruginosa, E. coli) and two Gram-
positive (B. subtilis, S. aureus) bacteria were tested for antibacterial activity. Following the
successful antibacterial activity of the AgNPs, an in vivo wound healing experiment was
performed on diabetic rats. The wound reduction reached up to 99% in the blood-mixed
NP combination, and 83% in NP administration, indicating their significant potential in
tissue repair. Other types of polymers have also been shown to be effective against diabetic
wounds in NP forms, such as polycaprolactone [519] and PLGA [520].

Table 4. Applications of organic NPs.

Type of Organic NP

Application Area Highlighted Results References

Chitosan

Wound healing

- Hybrid NP with alginate to heal both diabetic and
non-diabetic wounds (in vivo)

- Increasing the healing process of diabetic wounds and
carrying agents (in vivo)

[521-523]

Chitosan

- Polydatin-loaded chitosan NPs decrease the progress of
diabetic nephropathy and liver damage (in vivo)

- Protection of cardiac cell damage by antioxidant and
anti-apoptotic activity (in vivo)

Diabetes [524-526]

Chitosan

Drug delivery

- Delivery of type-2 diabetic drug with up to fourfold
enhancement (in vivo)

- Delivery and enhanced release of rosuvastatin with
hydrogel film

- Multiple types of antibiotic drug delivery

- Potential drug delivery candidate for ophthalmic drugs

[527-530]

Chitosan

- Biopreservation of shrimp (unaffected color and texture)
with antibacterial activity

- Preservation of pork by preventing biofilm formation and
antibacterial activity, with mandarin essential oil

Food preservation encapsulated. [531-534]

- Effective antibacterial activity against foodborne bacteria
with encapsulation of multiple essential oils

- Increased shelf life of bell pepper with antibiofilm and
antioxidant activity
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Table 4. Cont.

Type of Organic NP Application Area

Highlighted Results

References

Chitosan Food packaging

Quercetin-encapsulated chitosan NP exhibited UV barrier,
antioxidant, antibacterial, and improved mechanical
properties in food simulant solutions

Chitosan NP bilayer film for oily food packaging showed
significant antioxidant and antibacterial activity, along with
oil resistance and increased optical properties

[535,536]

Alginate Diabetes

Mangiferin-loaded alginate NPs show potential in oral
delivery for diabetes-mediated hyperlipidemia (in vivo)
Glucose oxidase-loaded alginate NPs utilized for enhanced
glucose-based insulin delivery in terms of glucose response
and biocompatibility (in vivo)

[537,538]

Alginate Drug delivery

Co-synthesis of alginate NP with chitosan significantly
increased the antibacterial activity of oregano oil against
multiple strains

Enhanced stability, skin delivery, and sustained release
profile of protein hydrolysate from Acheta domesticus
Coccinia grandis L. extract encapsulation exhibited enhanced
loading capacity, encapsulation efficiency, desired release
and preferred structural traits for antidiabetic drug system

[539-541]

Alginate Food preservation

Coating of alginate NP into strawberries, guava, and
pumpkin seeds exhibited protection by antimicrobial and
antioxidant activity

Essential oil-encapsulated alginate NPs exhibited increased
antibacterial activity and shelf life of shrimp in storage

[542,543]

PLGA Drug delivery

PLGA-NPs show efficient ROS-sensitive co-delivery of
drugs for colon cancer treatment

PLGA-NPs show potential as a drug delivery system for
inner ear diseases with positive drug release profile

(in vivo, in vitro)

Enhanced docetaxel delivery on multiple human cancer
lines with extended blood circulation in modified form
(in vivo, in vitro)

Enhancement in terpene delivery in terms of drug release,
stability, and bioavailability.

[544-547]

PLGA Tissue engineering

Aspirin-loaded PLGA NPs on curcumin membrane
exhibited osteogenic and antibacterial activity

(in vivo, in vitro)

PLGA NPs utilized in the development of alginate-based
bio-ink for bone tissue engineering

IGF-1-loaded PLGA NPs were included in scaffold
fabrication for enhanced cartilage tissue engineering with
increasing IGF-1 release

[548-550]

PLGA Wound healing

Alkaloid-loaded PLGA-NPs, coated with chitosan,
successfully maintain infected wounds by antibacterial and
wound healing activities

Heparin-loaded PLGA NPs exhibited significant skin
regeneration potential

[551,552]
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Table 4. Cont.

Type of Organic NP Application Area

Highlighted Results

References

PLGA Diabetes

PLGA NPs enhance the oral delivery of insulin by showing
high biocompatibility and bioavailability and regulating
blood glucose levels (in vivo, in vitro)

PLGA NPs, conjugated with heparin sulfate, enhanced
insulin protection and permeability

Modified PLGA NPs shows great potential for treating
diabetic retinopathy by successful delivery and distribution
of pioglitazone (in vivo, in vitro)

[553-555]

PLGA Imaging

A tumor-targeting PLGA NP was used to deliver and
monitor the treatment of ovarian cancer resistance by
allowing for ultrasound and magnetic resonance imaging
(in vivo)

Functionalized chitosan-PLGA NP was developed for
antitumor activity and imagining in brain cancer cells

(in vivo, in vitro)

[556,557]

Liposome Drug delivery

Sustained delivery of resveratrol for protecting retina from
blue light

A drug delivery system including alginate—chitosan
hydrogel and tetramethylpyrazine-loaded liposomes
enhanced the antibacterial, antioxidant, and
anti-inflammatory properties of the drug for atopic
dermatitis treatment (in vivo, in vitro)

Functionalized liposomes enhanced the delivery honokiol
for breast cancer inhibition with increased distribution,
cytotoxicity, and anti-migration (in vivo, in vitro)

[558-560]

Liposome Cosmetics

Recombinant human growth hormone-loaded liposomal
formulation efficiently prevented UVB skin damage and
showed potential anti-wrinkle and collagen loss prevention
activity (in vivo, in vitro)

Caryocar brasiliense fruit pulp oil was encapsulated into
freeze-dried liposomes and showed enhanced skin
hydration, protection, and improved skin conditions

[561,562]

Liposome Wound healing

Shikonin-encapsulated liposome exhibited significant
wound healing by preventing infection, inflammation with
decent stability, dispersion, and repair promotion (in vivo,
in vitro)

Similarly, taxifolin-encapsulated liposome possessed
wound healing activity with interfering signaling pathways
in diabetic mice (in vivo)

Encapsulation of SB431542 showed significant wound
healing activity with minimal amounts of scar formation in
rat model (in vitro, in vivo)

[563-565]

Liposome Food preservation

Essential oil encapsulated liposome, modified with alginate
and chitosan, exhibited antiseptic activity on chilled pork
Encapsulation of Litsea cubeba essential oil enhanced
preservation of salmon by increased antibacterial activity
and decreased salmon oxidation

Polyvinyl alcohol-chitosan-loaded baicalin liposomes
successfully maintained nutrient value of mushrooms,
prevented weight loss, and possessed significant
antibacterial activity

[566-568]
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Table 4. Cont.

Type of Organic NP Application Area

Highlighted Results

References

Liposome Gene delivery

A modified liposome was utilized to deliver a therapeutic
gene, acetylcholinesterase, for liver cancer; liver cancer
growth was significantly decreased with the enhanced
targeting and transfection (in vivo, in vitro)

Brain-targeted delivery of ApoE2 encoding plasmid DNA
was performed with modified liposomes for Alzheimer’s
disease (in vivo, in vitro)

[569,570]

Solid lipid Food preservation

SLNs showed a potential to be an alternative as a coating
material for strawberry preservation in

certain concentrations

Encapsulation of curcumin showed significant antibacterial
activity against foodborne pathogens, indicating the
potential preservation of hamburger patty
Curcumin-loaded SLNs exhibited significant photodynamic
inactivation and antibacterial activity for carrot

juice preservation

[571-573]

Solid lipid Drug delivery

Enhanced delivery, bioavailability (up to 12-fold), and
stability in curcumin (in vivo, in vitro)

Morin hydrate-loaded SLNs enhanced the bioavailability
and anticancer activity (three times higher)

Dual loading of curcumin and dexanabinol into SLNs
exhibited great potential to treat major depressive disorder
by positively influencing mRNA, protein, and dopamine
expressions (in vivo)

[574-577]

Solid lipid Cancer

Gemcitabine-loaded SLNs possessed enhanced delivery
and anticancer activity against pancreatic cancer cells
Functionalized SLNs show great potential in ovarian cancer
targeting coupled with higher cytotoxicity and

effective internalization

SLNs were utilized to enhance 5-fluorouracil’s activity in
colorectal cancer (in vivo, in vitro)

[578-580]

Solid lipid Cosmetics

Synthesized SLNs from Otoba wax possessed great
potential in hair cosmetic formulations

Prunus persica (L.) leaf-loaded SLNs increased the
efficiency of skin delivery and showed potential for
anti-wrinkle applications (in vivo, in vitro)

SLNs were used as a carrier of fucoxanthin for its UV
protection, which led to an increased effect. Enhanced
properties by SLNs indicated its potential to be used in
sunscreen products

SLNs successfully delivered multiple lipophilic compounds
by increasing their bioavailability for skin cell aging

[581-584]
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Table 4. Cont.

Type of Organic NP

Application Area

Highlighted Results

References

Nanostructured lipid
carriers

Drug delivery

NLCs enhanced drug release of ibrutinib and skin
absorption for melanoma treatment

Functionalized NLCs loaded with isoniazid possessed
potential in pulmonary tuberculosis by increased
bioavailability and therapeutic efficiency (in vivo, in vitro)
NLCs improved the uptake, stability, release, and
therapeutic effect of kaempferol on glioblastoma
multiforme cells

NLCs showed stable, mucoadhesive, and non-toxic traits in
the delivery of Lf for keratoconus treatment (in vivo, in vitro)
Paclitaxel-loaded NLCs possessed high entrapment
efficiency, stability, and burst drug release

for retinoblastoma

[585-589]

Nanostructured lipid
carriers

Cancer

Increased efficiency and drug release of propolis and
umbelliprenin in breast cancers (in vivo, in vitro)
Increased drug release profile and cytotoxicity of gefitinib
for lung cancer treatment

Dual encapsulation of quercetin and resveratrol
significantly improved accumulation, cytotoxicity, and
anti-metastatic activity for treating skin cancer
Multifunctionalized dihydroartemisinin-encapsulated
NLCs possess the potential for glioma with great release
profile, stability, and encapsulation

[590-594]

Nanostructured lipid
carriers

Cosmetics

Reduction in hair wick frizz and increased hair brightness
a-tocopherol-loaded NLC gel possessed suitability to be
applied in sunscreens without pH-based irritation
Coenzyme Q10-loaded NLCs showed significant
antioxidant activity as a potential material for skincare
products (in vivo, in vitro)

[595-597]

Nanostructured lipid
carriers

Food preservation

Thymol-encapsulated alginate-coated NLCs showed
significant antimicrobial and antioxidant activity in the
preservation of chicken meat

Gelatin-coated NLCs, encapsulated with Salvia officinalis
extract, exhibited great antibacterial and antioxidant activity
in the preservation of beef burger

Thymus vulgaris essential oil-encapsulated NLCs, coated
with alginate, significantly expanded the shelf life of
tangerine fruit by high antioxidant capacity and phenol
content, with the lowest weight loss
Thymol-encapsulated alginate-coated NLCs enhanced the
postharvest quality of carrots and increased their shelf life
(still at day 30)

[598-601]

Cyclodextrin

Cancer

P-gp efflux pumps could be inhibited by CD NPs and tests
for cytotoxicity revealed that the NPs had no
negative effects.

[136,138]

Starch

Drug delivery

Usage of starch NPs provided fewer side effects, increased
solubility and bioavailability, improved therapeutic control,
increased cellular absorption into A549 cells, and

increased cytotoxicity.

The produced NPs’ pH-dependent properties were
demonstrated by the outcomes of in vitro drug release
investigations. The produced NPs’ biocompatibility with
L929 fibroblast cell lines was demonstrated by an in vitro
cytotoxicity test.

[163,602]
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Antimicrobial - The com_plm'md' s r?tenjclon capaftlty ranged from 41'.5 to
Starch agent 90 mg g~ ", indicating its potential as an antibacterial agent [603]
& in food systems
- The drug payload was delivered into the cell via the NPs,
which also showed a second function by preventing
Lactoferrin Drug delivery virus invasion. [604,605]
- Disulfiram-Lf NP therapy showed exceptional therapeutic
benefits for sepsis brought on by lipopolysaccharide (LPS).
- Binary complexes (Lf-gellan) and ternary complexes
_ . (Lf-chitosan-gellan) were investigated. The antibacterial
. Antimicrobial . . . .
Lactoferrin activity activity of nanoparticles against S. aureus was evaluated in [606]

relation to nanoparticle size, charge density, and shape, and
was compared with that of pure biopolymers.

3.3.3. Organic NPs in Drug Delivery Systems

The non-toxic and highly biodegradable traits of organic NPs are extensively utilized
in drug delivery applications. In fact, all of the subclasses of organic NPs offer several
advantages in drug delivery. The most featured characteristics include high stability and
storage capability, specific targeting and accumulation, enhanced circulation, controlled
drug release, and so on [143]. Owing to these features, many organic materials and their
NP forms have inevitable potential in this area.

Lf possesses multiple traits that enhance its application as an NP in drug delivery. One
of them is the ability of Lf to cross the blood-brain barrier (BBB) via receptor-mediated
transcytosis, and the existence of Lf receptors in certain neuronal and endothelial cells in
the brain regions [297]. To come up with an efficient therapy for brain-related diseases,
especially neurodegenerative diseases, overcoming the BBB passage is the most important
feature in drug delivery [607]. This is why Lf is considered an efficient material in drug
delivery systems to the brain regions, coated onto the surface of NPs.

As an example, curcumin and Lf NPs were synthesized for nose-to-brain delivery to
generate neuroprotective activity both in vivo and in vitro [608]. The in vitro experiments
were conducted on PC12 cells, where NP-mediated curcumin showed faster drug release,
higher drug uptake, and higher protectivity capacity compared to the free form of cur-
cumin. Conversely, an in vivo experiment showed that curcumin had an increased half-life
and improved bioavailability during delivery. A similar approach was employed with
NLC loaded with riluzole and functionalized with Lf to enable drug delivery into brain
regions [609]. The significant loading capacity, stabilization, and highly degradable, non-
toxic nature of NLC are combined with LF to address both the BBB issue and improve
drug delivery efficiency. An in vitro experiment performed with two cell lines, NSC-34
and hCMEC/D3, showed promising results that indicate the potential of both NLC and
Lf, with nearly 98% encapsulation efficiency. Lastly, a previous study demonstrated the
in vivo nose-to-brain delivery of NAP peptide by PEG-modified Lf NPs for Alzheimer’s
disease [610]. The results not only showed a dose-dependent neuroprotective relationship
but also increased the scores of behavioral tests on mice.

Drug delivery applications of organic NPs are not limited to brain regions; different
types are preferred for delivering drugs to certain regions. Chitosan NPs are widely used
in cancer and tumor studies due to their mucoadhesive, anticancer, and antioxidant prop-
erties [611]. For instance, an in vitro study utilized gefitinib-loaded chitosan NPs on A549
cells for lung cancer [612]. As mentioned in the diabetes section, the mucoadhesive trait is
crucial in the respiratory system, making chitosan a compatible choice for this targeted area.
Administration of the drug with the chitosan NP positively altered the following results: the
apoptosis assay showed a significant increase in apoptosis rate compared to sole drug and
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control groups, an almost twofold increase in the drug uptake with NP modification, and
an increase in cytotoxicity followed by the uptake. A similar study was conducted in in vivo
and in vitro conditions for breast cancer [613]. Doxorubicin-loaded chitosan NPs, with cin-
namaldehyde, were tested in MCF-7 cells and showed a pH-dependent increase in toxicity
against cancer cells. Subsequently, an in vivo experiment showed increased doxorubicin
accumulation and reduced tumor growth when administered with the NP form.

CDs have the capacity to deliver desirable compounds to biological targets, enhancing
their solubility, stability, and supramolecular functionalization characteristics. However, fo-
late receptors or epidermal growth factor receptors are typically the targets currently being
used. To improve the accuracy of tumor identification, CD NP functionalization should
be tailored for additional cancer biomarkers and receptors [614]. In 2020, Yusheng et al.
developed an NP based on (3-cyclodextrin (3CD) to investigate its anticancer properties
in vitro. Cell-penetrating peptides (CPPs) enhance the adsorption of the cancer medicine
that the target tumor cells take up by increasing the NPs’ delivery to the cells [138].

LBNPs have unique advantages in drug delivery applications, particularly in enhanc-
ing aqueous solubility and protecting drugs from oxidation and degradation [615]. As a
result, they are predominantly used and demonstrate high efficiency in delivery systems.

As an example, a study explored the therapeutic potential of Aphanamixis polystachya
leaf extract, known for its medicinal properties, encapsulated in liposomes. Researchers
formulated stable liposomes and analyzed their characteristics using various techniques
such as TEM and FT-IR. In vivo studies using mouse models subsequently demonstrated
notable improvements in locomotor activity, memory, and anti-inflammatory response
with the liposomal formulation compared to the extract alone, emphasizing the poten-
tial of liposomal drug delivery in enhancing the therapeutic efficiency of Aphanamixis
polystachya [616].

On the other hand, SLNSs, a subset of LBNPs, also show promise in drug delivery
applications. For instance, a study described the development and characterization of SLNs
conjugated with transferrin for the delivery of tamoxifen citrate, a widely used therapeutic
agent for breast cancer therapy. NPs engineered to optimize parameters such as particle size,
drug encapsulation, and stability underwent comprehensive in vitro experiments conducted
on breast cancer cell lines. The results indicated effective inhibition of cell proliferation,
demonstrating the potential of SLNs as drug delivery systems for the treatment of breast
cancer [617].

Finally, considering the NLCs, researchers aimed to overcome the poor oral bioavailabil-
ity of astaxanthin (AST), a lipophilic compound known for its antioxidant, anti-inflammatory,
and neuroprotective properties in the treatment of Alzheimer’s disease. The aim of encap-
sulating AST in NLCs was to enhance its delivery efficiency to the brain via the nasal route.
Experiments conducted in rat models demonstrated significant reductions in oxidative
stress, amyloidogenic pathway activation, neuroinflammation, and apoptosis following
intranasal administration of the optimized AST-loaded NLCs. Furthermore, the NLCs
improved cholinergic neurotransmission in AD-like rats when compared to AST solu-
tion [618].

Moreover, NLCs possess mucoadhesive properties, similar to the polymers mentioned
earlier, which are considered crucial for drug delivery applications. In line with this, a study
was carried out to utilize the mucoadhesive properties of NLCs in ocular drug delivery,
particularly focusing on targeting regions near or related to the eye [619]. Specifically,
researchers developed Lf-loaded NLCs aiming to create stable formulations with desirable
physicochemical properties. Subsequently, the resulting NLCs underwent comprehensive
evaluation, including assessments of particle size, size distribution, surface charge, mor-
phology, encapsulation efficiency, loading capacity, stability, cytotoxicity, in vitro release,
and ocular surface retention. These analyses revealed uniform particle size, high encapsu-
lation efficiency, and sustained drug release characteristics, consistent with mucoadhesive
traits of NLCs. Overall, considering the importance of mucoadhesive traits in ocular
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drug delivery, these findings highlight the potential applicability of mucoadhesive-based
formulations using NLCs for optimized and sustained delivery of drugs to the eye [588].

3.3.4. Organic NPs in Food Packaging and Food Preservation Applications

The utilization of organic NPs is widespread across many subclasses, particularly in
polymeric and LB NPs. Given that many of the highlighted traits are commonly shared
among these groups, the current literature includes a significant amount of research on the
use of organic NPs in food packaging and preservation.

Chitosan is commonly used in food packaging studies, especially for its antimicrobial
properties [620]. For example, a recent study synthesized chitosan NPs, along with alumina
NPs, and combined them with grape extract to create a film for food packaging [621]. The
combined film exhibited significant biodegradability, antimicrobial activity, and pH sensi-
tivity. Similarly, a film generated from carboxymethyl cellulose and starch was combined
with chitosan NPs for food packaging [622]. The synthesized nanocomposite film was
tested for multiple properties and on chicken meat. This not only increased the shelf life
of the chicken meat but also improved UV blocking and antioxidant capacity, along with
decreasing permeability.

Other types of polymers are also used for similar purposes in food packaging. As
mentioned, PLA possesses high biodegradability and is transformed into CO; as an end
product during degradation. Similar advantageous features are present in most of the
polymers used in NPs, which is why they are preferred in this area. For example, a PLA
NP containing green tea extracts was designed for food packaging [623]. The researchers
aimed to generate a highly antioxidant active film to protect high-fat food products from
lipid oxidation, and they designed PLA NPs to achieve the desired antioxidant levels.

These polymers are not solely used in food packaging, especially when considering
PLA. In terms of NP applications, it is sometimes preferable to use the polymer with the
inorganic NPs rather than using the polymer itself as an NP. Since inorganic NPs can exhibit
significant antimicrobial activity, certain inorganic NPs enhance the properties of PLA and
the designed NP in food packaging applications [624]. For instance, a nanocomposite
PLA film with functionalized silica NPs was designed to refer to a case study [625]. The
characterization and analysis of the NP properties were compared among sole PLA, PLA
NPs, and PLA-silica NPs. As a result, lactic acid-functionalized silica NPs with PLA
showed improved properties and potential as a packaging material. Similar polymer-metal
hybrid NP applications also exist for other types of polymers, such as chitosan [620].

These traits enable the application of organic NPs in food preservation studies. Shar-
ing similarities with food packaging in terms of desired outcomes, many studies aim to
extend the shelf life of certain products from the same perspective. As an example, a
recent study synthesized SLNs, coated with alginate, and encapsulated an essential oil,
Zataria multiflora, to increase the antimicrobial activity and shelf life of chicken meat [626].
Most essential oils possess disadvantages such as hydrophobicity and sensitivity in ad-
ministration, making encapsulation essential for efficient delivery and activity [627]. Since
SLNSs, and their other lipid-based derivatives, are preferred for the delivery of hydrophobic
and hydrophilic compounds, using these kinds of nanocarriers in related research is a
strategic approach. The results showed that SLN encapsulation enhanced the antioxidant
and antibacterial activities, eventually increasing the storage time of the chicken meat.

A similar goal was achieved using Lf and chitosan NPs, linked with tripolyphosphate,
to extend the shelf life of strawberries [628]. Due to their proven antibacterial activity,
chitosan and Lf were the preferred materials for the NP application. Lf and chitosan NPs
were tested solitarily and together in combined form. First, their antibacterial efficiency
was tested, showing a significant decrease in their minimum inhibitory concentrations
against S. aureus when they were used together. Later, the weight loss of the strawberries
was examined, and it was the lowest in the combination of two NPs in the application
at the 144th hour. The same researchers conducted a similar experiment on strawberries.
Lf, chitosan, and gellan NPs were synthesized and applied as a complex in strawberry
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preservation [606]. Similar to the previous research, S. aureus was used for antibacterial
activity comparison, which was higher in combined application than in their pure forms.

The application of LBNPs is extremely wide-ranging—due to the many properties that
have been discussed—such as in improving water vapor barriers, decreasing decay rates,
preventing pathogen growth, maintaining food quality, and many more [629]. It is not
possible to mention all the traits of LBNPs in food packaging and preservation. Therefore,
to cover its application briefly, a few examples will be discussed. Additional applications
are already mentioned in Table 4.

As an example, SLNs are combined with Mentha x piperita L. essential oil for edible
coatings to preserve strawberries [630]. The effect of the protective coating on strawberries
was tested against various factors. First, it was observed that the coating significantly
reduced the weight loss of the strawberries in an observation of 20 days. The texture and
the color of the strawberries were greatly preserved compared to the control group as
well. Finally, the antioxidant and antimicrobial activity were the highest and protected the
strawberries against Rhizopus stolonifer for 20 days. A similar application was shown with
cinnamaldehyde-added SLNs in strawberries in a recent study [631]. Similar factors, such
as spoilage, weight loss, texture, and color, were tested and showed positive results similar
to the previous study.

Liposomes are also extensively involved in food packaging and preservation studies,
especially with their highlighted properties in capsulation molecules. An edible coating
was created with liposomal chitosan by loading thyme essential oil to preserve Karish
cheese [632,633]. To test the antibacterial activity, the change in total mesophilic bacteria
was calculated, and preservation of the cheese was observed. The uncoated and chitosan-
coated cheese started to show visible signs of mold and yeast growth in the second week. In
contrast, the liposome-coated cheese did not show any visible changes at the end of week 4.
Bacteria counts showed that the liposome coating significantly reduced the bacterial count
over the entire 4-week storage period. Psychrotrophic bacteria and yeast counts were also
the lowest in the liposome-coated samples.

Similarly, it was demonstrated that liposome-coated citral showed promising results
in extending the shelf life of Shatangju mandarin [633]. An antimicrobial assay was
performed to demonstrate the antimicrobial activity of citral-encapsulated liposomes.
The antimicrobial activity was significantly observed against E. coli, S. aureus, B. subtilis,
and Penicillium italicun. When the citral-loaded liposomes were tested on mandarin, they
showed the lowest decay at 56.67%, compared to the control group at 100%, and the free
citral group at 97.78%, indicating the role of liposomes in achieving the desired results.

3.3.5. Organic NPs in Cosmetics

Recently, lipid-based NPs have drawn significant attention in cosmetics, thanks to
their non-toxic and biodegradable nature. These characteristics not only ensure safety for
users and the environment but also improve the effectiveness of cosmetic formulations by
enabling targeted delivery and stability of materials, thereby enlarging their applicability in
skincare and beauty products [634]. For example, researchers investigated the efficiency of
day and night creams containing E. guineensis (also known as red palm) fruit extract-loaded
SLNs to improve various aspects of skin health. Through a 30-day application process
involving 68 female volunteers aged 25-50 years, the creams demonstrated significant
benefits. In particular, they effectively increased water accumulation in the epidermis,
reduced water loss from the skin, enhanced skin elasticity, and did not cause any irritation.
Furthermore, both creams led to a reduction in melanin content, resulting in brighter and
clearer skin [635]. In another study, the aim was to achieve skin retention and minimize
the side effects commonly associated with traditional treatments. Researchers evaluated
the efficiency of a liposomal cream containing doxepin, an antidepressant exhibiting anti-
inflammatory properties, for topical delivery. Through various analyses, including stability
assessments, ex vivo permeation studies, and characterization of liposomes, findings
revealed that the liposomal formulation demonstrated improved skin penetration and
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retention of doxepin compared to plain cream formulations [482]. In conclusion, these
examples indicate the potential of novel formulations using NPs in cosmetics and skincare,
emphasizing the current progress in improving skin health through innovative applications.

4. Toxicity

Toxicity is an essential factor to consider since the application of NPs includes tissue
repairing, drug delivery, food packaging, and similar derivative areas. The base material
affects the toxicity, and its mechanism is similar to the area of applications. The toxicity of
an NP is dependent on the administration concentration, stability, and bioavailability in the
biological system and the tendency to accumulate in an organ or tissue [636]. Each of these
factors varies based on the material and type of the NP, alongside the properties of size
and surface [637]. Regardless of the material, NPs can exhibit toxicity by ROS synthesis
(Figure 7).

Inorganic NPs, such as metallic NPs, are the most commonly commercially produced
nanomaterials. They can be easily incorporated with other substances and employed as
therapeutic agents in anticancer, antioxidant, and antibacterial applications. However,
their increased exposure may lead to adverse toxic effects, including oxidative stress,
inflammation, and genotoxicity [16].

Silver NPs, widely investigated for their potent antimicrobial properties, are highly
valued across diverse fields such as medicine, biotechnology, and environmental science.
However, concerns about their toxicity to human health and the environment have emerged.
The toxicity of silver NPs is influenced by factors including particle size, shape, surface
charge, coating, and concentration. Also, their smaller size and the release of silver ions
contribute to increased reactivity, potentially causing cellular damage, oxidative stress, and
inflammation [638].

A study investigated the toxicity of silver NPs, using zebrafish embryos as a model
organism. Results indicated that exposure to silver NPs led to dose-dependent adverse
effects, including increased mortality rates, delayed hatching, pericardial edema, cardiac
arrhythmia, and developmental abnormalities such as twisted notochords in zebrafish
embryos [639].

Another study assessed the toxicological effects of silver NPs on male rat organs, espe-
cially the liver, kidney, and heart, following subdermal exposure at varying concentrations
over 14 and 28 days. Results revealed significant oxidative stress in these tissues, indicated
by elevated levels of lipid peroxidation products such as malondialdehyde. The study
also found notable reductions in antioxidant defenses, both enzymatic (CAT, SOD) and
non-enzymatic (GSH). Moreover, liver enzyme activities (ALT, AST, and ALP) showed
marked elevation, suggesting hepatotoxicity, while kidney function was impaired due
to increased urea and creatinine levels and renal damage. To add more, cardiac tissues
exhibited oxidative damage and inflammatory responses following exposure to silver
NPs [640]. Concerning another type of iNP, researchers investigated the in vivo toxicity of
gold NPs in mice models, focusing on size-dependent effects ranging from 3 to 100 nm.
Findings demonstrated that gold NPs between 8 and 37 nm induced toxicity, including
loss of appetite, fatigue, weight loss, and structural abnormalities in major organs like
the lungs, liver, and spleen [641]. In a study, researchers investigated the dose-dependent
in vivo toxicity of silver NPs in rat models [642]. Based on the findings, silver NPs in doses
less than 10 mg/kg are considered safe for biomedical applications. However, higher doses,
particularly 20 and 40 mg/kg, exhibited increased ROS levels compared to other groups,
thereby leading to toxicity. Similarly, another research group evaluated the toxicity of TiO,
NPs by specifically focusing on dose and particle size configurations. In vivo experiments
on mice models demonstrated that TiO, NPs showed significant toxic effects, including
oxidative stress, genetic alteration, and organ damage, particularly with higher doses and
smaller particles [643]. Therefore, when conducting in vivo experiments utilizing inorganic
NPs, the correlation between dosage size and toxicity rates must be considered.
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Yet, various surface modifications can potentially affect the toxicological outcomes of
inorganic NPs. For example, researchers utilized ZnO NPs to overcome toxicity through
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surface coating. By modifying the surface chemistry of ZnO NPs with various surfactants,
including PEG, cetyltrimethylammonium bromide, and sodium dodecyl sulfate, they aimed
to mitigate toxicological effects. Through in vitro studies, it was revealed that pure ZnO NPs
induced cytotoxicity, apoptosis, DNA fragmentation, and mitochondrial dysfunction, while
surfactant-coated counterparts exhibited a reduction in these toxicity mechanisms [644].

Recently, IONPs have attracted considerable interest due to their unique magnetic
properties and potential applications in various fields, including biomedical and environ-
mental sectors. However, these properties also raise concerns regarding their potential
toxicity when in contact with biological systems [645]. Hence, understanding the toxi-
cological profile of IONPs is crucial for their safe utilization in advanced technologies.
In this manner, researchers investigated the cytotoxic effects of various NPs, including
IONPs, on human periodontal ligament fibroblasts and mouse dermal fibroblasts. They
employed various assays including MTT, LDH release, ROS measurement, and cellular
impedance to evaluate cell viability, oxidative stress, and proliferation dynamics under
NP exposure. Results indicated that IONPs induced significant cytotoxic responses in
both cell types, characterized by elevated ROS levels, impaired cellular impedance, and
altered cell morphology [646]. Moreover, another study investigated the toxic effects of
IONPS on the kidneys, liver, and brain of male mice. The NPs were administered orally
at concentrations of 6%, 8%, 10%, and 12% every 48 h for 60 days. Results revealed that
although the lower doses (6% and 8%) were not significantly toxic, the higher doses (10%
and 12%) led to blood congestion, inflammation in the kidneys, liver cell enlargement, and
brain congestion, indicating potential toxicity at elevated concentrations [647].

However, surface modification of IONPs can be an advantageous approach to reducing
their toxicity effectively. For instance, a study investigated the impact of different sizes and
coatings on IONDPs. Researchers synthesized bovine serum albumin (BSA)-coated IONPs
with their PEG derivatives and examined their stability and biocompatibility compared
to their counterparts. It was found that BSA-coated IONPs exhibited improved stability
and biocompatibility compared to uncoated IONPs, which triggered oxidative stress and
caused DNA damage. Moreover, the PEG derivatives of BSA-coated IONPs demonstrated
even greater stability and reduced cytotoxicity, highlighting the potential for PEGylation to
enhance the protective effects of BSA coatings. In the end, coating applications, specifically
with BSA and PEG, can be considered crucial for optimizing the properties of IONPs to
reduce toxicity in further studies [648].

Additionally, reducing toxicity with pegylation is a commonly employed technique
for both inorganic NPs and carbon-based NPs. Similar to inorganic NPs, carbon-based
nanomaterials possess potential toxicity that needs to be considered. Like the general factors
that influence NP toxicity, type, shape, size, and the surface of the carbon material determine
the level of toxicity [649]. Similar to iNP toxicity mechanisms, carbon-based nanomaterials
can induce ROS synthesis, DNA and mitochondrial damage, and inflammation.

Even though GO possesses a wide range of applications as a reliable nanomaterial,
there are certain long-term drawbacks. One of the main drawbacks of the application of
GO is the risk of toxicity. Graphene and graphene-based materials, including graphene
NPs, can potentially possess significant toxicity based on the type, synthesis methods,
layers, size, and the carbon ratio of the graphene [650]. Depending on the size (higher
toxicity in smaller sizes), both graphene and GO can exhibit toxicity through different
mechanisms. To make it clear, it was emphasized that graphene can induce acute toxicity
and decrease cellular survivability rates; meanwhile, GO can generate ROS and cause DNA
damage [651].

Since the surface of graphene and graphene-based NPs is open to modification, many
functionalization approaches have been studied to increase biocompatibility and decrease
toxicity. For instance, enhancing the capability of GO with polyethylene glycol (PEG) is
widely discussed in the current literature, similar to iNP toxicity research. It has been
mentioned that the functionalization of GO with PEG strengthens the aqueous stability of
the molecule and enhances the biocompatibility and drug delivery activity [652]. A study
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demonstrated pH-sensitive drug delivery by PEG-functionalized GO, successfully showing
enhanced drug delivery with increased compatibility and positive pH-dependent drug
release [653]. The toxicity factor was also considered and compared with unfunctionalized
GO. Although both types of GO showed dose-dependent toxicity, PEG-modified GO
displayed significantly less toxicity. The researchers indicated that the covered surface of
GO by PEG could be the main factor behind the results.

Despite the wide-ranging applications of fullerenes, certain studies indicate their po-
tential toxicity. It has been demonstrated that Cgg can generate ROS, which are involved in
lipid peroxidation and lead to necrotic cell death [654]. Additionally, certain models indicate
different mechanisms behind the potential toxicity of Cgg at increased concentrations. For
instance, the toxicity of Cgp has been investigated in a common model organism, Daphnia
magna, due to its significant sensitivity to toxicity, which shows observable changes [655].
The toxicity of C4g NPs was tested by administering them to D. magna at different con-
centrations and compared with titanium dioxide NPs [656]. It was demonstrated that
filtered Cgg exhibited a concentration-dependent mortality ratio in D. magna. Several ppb
concentrations were tested during the experiment, ranging from 40 to 880. With a few
exceptions, the mortality ratio increased with the ppb concentrations. The lowest mortality
ratio was observed at 40 ppb, which was 12%, while the mortality rate reached 100% at
880 ppb. Compared to Cg, titanium dioxide required higher concentrations to reach Cgy’s
mortality levels. A more recent study demonstrated the molecular mechanism of Cgj’s
toxicity in D. magna [657]. Certain parameters of D. magna were observed under Cg9 NP
treatment at various concentrations. The frequencies of hopping and heart beating were
greatly affected. Both frequencies slightly increased at all concentrations, potentially an
unintentional response to the initial Cgg treatment. Over time, both frequencies dramati-
cally decreased based on the concentration. At higher concentrations, Cg also negatively
affected reproductivity and total population, indicating potential reproduction toxicity.
Later, transcriptomic analyses revealed the mechanisms behind the toxicity by showing sup-
pression of the genes responsible for protein synthesis, cell cycle, and energy metabolism.
Some researchers also demonstrated that Cgps could be rapidly ingested during treatment,
causing oxidative stress in the same model, thus leading to gut impairments and inhibition
of digestive enzymes [658].

In terms of Cgp’s health risk to humans, its investigation is less common compared
to different models used for toxicity studies. Therefore, many reviews underline that a
considerable conclusion on Cg toxicity cannot yet be made [659,660]. This is not unusual
considering the applications of fullerene NPs. Additionally, C¢y might be one of the carbon-
based nanomaterials that possess the least toxicity potential. This was highlighted in a
comparative study between Cg, graphene, GO, and carbon nanotubes [661]. Among these
nanomaterials, C4p showed the least toxic effects on tested microalgae. In addition, Cgp was
the only nanomaterial that did not agglomerate with microalgae cells in seawater. The same
research tested these materials on different types of microalgae [662]. While Cg showed
the lowest toxic levels compared to other materials, its toxic levels also decreased over
time, along with graphene. Moreover, there was no trace of a negative effect on microalgae
treated with graphene and Cg after one week.

It has been known that among carbon-based nanomaterials, carbon black is considered
one of the most toxic. This toxicity arises from its potential to cause respiratory issues when
inhaled, particularly due to its small particle size, which allows for it to penetrate deeply
into the respiratory tract. Furthermore, there is also growing evidence suggesting CBNPs
may adversely affect cardiovascular health [663].

Regarding these, researchers conducted a detailed examination of CBNPs, along with
TiO, NPs, to investigate their similarities and differences in terms of potential toxicity mech-
anisms. The study focused on how these NPs interact with proteins and form a complex
called a protein corona, which influences their aggregation, cellular uptake, and biologi-
cal reactivity in physiological environments. They identified several pathways through
which CBNPs and TiO, NPs induce toxicity, including enzyme inhibition, disruption of
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the cytoskeleton, modulation of immune responses, and activation of cellular signaling
pathways. Accordingly, it was emphasized that these interactions can lead to substantial
cellular changes, impacting various physiological processes and potentially contributing to
adverse health effects associated with NP exposure [664].

In another study, the effects of CBNPs exposure on HUVECs and vascular function
were investigated. Findings revealed that CBNP exposure induced dose-dependent ROS
production in HUVECs, accompanied by increased expression of endothelial adhesion
molecules VCAM-1 and ICAM-1. Furthermore, CBNPs altered vascular responses in aortic
and mesenteric artery segments, showing complex effects on endothelium-dependent and
independent vasorelaxation. These findings collectively underscore CBNPs’ capacity to
impair vascular function and endothelial cell integrity, with implications for cardiovascular
health in environmental and occupational settings [665].

Additionally, four commercial CBNPs were evaluated for their toxicological impact
on both lung and knee joint health. Utilizing a combination of in vivo mouse models
and in vitro cell culture assays, they identified significant differences in toxicity profiles
among the samples. Inhalation exposure to CBNPs induced lung injuries marked by
alveolar collapse, hyperemia, and inflammatory responses, varying in severity depending
on the NP type. Moreover, CBNPs triggered pro-inflammatory responses in macrophages
and activated chondrocytes in knee joints, potentially exacerbating joint disorders like
osteoarthritis and rheumatoid arthritis [666].

Similar to most of the iNPs and CBNs, CQDs also exhibit toxicity potential at high
concentrations both in vivo and in vitro [667]. In most of these models, increased levels of
oxidative stress caused by CQDs are mentioned. A study investigated the toxic effects of
CQD on the gut-liver axis and gut microbiome in Cyprinus carpio [668]. CQD exposure
after 5 weeks induced oxidative stress, leading to an inflammatory response and damage to
the intestines and liver. Similar induction of oxidative stress by CQD was demonstrated in
algae [669]. A different mechanism of cellular toxicity by CQDs was observed in E. coli [670].
The accumulated CQDs significantly altered osmotic pressure and surface charges, and
induced lipid peroxidation, but only at high concentration and exposure times.

However, the toxicity of CQDs can be controlled by modifying the material. One
strategy to alter the toxicity is doping CQDs with certain elements. The structural change
from doping can reduce toxicity to extremely low levels. For instance, the non-toxicity of
nitrogen-doped CQDs was demonstrated in both in vitro and in vivo models [671]. HeLa
cells were treated with nitrogen-doped CQDs at certain concentrations, between 6.5 and
400 pg/mL. Cell viability tests revealed no trace of any toxicity after 120 h, even at the
highest concentrations. Moreover, cell apoptosis analysis showed that nitrogen-doped
CQDs did not induce apoptosis or interfere with any of the cell cycles in HeLa cells.
Subsequently, the CQDs were tested on Swiss albino rats. Various parameters of the rats
were analyzed after CQD treatment. It was demonstrated that CQDs did not alter the
weight of the liver and kidneys, protein content, or oxidative stress enzymes compared to
the control group. Hematological analysis supported the non-toxic effects of the CQDs.
Additionally, a comparison study between undoped CQDs and two types of doped CQDs,
N and folic acid, was conducted to compare their toxicity [672]. In vitro cytotoxicity assays
(L929, C6, and normal cell MDCK) revealed that none of the CQDs induce any toxicity
or changes even at high concentrations (1 mg/mL). An in vivo study on mice was also
conducted. Histological analysis showed that all CQDs did not induce any significant
toxicity in several organs.

There is increased research on modifying materials that pose toxicity risks, especially
NPs with wide-ranging applications. Fortunately, most of these modifications can reduce
the toxicity to desired levels. Thus, toxicity studies on modified NPs, especially comparison
studies, carry significant importance. Obtaining a less toxic version of an NP is not sufficient.
Further studies need to be conducted to confirm the activity of the NP, ensuring it can still
be applied in the targeted area.
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Organic NPs represent the safest type of NPs in applications due to their naturally
occurring substantial biodegradability. However, some issues related to the potential toxic-
ity of organic NPs have been addressed. For instance, it was stated that when the organic
NPs are predominantly utilized in food studies are considered, there are certain propos-
als that the role of these NPs in the gastrointestinal regions should be investigated [673].
Discussions exist on the potential toxicity of certain subtypes of organic NPs and factors
that require consideration. The potential toxicity of chitosan NPs has been discussed, using
the zebrafish model in extreme doses, with contradictory results [674]. Additionally, based
on the application of chitosan NPs in cancer research, it has been shown that the toxicity
levels are either very low or non-existent in normal cells and zebrafish embryos [675]. This
comprehensive review also points out the necessity of further studies to carry out the
application of chitosan NPs in human studies.

Organic NPs, particularly those consisting of fats, have gained significant attention
due to their extensive use in drug delivery systems. These NPs, as mentioned earlier, are
designed to encapsulate and transport therapeutic agents effectively, thereby improving
bioavailability and enabling targeted delivery to specific tissues or cells. However, some
aspects require taking into account.

Although LBNPs are considered non-toxic, in some circumstances, exposure to higher
doses can lead to adverse outcomes. For instance, studies have shown that prolonged
exposure of LBNPs may induce toxic effects. In line with this, researchers investigated
sub-acute toxicity of SLNs in mice models over a 10-day period. They assessed the biocom-
patibility of two formulations, natural wax- and tristearin-based, through a combination of
in vitro hemolysis tests and in vivo analyses. The results indicated that while SLNs induced
significant inflammation in adipose tissue and fat deposition, there were negligible signs of
toxicity [676].

Organic NPs demonstrate non-toxic characteristics thanks to their extreme biodegrad-
ability and high bioavailability. They are considered safe for many applications. However,
their NP nature should be considered. Many properties of NPs, especially physicochemical
attributes, shape the toxicity potential of these particles [677]. Today, it cannot be com-
pletely asserted that organic NPs are exempt from this issue. Still, based on the majority
of the literature, it is clear that organic NPs do not possess significant toxicity, especially
compared to other types of NP. Investigation of these physicochemical attributes can hasten
the development of non-toxic organic NPs. These particles exhibit distributed sizes, and
some preparation methods can even create larger particles, which goes outside the general
definition of an NP [678]. Hence, detailed consideration of the size of the NPs, especially for
organic NPs, can ease the path to the enhancement in applications and commercialization
of NPs without the risk of toxicity.

The size of NPs is important in their manufacture since it influences many properties
and uses. The substantial surface area per volume of NPs, along with size, affects several
size-dependent phenomena such as chemical, electrical, magnetic, and mechanical proper-
ties. For example, smaller NPs have a larger surface-area-to-volume ratio, which improves
reactivity and interactions with other materials. This is important in catalysis, drug delivery,
and monitoring. Size influences optical qualities, including color and fluorescence, which
are useful in biological imaging and diagnostics. Magnetic features, such as superparamag-
netism exhibited in certain size ranges, are significant for MRI and data storage. Nanoscale
quantum effects have advantages in electronics, photonics, and quantum computers [679].

Mechanical qualities, including strength and elasticity, are considerably altered, fa-
cilitating the development of complicated substances such as nanocomposites. Size de-
termines cellular absorption, biodistribution, and toxicity in biological contexts; hence,
smaller nanoparticles are suitable for targeted medication delivery and medical imaging.
For functioning to continue, size-dependent stability and aggregation are essential. By
regulating the size of NPs, catalytic activity is increased and more active sites for reactions
are available. Furthermore, smaller NPs diffuse and move more effectively, which is crucial
for medicine delivery and environmental cleanup applications. As a result, the size of NPs
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has a fundamental impact on their chemical, biological, and physical characteristics, which
influences their applicability and performance in a variety of domains [680].

Navigating numerous regulatory concerns is necessary for the commercialization
of NPs, and these create substantial obstacles. Complex and regionally specific regula-
tory regimes for NPs necessitate comprehensive safety and efficacy testing to meet strict
standards. The environment and public health are protected from NPs by these rules.
Nonetheless, the absence of defined procedures and the dynamic character of nanotech-
nology can cause ambiguities and hold up approval procedures. Due to the importance
of trade in nanoparticles on a worldwide scale, new international organizations have
been founded to share responsibilities in this field, such as the International Council on
Nanotechnology (ICON) and the International Organization for Standardization (Geneva,
Switzerland). The National Nanotechnology Initiative (NNI) was founded in the United
States of America in 1996 to coordinate the development of nanoscience and technology
across multiple government agencies, including the Environmental Protection Agency
(EPA), the Food and Drug Administration (FDA), the Department of Labor through the
Occupational Safety and Health Administration (OSHA), and the National Institute for
Occupational Safety and Health (NIOSH) [681].

5. Conclusions

NPs have a diverse range of applications with significant and promising results.
According to the classification of these particles, there are similar areas of applications
with shared goals, and also specific applications with utilization of unique properties. The
base material certainly shapes the application and activity efficiency of the NPs, and these
distributed applications are the primary examples of this. Even though there is much
research in NP application, it is clear that some of these areas are predominantly occupied
by certain types. For instance, organic NPs are mainly involved in food packaging as non-
toxic and biodegradable materials, and in preservation studies thanks to their favorable
structure for encapsulation. On the other hand, carbon-based NPs are widely used in
industrial applications due to their unique physical properties, rather than in biological
applications, as some materials possess great toxicity potential. Meanwhile, inorganic NPs
are seen in antibacterial and bioimaging studies. Concurrently, some of these areas are
common among all three types of NPs due to the shared characteristics of the NP structure
and the hybridization of these materials. Yet, the number of studies conducted in these
shared areas needs to be considered as well. For instance, even though all three classes
have been used in drug delivery systems, it is evident that inorganic and organic materials
are predominantly applied compared to carbon-based NPs. Nanotechnology expresses
accelerated development and disruption in many areas. In particular, there is a great deal
of promise for using nanoparticles as medication delivery methods in the future. With the
help of NPs, medications can be precisely delivered to specific tissues or cells, minimizing
adverse effects and improving the effectiveness of treatment. These developments could
revolutionize healthcare and greatly enhance patient outcomes. Thus, comprehending
the effect of these materials on NP activity is crucial, and will be informative for future
developments in NP application.

Author Contributions: Conceptualization, S.K.; writing—original draft preparation, FE., E.A., H.D.,
E.B. and S.S.; writing—review and editing, S.K. and A.M.W.; visualization, FE., E.A. and H.D. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest.



Molecules 2024, 29, 3482 57 of 83

References

1. Najahi-Missaoui, W.; Arnold, R.D.; Cummings, B.S. Safe Nanoparticles: Are We There Yet? Int. ]. Mol. Sci. 2021, 22, 385.
[CrossRef] [PubMed]

2. Siddique, S.; Chow, ].C.L. Application of Nanomaterials in Biomedical Imaging and Cancer Therapy. Nanomaterials 2020, 10, 1700.
[CrossRef] [PubMed]

3. Augustine, R.; Hasan, A.; Primavera, R.; Wilson, R.J.; Thakor, A.S.; Kevadiya, B.D. Cellular Uptake and Retention of Nanoparticles:
Insights on Particle Properties and Interaction with Cellular Components. Mater. Today Commun. 2020, 25, 101692. [CrossRef]

4. Stark, W.J.; Stoessel, P.R.; Wohlleben, W.; Hafner, A. Industrial Applications of Nanoparticles. Chem. Soc. Rev. 2015, 44, 5793-5805.
[CrossRef] [PubMed]

5. Mallia, ].D.O.; Galea, R.; Nag, R.; Cummins, E.; Gatt, R.; Valdramidis, V. Nanoparticle Food Applications and Their Toxicity:
Current Trends and Needs in Risk Assessment Strategies. J. Food Prot. 2022, 85, 355-372. [CrossRef] [PubMed]

6.  Mitchell, M.].; Billingsley, M.M.; Haley, R.M.; Wechsler, M.E.; Peppas, N.A.; Langer, R. Engineering Precision Nanoparticles for
Drug Delivery. Nat. Rev. Drug Discov. 2021, 20, 101-124. [CrossRef]

7. Varier, KM.; Gudeppu, M.; Chinnasamy, A.; Thangarajan, S.; Balasubramanian, J.; Li, Y.; Gajendran, B. Nanoparticles: Antimicro-
bial Applications and Its Prospects. Adv. Nanostructured Mater. Environ. Remediat. 2019, 25, 321. [CrossRef]

8.  Algar, WR,; Massey, M.; Rees, K.; Higgins, R.; Krause, K.D.; Darwish, G.H.; Peveler, W.].; Xiao, Z.; Tsai, H.Y.; Gupta, R.; et al.
Photoluminescent Nanoparticles for Chemical and Biological Analysis and Imaging. Chem. Rev. 2021, 121, 9243-9358. [CrossRef]
[PubMed]

9.  Yetisgin, A.A ; Cetinel, S.; Zuvin, M.; Kosar, A.; Kutlu, O. Therapeutic Nanoparticles and Their Targeted Delivery Applications.
Molecules 2020, 25, 2193. [CrossRef]

10. Jjaz, I; Gilani, E.; Nazir, A.; Bukhari, A. Detail Review on Chemical, Physical and Green Synthesis, Classification, Characterizations
and Applications of Nanoparticles. Green Chem. Lett. Rev. 2020, 13, 59-81. [CrossRef]

11. Joudeh, N.; Linke, D. Nanoparticle Classification, Physicochemical Properties, Characterization, and Applications: A Comprehen-
sive Review for Biologists. J. Nanobiotechnol. 2022, 20, 262. [CrossRef] [PubMed]

12. Ealias, A.M.; Saravanakumar, M.P. A Review on the Classification, Characterisation, Synthesis of Nanoparticles and Their
Application. In Proceedings of the IOP Conference Series: Materials Science and Engineering; Institute of Physics Publishing: London,
UK, 2017; Volume 263.

13.  Kim, T;; Hyeon, T. Applications of Inorganic Nanoparticles as Therapeutic Agents. Nanotechnology 2014, 25, 012001. [CrossRef]
[PubMed]

14. Egbuna, C.; Parmar, VK., Jeevanandam, J.; Ezzat, S.M.; Patrick-Iwuanyanwu, K.C.; Adetunji, C.O.; Khan, J.; Onyeike, E.N.; Uche,
C.Z.; Akram, M; et al. Toxicity of Nanoparticles in Biomedical Application: Nanotoxicology. J. Toxicol. 2021, 2021, 9954443.
[CrossRef] [PubMed]

15. Heuer-Jungemann, A.; Feliu, N.; Bakaimi, I.; Hamaly, M.; Alkilany, A.; Chakraborty, I.; Masood, A.; Casula, M.F.; Kostopoulou,
A.; Oh, E,; et al. The Role of Ligands in the Chemical Synthesis and Applications of Inorganic Nanoparticles. Cherm. Rev. 2019, 119,
4819-4880. [CrossRef] [PubMed]

16. Bhatti, R.; Shakeel, H.; Malik, K.; Qasim, M.; Khan, M.A.; Ahmed, N.; Jabeen, S. Inorganic Nanoparticles: Toxic Effects,
Mechanisms of Cytotoxicity and Phytochemical Interactions. Adv. Pharm. Bull. 2022, 12, 757-762. [CrossRef] [PubMed]

17. Issa, B.; Obaidat, I.M.; Albiss, B.A.; Haik, Y. Magnetic Nanoparticles: Surface Effects and Properties Related to Biomedicine
Applications. Int. |. Mol. Sci. 2013, 14, 21266-21305. [CrossRef] [PubMed]

18. Shubayev, V.I; Pisanic, T.R.; Jin, S. Magnetic Nanoparticles for Theragnostics. Adv. Drug Deliv. Rev. 2009, 61, 467-477. [CrossRef]
[PubMed]

19. Obaidat, LM.; Issa, B.; Haik, Y. Magnetic Properties of Magnetic Nanoparticles for Efficient Hyperthermia. Nanomaterials 2014, 5,
63-89. [CrossRef] [PubMed]

20. Lu, A.H; Salabas, E.L.; Schiith, F. Magnetic Nanoparticles: Synthesis, Protection, Functionalization, and Application. Angew.
Chem.-Int. Ed. 2007, 46, 1222-1244. [CrossRef]

21. Colombo, M.; Carregal-Romero, S.; Casula, M.E.; Gutiérrez, L.; Morales, M.P,; Bohm, I.B.; Heverhagen, J.T.; Prosperi, D.; Parak,
W.J. Biological Applications of Magnetic Nanoparticles. Chem. Soc. Rev. 2012, 41, 4306—4334. [CrossRef]

22. Samrot, A.V,; Sahithya, C.S.; Selvarani, J.; Purayil, S.K.; Ponnaiah, P. A Review on Synthesis, Characterization and Potential
Biological Applications of Superparamagnetic Iron Oxide Nanoparticles. Curr. Res. Green Sustain. Chem. 2021, 4, 100042.
[CrossRef]

23. Ahmed, M.; Douek, M. The Role of Magnetic Nanoparticles in the Localization and Treatment of Breast Cancer. BioMed Res. Int.
2013, 2013, 281230. [CrossRef]

24. Avasthi, A.; Caro, C.; Pozo-Torres, E.; Leal, M.P,; Garcia-Martin, M.L. Magnetic Nanoparticles as MRI Contrast Agents. Top. Curr.
Chem. 2020, 378, 40. [CrossRef]

25. Dobson, J. Gene Therapy Progress and Prospects: Magnetic Nanoparticle-Based Gene Delivery. Gene Ther. 2006, 13, 283-287.
[CrossRef]

26. Dobson, ]. Magnetic Nanoparticles for Drug Delivery. Drug Dev. Res. 2006, 67, 55-60. [CrossRef]

27. Tugek, J.; Kemp, K.C; Kim, K.S.; Zboril, R. Iron-Oxide-Supported Nanocarbon in Lithium-Ion Batteries, Medical, Catalytic, and

Environmental Applications. ACS Nano 2014, 8, 7571-7612. [CrossRef]


https://doi.org/10.3390/ijms22010385
https://www.ncbi.nlm.nih.gov/pubmed/33396561
https://doi.org/10.3390/nano10091700
https://www.ncbi.nlm.nih.gov/pubmed/32872399
https://doi.org/10.1016/j.mtcomm.2020.101692
https://doi.org/10.1039/C4CS00362D
https://www.ncbi.nlm.nih.gov/pubmed/25669838
https://doi.org/10.4315/JFP-21-184
https://www.ncbi.nlm.nih.gov/pubmed/34614149
https://doi.org/10.1038/s41573-020-0090-8
https://doi.org/10.1007/978-3-030-04477-0_12
https://doi.org/10.1021/acs.chemrev.0c01176
https://www.ncbi.nlm.nih.gov/pubmed/34282906
https://doi.org/10.3390/molecules25092193
https://doi.org/10.1080/17518253.2020.1802517
https://doi.org/10.1186/s12951-022-01477-8
https://www.ncbi.nlm.nih.gov/pubmed/35672712
https://doi.org/10.1088/0957-4484/25/1/012001
https://www.ncbi.nlm.nih.gov/pubmed/24334327
https://doi.org/10.1155/2021/9954443
https://www.ncbi.nlm.nih.gov/pubmed/34422042
https://doi.org/10.1021/acs.chemrev.8b00733
https://www.ncbi.nlm.nih.gov/pubmed/30920815
https://doi.org/10.34172/apb.2022.077
https://www.ncbi.nlm.nih.gov/pubmed/36415644
https://doi.org/10.3390/ijms141121266
https://www.ncbi.nlm.nih.gov/pubmed/24232575
https://doi.org/10.1016/j.addr.2009.03.007
https://www.ncbi.nlm.nih.gov/pubmed/19389434
https://doi.org/10.3390/nano5010063
https://www.ncbi.nlm.nih.gov/pubmed/28347000
https://doi.org/10.1002/anie.200602866
https://doi.org/10.1039/c2cs15337h
https://doi.org/10.1016/j.crgsc.2020.100042
https://doi.org/10.1155/2013/281230
https://doi.org/10.1007/s41061-020-00302-w
https://doi.org/10.1038/sj.gt.3302720
https://doi.org/10.1002/ddr.20067
https://doi.org/10.1021/nn501836x

Molecules 2024, 29, 3482 58 of 83

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Wu, C.; Zreiqat, H. Porous Bioactive Diopside (CaMgSi206) Ceramic Microspheres for Drug Delivery. Acta Biomater. 2010, 6,
820-829. [CrossRef]

Singh, D.; Singh, S.; Sahu, J.; Srivastava, S.; Singh, M.R. Ceramic Nanoparticles: Recompense, Cellular Uptake and Toxicity
Concerns. Artif. Cells Nanomed. Biotechnol. 2016, 44, 401-409. [CrossRef]

Gurumurthy, B.; Balasubramanian, A.; Balasubramanian, S.; Gurumurthy, B. Biomedical Applications of Ceramic Nanomaterials:
A Review. Int. ]. Pharm. Sci. Res. 2017, 8, 4950-4959. [CrossRef]

Armatas, G.S.; Kanatzidis, M.G. Mesostructured Germanium with Cubic Pore Symmetry. Nature 2006, 441, 1122-1125. [CrossRef]
Singh, D.; Dubey, P.; Pradhan, M.; Singh, M.R. Ceramic Nanocarriers: Versatile Nanosystem for Protein and Peptide Delivery.
Expert Opin. Drug Deliv. 2013, 10, 241-259. [CrossRef]

Liu, S; Jin, L.; Chronakis, L.S.,; Li, X.; Ge, M. Hyperbranched Polyether Hybrid Nanospheres with CdSe Quantum Dots
Incorporated for Selective Detection of Nitric Oxide. Mater. Lett. 2014, 123, 104-106. [CrossRef]

Fadeel, B.; Garcia-Bennett, A.E. Better Safe than Sorry: Understanding the Toxicological Properties of Inorganic Nanoparticles
Manufactured for Biomedical Applications. Adv. Drug Deliv. Rev. 2010, 62, 362-374. [CrossRef]

Wang, N.; Thameem Dheen, S.; Fuh, ].Y.H.; Senthil Kumar, A. A Review of Multi-Functional Ceramic Nanoparticles in 3D Printed
Bone Tissue Engineering. Bioprinting 2021, 23, e00146. [CrossRef]

Terna, A.D.; Elemike, E.E.; Mbonu, J.I; Osafile, O.E.; Ezeani, R.O. The Future of Semiconductors Nanoparticles: Synthesis,
Properties and Applications. Mater. Sci. Eng. B 2021, 272, 115363. [CrossRef]

Hossain, N.; Mobarak, M.H.; Mimona, M.A_; Islam, M.A.; Hossain, A.; Zohura, ET.; Chowdhury, M.A. Advances and Significances
of Nanoparticles in Semiconductor Applications—A Review. Results Eng. 2023, 19, 101347. [CrossRef]

Hossain, N.; Islam, M.A.; Chowdhury, M.A.; Alam, A. Advances of Nanoparticles Employment in Dental Implant Applications.
Appl. Surf. Sci. Adv. 2022, 12, 100341. [CrossRef]

Patil, N.A.; Kandasubramanian, B. Biological and Mechanical Enhancement of Zirconium Dioxide for Medical Applications.
Ceram. Int. 2020, 46, 4041-4057. [CrossRef]

Hossain, N.; Mobarak, M.H.; Hossain, A.; Khan, F.; Mim, ]J.J.; Chowdhury, M.A. Advances of Plant and Biomass Extracted
Zirconium Nanoparticles in Dental Implant Application. Heliyon 2023, 9, €15973. [CrossRef]

Chitoria, A K.; Mir, A.; Shah, M.A. A Review of ZrO, Nanoparticles Applications and Recent Advancements. Ceram. Int. 2023, 49,
32343-32358. [CrossRef]

Tabassum, N.; Kumar, D.; Verma, D.; Bohara, R.A.; Singh, M.P. Zirconium Oxide (ZrO,) Nanoparticles from Antibacterial Activity
to Cytotoxicity: A next-Generation of Multifunctional Nanoparticles. Mater. Today Commun. 2021, 26, 102156. [CrossRef]
Rasmidi, R.; Duinong, M.; Chee, F.P. Radiation Damage Effects on Zinc Oxide (ZnO) Based Semiconductor Devices—A Review.
Radiat. Phys. Chem. 2021, 184, 109455. [CrossRef]

Thambidurai, S.; Gowthaman, P.; Venkatachalam, M.; Suresh, S. Enhanced Bactericidal Performance of Nickel Oxide-Zinc Oxide
Nanocomposites Synthesized by Facile Chemical Co-Precipitation Method. J. Alloys Compd. 2020, 830, 154642. [CrossRef]
Subhan, M.A.; Neogi, N.; Choudhury, K.P. Industrial Manufacturing Applications of Zinc Oxide Nanomaterials: A Comprehensive
Study. Nanomanufacturing 2022, 2, 265-291. [CrossRef]

Jain, D.; Shivani; Bhojiya, A.A.; Singh, H.; Daima, H.K,; Singh, M.; Mohanty, S.R.; Stephen, B.].; Singh, A. Microbial Fabrication
of Zinc Oxide Nanoparticles and Evaluation of Their Antimicrobial and Photocatalytic Properties. Front. Chem. 2020, 8, 778.
[CrossRef]

Cleetus, C.M.; Primo, FA.; Fregoso, G.; Raveendran, N.L.; Noveron, J.C.; Spencer, C.T.; Ramana, C.V.; Joddar, B. Alginate
Hydrogels with Embedded Zno Nanoparticles for Wound Healing Therapy. Int. ]. Nanomed. 2020, 15, 5097-5111. [CrossRef]
Islam, F; Shohag, S.; Uddin, M.]; Islam, M.R.; Nafady, M.H.; Akter, A.; Mitra, S.; Roy, A.; Bin Emran, T.; Cavalu, S. Exploring the
Journey of Zinc Oxide Nanoparticles (ZnO-NPs) toward Biomedical Applications. Materials 2022, 15, 2160. [CrossRef]
Kokorina, A.A.; Ermakov, A.V.; Abramova, A.M.; Goryacheva, 1.Y.; Sukhorukov, G.B. Carbon Nanoparticles and Materials on
Their Basis. Colloids Interfaces 2020, 4, 42. [CrossRef]

Singh, R.P,; Singh, K.R.B. Nanobiotechnology in Animal Production and Health. In Advances in Animal Genomics; Academic Press:
Cambridge, MA, USA, 2021; pp. 185-198. [CrossRef]

Mukherjee, D.; Sil, M.; Goswami, A.; Lahiri, D.; Nag, M. Antibiofilm Activities of Carbon-Based Nanoparticles and Nanocompos-
ites: A Comparative Review. J. Inorg. Organomet. Polym. Mater. 2023, 33, 3961-3983. [CrossRef]

Priyadarsini, S.; Mohanty, S.; Mukherjee, S.; Basu, S.; Mishra, M. Graphene and Graphene Oxide as Nanomaterials for Medicine
and Biology Application. J. Nanostructure Chem. 2018, 8, 123-137. [CrossRef]

Patel, K.D.; Singh, R.K.; Kim, H.W. Carbon-Based Nanomaterials as an Emerging Platform for Theranostics. Mater. Horiz. 2019, 6,
434-469. [CrossRef]

Yu, W,; Sisi, L.; Haiyan, Y,; Jie, L. Progress in the Functional Modification of Graphene/Graphene Oxide: A Review. RSC Adv.
2020, 10, 15328-15345. [CrossRef]

Yin, PT,; Shah, S.; Chhowalla, M.; Lee, K.B. Design, Synthesis, and Characterization of Graphene-Nanoparticle Hybrid Materials
for Bioapplications. Chem. Rev. 2015, 115, 2483-2531. [CrossRef]

Yang, K.; Feng, L.; Shi, X.; Liu, Z. Nano-Graphene in Biomedicine: Theranostic Applications. Chem. Soc. Rev. 2013, 42, 530-547.
[CrossRef]


https://doi.org/10.1016/j.actbio.2009.09.025
https://doi.org/10.3109/21691401.2014.955106
https://doi.org/10.13040/IJPSR.0975-8232.8(12).4950-59
https://doi.org/10.1038/nature04833
https://doi.org/10.1517/17425247.2012.745848
https://doi.org/10.1016/j.matlet.2014.02.078
https://doi.org/10.1016/j.addr.2009.11.008
https://doi.org/10.1016/j.bprint.2021.e00146
https://doi.org/10.1016/j.mseb.2021.115363
https://doi.org/10.1016/j.rineng.2023.101347
https://doi.org/10.1016/j.apsadv.2022.100341
https://doi.org/10.1016/j.ceramint.2019.10.220
https://doi.org/10.1016/j.heliyon.2023.e15973
https://doi.org/10.1016/j.ceramint.2023.06.296
https://doi.org/10.1016/j.mtcomm.2021.102156
https://doi.org/10.1016/j.radphyschem.2021.109455
https://doi.org/10.1016/j.jallcom.2020.154642
https://doi.org/10.3390/nanomanufacturing2040016
https://doi.org/10.3389/fchem.2020.00778
https://doi.org/10.2147/IJN.S255937
https://doi.org/10.3390/ma15062160
https://doi.org/10.3390/colloids4040042
https://doi.org/10.1016/B978-0-12-820595-2.00012-6
https://doi.org/10.1007/s10904-023-02732-7
https://doi.org/10.1007/s40097-018-0265-6
https://doi.org/10.1039/C8MH00966J
https://doi.org/10.1039/D0RA01068E
https://doi.org/10.1021/cr500537t
https://doi.org/10.1039/C2CS35342C

Molecules 2024, 29, 3482 59 of 83

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.
73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Liu, J.; Cui, L.; Losic, D. Graphene and Graphene Oxide as New Nanocarriers for Drug Delivery Applications. Acta Biomater.
2013, 9, 9243-9257. [CrossRef]

Kumar, S.; Chatterjee, K. Comprehensive Review on the Use of Graphene-Based Substrates for Regenerative Medicine and
Biomedical Devices. ACS Appl. Mater. Interfaces 2016, 8, 26431-26457. [CrossRef]

Shin, S.R;; Li, Y.C,; Jang, H.L.; Khoshakhlagh, P.; Akbari, M.; Nasajpour, A.; Zhang, Y.S.; Tamayol, A.; Khademhosseini, A.
Graphene-Based Materials for Tissue Engineering. Adv. Drug Deliv. Rev. 2016, 105, 255-274. [CrossRef]

Bai, R.G.; Muthoosamy, K.; Manickam, S.; Hilal-Alnagbi, A. Graphene-Based 3D Scaffolds in Tissue Engineering: Fabrication,
Applications, and Future Scope in Liver Tissue Engineering. Int. |. Nanomedicine 2019, 14, 5753-5783.

Xu, T.; Shen, W.; Huang, W.; Lu, X. Fullerene Micro/Nanostructures: Controlled Synthesis and Energy Applications. Mater. Today
Nano 2020, 11, 100081. [CrossRef]

Dhall, S.; Nathawat, R.; Sood, K. Carbon-Based Nanomaterials. Carbon Nanomaterials and Their Nanocomposite-Based Chemiresistive
Gas Sensors: Applications, Fabrication and Commercialization; Elsevier: Amsterdam, The Netherlands, 2023; pp. 3-39. [CrossRef]
Shetti, N.P.; Mishra, A.; Basu, S.; Aminabhavi, T.M. Versatile Fullerenes as Sensor Materials. Mater. Today Chem. 2021, 20, 100454.
[CrossRef]

Dugan, L.L.; Lovett, E.G.; Quick, K.L.; Lotharius, J.; Lin, T.T.; O’Malley, K.L. Fullerene-Based Antioxidants and Neurodegenerative
Disorders. Park. Relat. Disord. 2001, 7, 243-246. [CrossRef]

Lai, Y.Y,; Cheng, YJ.; Hsu, C.S. Applications of Functional Fullerene Materials in Polymer Solar Cells. Energy Environ. Sci. 2014, 7,
1866-1883. [CrossRef]

Dellinger, A.; Zhou, Z.; Connor, J.; Madhankumar, A.; Pamujula, S.; Sayes, C.M.; Kepley, C.L. Application of Fullerenes in
Nanomedicine: An Update. Nanomedicine 2013, 8, 1191-1208. [CrossRef]

Pan, Y; Liu, X.; Zhang, W.; Liu, Z.; Zeng, G.; Shao, B.; Liang, Q.; He, Q.; Yuan, X.; Huang, D.; et al. Advances in Photocatalysis
Based on Fullerene Cg and Its Derivatives: Properties, Mechanism, Synthesis, and Applications. Appl. Catal. B 2020, 265, 118579.
[CrossRef]

Zhang, Q.; Zhang, Y.; Hong, L.; Zhang, L.; Ji, Q.; Wan, J.; Yang, C. Fullerene Nanorings as Nitric Oxide Radical Scavengers for
Ultraviolet-Induced Cellular Injury. ACS Appl. Nano Mater. 2024, 7, 5689-5697. [CrossRef]

Markovic, Z.; Trajkovic, V. Biomedical Potential of the Reactive Oxygen Species Generation and Quenching by Fullerenes (Cg).
Biomaterials 2008, 29, 3561-3573. [CrossRef]

Mousavi, S.Z.; Nafisi, S.; Maibach, H.I. Fullerene Nanoparticle in Dermatological and Cosmetic Applications. Nanomedicine 2017,
13, 1071-1087. [CrossRef] [PubMed]

Gaur, M.; Misra, C.; Yadav, A.B.; Swaroop, S.; Maolmhuaidh, E; Bechelany, M.; Barhoum, A. Biomedical Applications of Carbon
Nanomaterials: Fullerenes, Quantum Dots, Nanotubes, Nanofibers, and Graphene. Materials 2021, 14, 5978. [CrossRef]
Kazemzadeh, H.; Mozafari, M. Fullerene-Based Delivery Systems. Drug Discov. Today 2019, 24, 898-905. [CrossRef]

Chen, Z.; Mao, R.; Liu, Y. Fullerenes for Cancer Diagnosis and Therapy: Preparation, Biological and Clinical Perspectives. Curr.
Drug Metab. 2012, 13, 1035-1045. [CrossRef]

Lindner, K.; Strobele, M.; Schlick, S.; Webering, S.; Jenckel, A.; Kopf, J.; Danov, O.; Sewald, K.; Buj, C.; Creutzenberg, O.; et al.
Biological Effects of Carbon Black Nanoparticles Are Changed by Surface Coating with Polycyclic Aromatic Hydrocarbons. Part.
Fibre Toxicol. 2017, 14, 8. [CrossRef] [PubMed]

Nalon, G.H.; Ribeiro, J.C.L.; Aragjo, EN.D.D.; Pedroti, L.G.; Carvalho, ] M.E.D.; Santos, R.F.; Aparecido-Ferreira, A. Effects of
Different Kinds of Carbon Black Nanoparticles on the Piezoresistive and Mechanical Properties of Cement-Based Composites.
J. Build. Eng. 2020, 32, 101724. [CrossRef]

Arduini, F; Cinti, S.; Mazzaracchio, V.; Scognamiglio, V.; Amine, A.; Moscone, D. Carbon Black as an Outstanding and Affordable
Nanomaterial for Electrochemical (Bio)Sensor Design. Biosens. Bioelectron. 2020, 156, 112033. [CrossRef] [PubMed]

Gao, M.; Zheng, F; Xu, J.; Zhang, S.; Bhosale, S.S.; Gu, J.; Hong, R. Surface Modification of Nano-Sized Carbon Black for
Reinforcement of Rubber. Nanotechnol. Rev. 2019, 8, 405-414. [CrossRef]

Silva, T.A.; Moraes, F.C.; Janegitz, B.C.; Fatibello-Filho, O.; Ganta, D. Electrochemical Biosensors Based on Nanostructured Carbon
Black: A Review. J. Nanomater. 2017, 2017, 4571614. [CrossRef]

Sun, Z.; Xiao, M.; Wang, S.; Han, D.; Song, S.; Chen, G.; Meng, Y. Specially Designed Carbon Black Nanoparticle-Sulfur Composite
Cathode Materials with a Novel Structure for Lithium-Sulfur Battery Application. J. Power Sources 2015, 285, 478-484. [CrossRef]
Huang, J.C. Carbon Black Filled Conducting Polymers and Polymer Blends. Adv. Polym. Technol. 2002, 21, 299-313. [CrossRef]
Olorundare, F.O.G,; Sipuka, D.S.; Sebokolodi, T.I.; Kodama, T.; Arotiba, O.A.; Nkosi, D. An Electrochemical Immunosensor for
an Alpha-Fetoprotein Cancer Biomarker on a Carbon Black/Palladium Hybrid Nanoparticles Platform. Anal. Methods 2023, 15,
3577-3585. [CrossRef]

Mohamed, RM.K.; Mohamed, S.H.; Asran, A.M.; Alsohaimi, I.H.; Hassan, HM.A.; Ibrahim, H.; El-Wekil, M.M. Synergistic Effect
of Gold Nanoparticles Anchored on Conductive Carbon Black as an Efficient Electrochemical Sensor for Sensitive Detection of
Anti-COVID-19 Drug Favipiravir in Absence and Presence of Co-Administered Drug Paracetamol. Microchem. ]. 2023, 190, 108696.
[CrossRef]

Koike, E.; Kobayashi, T. Chemical and Biological Oxidative Effects of Carbon Black Nanoparticles. Chemosphere 2006, 65, 946-951.
[CrossRef]


https://doi.org/10.1016/j.actbio.2013.08.016
https://doi.org/10.1021/acsami.6b09801
https://doi.org/10.1016/j.addr.2016.03.007
https://doi.org/10.1016/j.mtnano.2020.100081
https://doi.org/10.1016/B978-0-12-822837-1.00008-3
https://doi.org/10.1016/j.mtchem.2021.100454
https://doi.org/10.1016/S1353-8020(00)00064-X
https://doi.org/10.1039/c3ee43080d
https://doi.org/10.2217/nnm.13.99
https://doi.org/10.1016/j.apcatb.2019.118579
https://doi.org/10.1021/acsanm.4c00901
https://doi.org/10.1016/j.biomaterials.2008.05.005
https://doi.org/10.1016/j.nano.2016.10.002
https://www.ncbi.nlm.nih.gov/pubmed/27771432
https://doi.org/10.3390/ma14205978
https://doi.org/10.1016/j.drudis.2019.01.013
https://doi.org/10.2174/138920012802850128
https://doi.org/10.1186/s12989-017-0189-1
https://www.ncbi.nlm.nih.gov/pubmed/28327162
https://doi.org/10.1016/j.jobe.2020.101724
https://doi.org/10.1016/j.bios.2020.112033
https://www.ncbi.nlm.nih.gov/pubmed/32174547
https://doi.org/10.1515/ntrev-2019-0036
https://doi.org/10.1155/2017/4571614
https://doi.org/10.1016/j.jpowsour.2015.03.138
https://doi.org/10.1002/adv.10025
https://doi.org/10.1039/D3AY00702B
https://doi.org/10.1016/j.microc.2023.108696
https://doi.org/10.1016/j.chemosphere.2006.03.078

Molecules 2024, 29, 3482 60 of 83

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Das, R.; Bandyopadhyay, R.; Pramanik, P. Carbon Quantum Dots from Natural Resource: A Review. Mater. Today Chem. 2018, 8,
96-109. [CrossRef]

Wang, Y.; Hu, A. Carbon Quantum Dots: Synthesis, Properties and Applications. J. Mater. Chem. C Mater. 2014, 2, 6921-6939.
[CrossRef]

Samimi, S.; Ardestani, M.S.; Dorkoosh, F.A. Preparation of Carbon Quantum Dots- Quinic Acid for Drug Delivery of Gemcitabine
to Breast Cancer Cells. J. Drug Deliv. Sci. Technol. 2021, 61, 102287. [CrossRef]

Shi, C.; Qi, H.; Ma, R.; Sun, Z,; Xiao, L.; Wei, G.; Huang, Z.; Liu, S.; Li, J.; Dong, M.; et al. N,S-Self-Doped Carbon Quantum Dots
from Fungus Fibers for Sensing Tetracyclines and for Bioimaging Cancer Cells. Mater. Sci. Eng. C 2019, 105, 110132. [CrossRef]
Loo, A.H.; Sofer, Z.; Bou$a, D.; Ulbrich, P.; Bonanni, A.; Pumera, M. Carboxylic Carbon Quantum Dots as a Fluorescent Sensing
Platform for DNA Detection. ACS Appl. Mater. Interfaces 2016, 8, 1951-1957. [CrossRef]

John, V.L.; Nair, Y.; Vinod, T.P. Doping and Surface Modification of Carbon Quantum Dots for Enhanced Functionalities and
Related Applications. Part. Part. Syst. Charact. 2021, 38, 2100170. [CrossRef]

Yang, S.T.; Wang, X.; Wang, H.; Lu, E; Luo, P.G.; Cao, L.; Meziani, M.].; Liu, ].H.; Liu, Y,; Chen, M.; et al. Carbon Dots as Nontoxic
and High-Performance Fluorescence Imaging Agents. J. Phys. Chem. C 2009, 113, 18110-18114. [CrossRef]

Dong, Y.; Wang, R.; Li, H.; Shao, J.; Chi, Y.; Lin, X.; Chen, G. Polyamine-Functionalized Carbon Quantum Dots for Chemical
Sensing. Carbon 2012, 50, 2810-2815. [CrossRef]

Huang, C.; Dong, H.; Su, Y.; Wu, Y.; Narron, R.; Yong, Q. Synthesis of Carbon Quantum Dot Nanoparticles Derived from
Byproducts in Bio-Refinery Process for Cell Imaging and in Vivo Bioimaging. Nanomaterials 2019, 9, 387. [CrossRef]

Alavi, M; Jabari, E.; Jabbari, E. Functionalized Carbon-Based Nanomaterials and Quantum Dots with Antibacterial Activity: A
Review. Expert Rev. Anti Infect. Ther. 2021, 19, 35-44. [CrossRef]

Hao, X.; Huang, L.; Zhao, C.; Chen, S.; Lin, W,; Lin, Y.;; Zhang, L.; Sun, A.; Miao, C.; Lin, X,; et al. Antibacterial Activity of
Positively Charged Carbon Quantum Dots without Detectable Resistance for Wound Healing with Mixed Bacteria Infection.
Mater. Sci. Eng. C 2021, 123, 111971. [CrossRef]

Li, P; Han, E; Cao, W.; Zhang, G.; Li, ].; Zhou, J.; Gong, X.; Turnbull, G.; Shu, W.; Xia, L.; et al. Carbon Quantum Dots Derived
from Lysine and Arginine Simultaneously Scavenge Bacteria and Promote Tissue Repair. Appl. Mater. Today 2020, 19, 100601.
[CrossRef]

Qu, X,; Gao, C.; Fu, L.; Chu, Y,; Wang, ].H.; Qiu, H.; Chen, J. Positively Charged Carbon Dots with Antibacterial and Antioxidant
Dual Activities for Promoting Infected Wound Healing. ACS Appl. Mater. Interfaces 2023, 15, 18608-18619. [CrossRef] [PubMed]
Kianfar, E. Magnetic Nanoparticles in Targeted Drug Delivery: A Review. J. Supercond. Nov. Magn. 2021, 34, 1709-1735. [CrossRef]
Rezaei, B.; Yari, P; Sanders, S.M.; Wang, H.; Chugh, VK,; Liang, S.; Mostufa, S.; Xu, K.; Wang, ].P.; Gomez-Pastora, J.; et al.
Magnetic Nanoparticles: A Review on Synthesis, Characterization, Functionalization, and Biomedical Applications. Small 2024,
20, €2304848. [CrossRef] [PubMed]

Jose, J.; Kumar, R.; Harilal, S.; Mathew, G.E.; Parambi, D.G.T.; Prabhu, A.; Uddin, M.S.; Aleya, L.; Kim, H.; Mathew, B. Magnetic
Nanoparticles for Hyperthermia in Cancer Treatment: An Emerging Tool. Environ. Sci. Pollut. Res. 2020, 27, 19214-19225.
[CrossRef]

Joshi, N.C.; Chaudhary, N.; Rai, N. Medicinal Plant Leaves Extract Based Synthesis, Characterisations and Antimicrobial Activities
of ZrO, Nanoparticles (ZrO, NPs). Bionanoscience 2021, 11, 497-505. [CrossRef]

Xu, Z.; Zheng, L.; Wen, S; Liu, L. Graphene Oxide-Supported Zinc Oxide Nanoparticles for Chloroprene Rubber with Improved
Crosslinking Network and Mechanical Properties. Compos. Part A Appl. Sci. Manuf. 2019, 124, 105492. [CrossRef]

Zare, M.; Namratha, K.; Ilyas, S.; Sultana, A.; Hezam, A.; Sunil, L.; Surmeneva, M.A.; Surmenev, R.A; Nayan, M.B.; Ramakrishna,
S.; et al. Emerging Trends for ZnO Nanoparticles and Their Applications in Food Packaging. ACS Food Sci. Technol. 2022, 2,
763-781. [CrossRef]

Yusaf, T.; Mahamude, A.S.F,; Farhana, K.; Harun, W.S.W.; Kadirgama, K.; Ramasamy, D.; Kamarulzaman, M.K.; Subramonian,
S.; Hall, S.; Dhahad, H.A. A Comprehensive Review on Graphene Nanoparticles: Preparation, Properties, and Applications.
Sustainability 2022, 14, 12336. [CrossRef]

Kumar, P; Huo, P; Zhang, R.; Liu, B. Antibacterial Properties of Graphene-Based Nanomaterials. Nanomaterials 2019, 9, 737.
[CrossRef]

Markovic, Z.M.; Harhaji-Trajkovic, L.M.; Todorovic-Markovic, B.M.; Kepi¢, D.P.,; Arsikin, K.M.; Jovanovi¢, S.P.; Pantovic, A.C.;
Dramicanin, M.D.; Trajkovic, V.S. In Vitro Comparison of the Photothermal Anticancer Activity of Graphene Nanoparticles and
Carbon Nanotubes. Biomaterials 2011, 32, 1121-1129. [CrossRef] [PubMed]

Demir, E.; Aslan, A. Protective Effect of Pristine Cgy Fullerene Nanoparticle in Combination with Curcumin against
Hyperglycemia-Induced Kidney Damage in Diabetes Caused by Streptozotocin. J. Food Biochem. 2020, 44, €13470. [CrossRef]
Demir, E.; Nedzvetsky, V.S.; Agca, C.A.; Kirici, M. Pristine Cgy Fullerene Nanoparticles Ameliorate Hyperglycemia-Induced
Disturbances via Modulation of Apoptosis and Autophagy Flux. Neurochem. Res. 2020, 45, 2385-2397. [CrossRef]

Ye, L.; Kollie, L.; Liu, X.; Guo, W,; Ying, X.; Zhu, J.; Yang, S.; Yu, M. Antitumor Activity and Potential Mechanism of Novel
Fullerene Derivative Nanoparticles. Molecules 2021, 26, 3252. [CrossRef]

Oner, G.A. Flexural Strength and Thermal Properties of Carbon Black Nanoparticle Reinforced Epoxy Composites Obtained from
Waste Tires. Open Chem. 2022, 20, 863-872. [CrossRef]

Singh, M.; Vander Wal, R. Nanostructure Quantification of Carbon Blacks. C 2018, 5, 2. [CrossRef]


https://doi.org/10.1016/j.mtchem.2018.03.003
https://doi.org/10.1039/C4TC00988F
https://doi.org/10.1016/j.jddst.2020.102287
https://doi.org/10.1016/j.msec.2019.110132
https://doi.org/10.1021/acsami.5b10160
https://doi.org/10.1002/ppsc.202100170
https://doi.org/10.1021/jp9085969
https://doi.org/10.1016/j.carbon.2012.02.046
https://doi.org/10.3390/nano9030387
https://doi.org/10.1080/14787210.2020.1810569
https://doi.org/10.1016/j.msec.2021.111971
https://doi.org/10.1016/j.apmt.2020.100601
https://doi.org/10.1021/acsami.2c21839
https://www.ncbi.nlm.nih.gov/pubmed/37032476
https://doi.org/10.1007/s10948-021-05932-9
https://doi.org/10.1002/smll.202304848
https://www.ncbi.nlm.nih.gov/pubmed/37732364
https://doi.org/10.1007/s11356-019-07231-2
https://doi.org/10.1007/s12668-021-00829-2
https://doi.org/10.1016/j.compositesa.2019.105492
https://doi.org/10.1021/acsfoodscitech.2c00043
https://doi.org/10.3390/su141912336
https://doi.org/10.3390/nano9050737
https://doi.org/10.1016/j.biomaterials.2010.10.030
https://www.ncbi.nlm.nih.gov/pubmed/21071083
https://doi.org/10.1111/jfbc.13470
https://doi.org/10.1007/s11064-020-03097-w
https://doi.org/10.3390/molecules26113252
https://doi.org/10.1515/chem-2022-0197
https://doi.org/10.3390/c5010002

Molecules 2024, 29, 3482 61 of 83

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

Molaei, M.J. A Review on Nanostructured Carbon Quantum Dots and Their Applications in Biotechnology, Sensors, and
Chemiluminescence. Talanta 2019, 196, 456-478. [CrossRef] [PubMed]

Jafernik, K.; Ladniak, A ; Blicharska, E.; Czarnek, K.; Ekiert, H.; Wiacek, A.E.; Szopa, A. Chitosan-Based Nanoparticles as Effective
Drug Delivery Systems—A Review. Molecules 2023, 28, 1963. [CrossRef]

Badawy, M.E.L; Lotfy, TM.R.; Shawir, S.M.S. Preparation and Antibacterial Activity of Chitosan-Silver Nanoparticles for
Application in Preservation of Minced Meat. Bull. Natl. Res. Cent. 2019, 43, 83. [CrossRef]

Ahmed, T.A.; Aljaeid, B.M. Preparation, Characterization, and Potential Application of Chitosan, Chitosan Derivatives, and
Chitosan Metal Nanoparticles in Pharmaceutical Drug Delivery. Drug Des. Devel. Ther. 2016, 10, 483-507. [CrossRef] [PubMed]
Loo, H.L.; Goh, B.H.; Lee, L.H.; Chuah, L.H. Application of Chitosan-Based Nanoparticles in Skin Wound Healing. Asian J. Pharm.
Sci. 2022, 17,299-332. [CrossRef] [PubMed]

Taheriazam, A.; Entezari, M.; Firouz, Z.M.; Hajimazdarany, S.; Hossein Heydargoy, M.; Amin Moghadassi, A.H.; Moghadaci,
A.; Sadrani, A.; Motahhary, M.; Harif Nashtifani, A.; et al. Eco-Friendly Chitosan-Based Nanostructures in Diabetes Mellitus
Therapy: Promising Bioplatforms with Versatile Therapeutic Perspectives. Environ. Res. 2023, 228, 115912. [CrossRef]
Mohammed, A.E.; Abdalhalim, L.R.; Atalla, KM.; Mohdaly, A.A.A.; Ramadan, M.F,; Abdelaliem, Y.F. Chitosan and Sodium
Alginate Nanoparticles Synthesis and Its Application in Food Preservation. Rendiconti Lincei 2023, 34, 415-425. [CrossRef]
Niculescu, A.G.; Grumezescu, A.M. Applications of Chitosan-Alginate-Based Nanoparticles—An Up-to-Date Review. Nanomate-
rials 2022, 12, 186. [CrossRef] [PubMed]

Hasnain, M.S.; Nayak, A K.; Kurakula, M.; Hoda, M.N. Alginate Nanoparticles in Drug Delivery. In Alginates in Drug Delivery;
Elsevier: Amsterdam, The Netherlands, 2020; pp. 129-152, ISBN 9780128176405.

Zeb, A.; Gul, M.; Nguyen, T.T.L.; Maeng, H.J. Controlled Release and Targeted Drug Delivery with Poly(Lactic-Co-Glycolic Acid)
Nanoparticles: Reviewing Two Decades of Research. J. Pharm. Investig. 2022, 52, 683-724. [CrossRef]

Gentile, P; Chiono, V.; Carmagnola, I.; Hatton, P.V. An Overview of Poly(Lactic-Co-Glycolic) Acid (PLGA)-Based Biomaterials for
Bone Tissue Engineering. Int. . Mol. Sci. 2014, 15, 3640-3659. [CrossRef] [PubMed]

Chereddy, K.K.; Vandermeulen, G.; Préat, V. PLGA Based Drug Delivery Systems: Promising Carriers for Wound Healing Activity.
Wound Repair Regen. 2016, 24, 223-236. [CrossRef]

Pang, H.; Huang, X.; Xu, Z.P,; Chen, C.; Han, EY. Progress in Oral Insulin Delivery by PLGA Nanoparticles for the Management
of Diabetes. Drug Discov. Today 2023, 28, 103393. [CrossRef]

Casalini, T.; Rossi, F.; Castrovinci, A.; Perale, G. A Perspective on Polylactic Acid-Based Polymers Use for Nanoparticles Synthesis
and Applications. Front. Bioeng. Biotechnol. 2019, 7, 259. [CrossRef]

Ahmed, K.S.; Hussein, S.A.; Ali, A.H.; Korma, S.A.; Qiu, L.; Chen, J. Liposome: Composition, Characterisation, Preparation, and
Recent Innovation in Clinical Applications. J. Drug Target. 2019, 27, 742-761. [CrossRef] [PubMed]

Ajeeshkumar, K K.; Aneesh, P.A.; Raju, N.; Suseela, M.; Ravishankar, C.N.; Benjakul, S. Advancements in Liposome Technology:
Preparation Techniques and Applications in Food, Functional Foods, and Bioactive Delivery: A Review. Compr. Rev. Food Sci.
Food Saf. 2021, 20, 1280-1306. [CrossRef] [PubMed]

Rahimpour, Y.; Hamishehkar, H. Liposomes in Cosmeceutics. Expert Opin. Drug Deliv. 2012, 9, 443-455. [CrossRef] [PubMed]
Pillarisetti, S.; Vijayan, V.; Rangasamy, J.; Bardhan, R.; Uthaman, S.; Park, LK. A Multi-Stimuli Responsive Alginate Nanogel for
Anticancer Chemo-Photodynamic Therapy. . Ind. Eng. Chem. 2023, 123, 361-370. [CrossRef]

Bayon-Cordero, L.; Alkorta, I.; Arana, L. Application of Solid Lipid Nanoparticles to Improve the Efficiency of Anticancer Drugs.
Nanomaterials 2019, 9, 474. [CrossRef] [PubMed]

Netto MPharm, G.; Jose, J. Development, Characterization, and Evaluation of Sunscreen Cream Containing Solid Lipid Nanopar-
ticles of Silymarin. J. Cosmet. Dermatol. 2018, 17, 1073-1083. [CrossRef] [PubMed]

Weiss, J.; Decker, E.A.; McClements, D.].; Kristbergsson, K.; Helgason, T.; Awad, T. Solid Lipid Nanoparticles as Delivery Systems
for Bioactive Food Components. Food Biophys. 2008, 3, 146-154. [CrossRef]

Salvi, V.R.; Pawar, P. Nanostructured Lipid Carriers (NLC) System: A Novel Drug Targeting Carrier. J. Drug Deliv. Sci. Technol.
2019, 51, 255-267. [CrossRef]

Piran, P;; Kafil, H.S.; Ghanbarzadeh, S.; Safdari, R.; Hamishehkar, H. Formulation of Menthol-Loaded Nanostructured Lipid
Carriers to Enhance Its Antimicrobial Activity for Food Preservation. Adv. Pharm. Bull. 2017, 7, 261-268. [CrossRef]
Rizwanullah, M.; Ahmad, M.Z.; Garg, A.; Ahmad, J. Advancement in Design of Nanostructured Lipid Carriers for Cancer
Targeting and Theranostic Application. Biochim. Biophys. Acta Gen. Subj. 2021, 1865, 129936. [CrossRef]

Prasertpol, T.; Tiyaboonchai, W. Nanostructured Lipid Carriers: A Novel Hair Protective Product Preventing Hair Damage and
Discoloration from UV Radiation and Thermal Treatment. J. Photochem. Photobiol. B 2020, 204, 111769. [CrossRef] [PubMed]
Troncoso, O.P; Torres, F.G. Non-conventional Starch Nanoparticles for Drug Delivery Applications. Med. Devices Sens. 2020,
3, e10111. [CrossRef]

Le Corre, D.; Angellier-Coussy, H. Preparation and Application of Starch Nanoparticles for Nanocomposites: A Review. React.
Funct. Polym. 2014, 85, 97-120. [CrossRef]

Sun, Y.; Ma, C.; Hua, Y.; Wei, T.; Zhang, L. Multifunctional Nanoparticles of Paclitaxel and Cyclodextrin-Polypeptide Conjugates
with in Vitro Anticancer Activity. Pharm. Dev. Technol. 2020, 25, 1071-1080. [CrossRef]


https://doi.org/10.1016/j.talanta.2018.12.042
https://www.ncbi.nlm.nih.gov/pubmed/30683392
https://doi.org/10.3390/molecules28041963
https://doi.org/10.1186/s42269-019-0124-8
https://doi.org/10.2147/DDDT.S99651
https://www.ncbi.nlm.nih.gov/pubmed/26869768
https://doi.org/10.1016/j.ajps.2022.04.001
https://www.ncbi.nlm.nih.gov/pubmed/35782330
https://doi.org/10.1016/j.envres.2023.115912
https://doi.org/10.1007/s12210-023-01154-4
https://doi.org/10.3390/nano12020186
https://www.ncbi.nlm.nih.gov/pubmed/35055206
https://doi.org/10.1007/s40005-022-00584-w
https://doi.org/10.3390/ijms15033640
https://www.ncbi.nlm.nih.gov/pubmed/24590126
https://doi.org/10.1111/wrr.12404
https://doi.org/10.1016/j.drudis.2022.103393
https://doi.org/10.3389/fbioe.2019.00259
https://doi.org/10.1080/1061186X.2018.1527337
https://www.ncbi.nlm.nih.gov/pubmed/30239255
https://doi.org/10.1111/1541-4337.12725
https://www.ncbi.nlm.nih.gov/pubmed/33665991
https://doi.org/10.1517/17425247.2012.666968
https://www.ncbi.nlm.nih.gov/pubmed/22413847
https://doi.org/10.1016/j.jiec.2023.03.053
https://doi.org/10.3390/nano9030474
https://www.ncbi.nlm.nih.gov/pubmed/30909401
https://doi.org/10.1111/jocd.12470
https://www.ncbi.nlm.nih.gov/pubmed/29226503
https://doi.org/10.1007/s11483-008-9065-8
https://doi.org/10.1016/j.jddst.2019.02.017
https://doi.org/10.15171/apb.2017.031
https://doi.org/10.1016/j.bbagen.2021.129936
https://doi.org/10.1016/j.jphotobiol.2019.111769
https://www.ncbi.nlm.nih.gov/pubmed/31954264
https://doi.org/10.1002/mds3.10111
https://doi.org/10.1016/j.reactfunctpolym.2014.09.020
https://doi.org/10.1080/10837450.2020.1787441

Molecules 2024, 29, 3482 62 of 83

139.

140.

141.

142.

143.
144.

145.

146.

147.
148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

Khatua, T.N.; Dey, S.; Abbasi, Y.E; Bera, H.; Suresh, S. Casein-Based Nanomaterials in Drug Delivery and Biomedical Applications.
In Biopolymer-Based Nanomaterials in Drug Delivery and Biomedical Applications; Academic Press: Cambridge, MA, USA, 2021;
pp. 519-534. [CrossRef]

El Fakharany, E.M.; Abu Serie, M.M.; Ibrahim, A.; Eltarahony, M. Anticancer Activity of Lactoferrin-Coated Biosynthesized
Selenium Nanoparticles for Combating Different Human Cancer Cells via Mediating Apoptotic Effects. Sci. Rep. 2023, 13, 9579.
[CrossRef]

Attri, K.; Chudasama, B.; Mahajan, R.L.; Choudhury, D. Therapeutic Potential of Lactoferrin-Coated Iron Oxide Nanospheres for
Targeted Hyperthermia in Gastric Cancer. Sci. Rep. 2023, 13, 17875. [CrossRef] [PubMed]

Kumar, R.; Lal, S. Synthesis of Organic Nanoparticles and Their Applications in Drug Delivery and Food Nanotechnology: A
Review. |. Nanomater. Mol. Nanotechnol. 2014, 3. [CrossRef]

Mitragotri, S.; Stayton, P. Organic Nanoparticles for Drug Delivery and Imaging. MRS Bull. 2014, 39, 219-223. [CrossRef]
Dilliard, S.A.; Siegwart, D.J. Passive, Active and Endogenous Organ-Targeted Lipid and Polymer Nanoparticles for Delivery of
Genetic Drugs. Nat. Rev. Mater. 2023, 8, 282-300. [CrossRef]

Elmowafy, M.; Shalaby, K.; Elkomy, M.H.; Alsaidan, O.A.; Gomaa, H.A.M.; Abdelgawad, M.A.; Mostafa, E.M. Polymeric
Nanoparticles for Delivery of Natural Bioactive Agents: Recent Advances and Challenges. Polymers 2023, 15, 1123. [CrossRef]
Banik, B.L.; Fattahi, P.; Brown, J.L. Polymeric Nanoparticles: The Future of Nanomedicine. Wiley Interdiscip. Rev. Nanomed.
Nanobiotechnol. 2016, 8, 271-299. [CrossRef]

Divya, K,; Jisha, M.S. Chitosan Nanoparticles Preparation and Applications. Environ. Chem. Lett. 2018, 16, 101-112. [CrossRef]
Othman, S.H.; Othman, N.EL.; Shapi’i, R.A.; Ariffin, S.H.; Yunos, K.EM. Corn Starch/Chitosan Nanoparticles/Thymol Bio-
Nanocomposite Films for Potential Food Packaging Applications. Polymers 2021, 13, 390. [CrossRef] [PubMed]

Chen, E; Shi, Z.; Neoh, K.G.; Kang, E.T. Antioxidant and Antibacterial Activities of Eugenol and Carvacrol-Grafted Chitosan
Nanoparticles. Biotechnol. Bioeng. 2009, 104, 30-39. [CrossRef] [PubMed]

Wang, Z.; Zhang, M; Liang, S.; Li, Y. Enhanced Antioxidant and Antibacterial Activities of Chitosan/Zein Nanoparticle Pickering
Emulsion-Incorporated Chitosan Coatings in the Presence of Cinnamaldehyde and Tea Polyphenol. Int. J. Biol. Macromol. 2024,
266, 131181. [CrossRef] [PubMed]

Sood, A.; Gupta, A.; Bharadwaj, R.; Ranganath, P.; Silverman, N.; Agrawal, G. Biodegradable Disulfide Crosslinked Chi-
tosan/Stearic Acid Nanoparticles for Dual Drug Delivery for Colorectal Cancer. Carbohydr. Polym. 2022, 294, 119833. [CrossRef]
[PubMed]

Idrees, H.; Zaidi, S.Z.].; Sabir, A.; Khan, R.U.; Zhang, X.; Hassan, S.U. A Review of Biodegradable Natural Polymer-Based
Nanoparticles for Drug Delivery Applications. Nanomaterials 2020, 10, 1970. [CrossRef] [PubMed]

Sharifi-Rad, J.; Quispe, C.; Butnariu, M.; Rotariu, L.S.; Sytar, O.; Sestito, S.; Rapposelli, S.; Akram, M.; Igbal, M.; Krishna, A.; et al.
Chitosan Nanoparticles as a Promising Tool in Nanomedicine with Particular Emphasis on Oncological Treatment. Cancer Cell Int.
2021, 21, 318. [CrossRef]

Chandrasekaran, M.; Kim, K.D.; Chun, S.C. Antibacterial Activity of Chitosan Nanoparticles: A Review. Processes 2020, 8, 1173.
[CrossRef]

Franci, G.; Falanga, A.; Galdiero, S.; Palomba, L.; Rai, M.; Morelli, G.; Galdiero, M. Silver Nanoparticles as Potential Antibacterial
Agents. Molecules 2015, 20, 8856-8874. [CrossRef]

Kumar-Krishnan, S.; Prokhorov, E.; Hernandez-Iturriaga, M.; Mota-Morales, ].D.; Vazquez-Lepe, M.; Kovalenko, Y.; Sanchez, I.C.;
Luna-Barcenas, G. Chitosan/Silver Nanocomposites: Synergistic Antibacterial Action of Silver Nanoparticles and Silver Ions. Eur.
Polym. |. 2015, 67, 242-251. [CrossRef]

Shehabeldine, A.M.; Salem, S.S.; Ali, O.M.; Abd-Elsalam, K.A ; Elkady, FM.; Hashem, A.H. Multifunctional Silver Nanoparticles
Based on Chitosan: Antibacterial, Antibiofilm, Antifungal, Antioxidant, and Wound-Healing Activities. J. Fungi 2022, 8, 612.
[CrossRef] [PubMed]

Eker, E; Akdasgi, E.; Duman, H.; Yal¢intas, Y.M.; Canbolat, A.A.; Kalkan, A.E.; Karav, S.; Samec, D. Antimicrobial Properties of
Colostrum and Milk. Antibiotics 2024, 13, 251. [CrossRef] [PubMed]

Wu, T.; Wu, C; Fu, S.; Wang, L.; Yuan, C.; Chen, S.; Hu, Y. Integration of Lysozyme into Chitosan Nanoparticles for Improving
Antibacterial Activity. Carbohydr. Polym. 2017, 155, 192-200. [CrossRef]

Yang, ].S.; Xie, Y.J.; He, W. Research Progress on Chemical Modification of Alginate: A Review. Carbohydr. Polym. 2011, 84, 33-39.
[CrossRef]

Dodero, A.; Alberti, S.; Gaggero, G.; Ferretti, M.; Botter, R.; Vicini, S.; Castellano, M. An Up-to-Date Review on Alginate
Nanoparticles and Nanofibers for Biomedical and Pharmaceutical Applications. Adv. Mater. Interfaces 2021, 8, 2100809. [CrossRef]
Spadari, C.C.; Lanser, D.M.; Aratjo, M.V.; De Jesus, D.EE,; Lopes, L.B.; Gelli, A.; Ishida, K. Oral Delivery of Brain-Targeted
Miltefosine-Loaded Alginate Nanoparticles Functionalized with Polysorbate 80 for the Treatment of Cryptococcal Meningitis.
J. Antimicrob. Chemother. 2023, 78, 1092-1101. [CrossRef]

Thomas, D.; Mathew, N.; Nath, M.S. Starch Modified Alginate Nanoparticles for Drug Delivery Application. Int. J. Biol. Macromol.
2021, 173, 277-284. [CrossRef] [PubMed]

Sahatsapan, N.; Ngawhirunpat, T.; Rojanarata, T.; Opanasopit, P.; Patrojanasophon, P. Catechol-Functionalized Alginate Nanopar-
ticles as Mucoadhesive Carriers for Intravesical Chemotherapy. AAPS PharmSciTech 2020, 21, 212. [CrossRef]


https://doi.org/10.1016/B978-0-12-820874-8.00018-X
https://doi.org/10.1038/s41598-023-36492-8
https://doi.org/10.1038/s41598-023-43725-3
https://www.ncbi.nlm.nih.gov/pubmed/37857677
https://doi.org/10.4172/2324-8777.1000150
https://doi.org/10.1557/mrs.2014.11
https://doi.org/10.1038/s41578-022-00529-7
https://doi.org/10.3390/polym15051123
https://doi.org/10.1002/wnan.1364
https://doi.org/10.1007/s10311-017-0670-y
https://doi.org/10.3390/polym13030390
https://www.ncbi.nlm.nih.gov/pubmed/33513664
https://doi.org/10.1002/bit.22363
https://www.ncbi.nlm.nih.gov/pubmed/19408318
https://doi.org/10.1016/j.ijbiomac.2024.131181
https://www.ncbi.nlm.nih.gov/pubmed/38552702
https://doi.org/10.1016/j.carbpol.2022.119833
https://www.ncbi.nlm.nih.gov/pubmed/35868778
https://doi.org/10.3390/nano10101970
https://www.ncbi.nlm.nih.gov/pubmed/33027891
https://doi.org/10.1186/s12935-021-02025-4
https://doi.org/10.3390/pr8091173
https://doi.org/10.3390/molecules20058856
https://doi.org/10.1016/j.eurpolymj.2015.03.066
https://doi.org/10.3390/jof8060612
https://www.ncbi.nlm.nih.gov/pubmed/35736095
https://doi.org/10.3390/antibiotics13030251
https://www.ncbi.nlm.nih.gov/pubmed/38534686
https://doi.org/10.1016/j.carbpol.2016.08.076
https://doi.org/10.1016/j.carbpol.2010.11.048
https://doi.org/10.1002/admi.202100809
https://doi.org/10.1093/jac/dkad053
https://doi.org/10.1016/j.ijbiomac.2020.12.227
https://www.ncbi.nlm.nih.gov/pubmed/33453259
https://doi.org/10.1208/s12249-020-01752-7

Molecules 2024, 29, 3482 63 of 83

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

Alallam, B.; Altahhan, S.; Taher, M.; Mohd Nasir, M.H.; Doolaanea, A.A. Electrosprayed Alginate Nanoparticles as Crispr Plasmid
Dna Delivery Carrier: Preparation, Optimization, and Characterization. Pharmaceuticals 2020, 13, 158. [CrossRef]

Liu, Q.; Jing, Y,; Han, C.; Zhang, H.; Tian, Y. Encapsulation of Curcumin in Zein/ Caseinate/Sodium Alginate Nanoparticles with
Improved Physicochemical and Controlled Release Properties. Food Hydrocoll. 2019, 93, 432—442. [CrossRef]

Li, M.; Sun, Y;; Ma, C.; Hua, Y.; Zhang, L.; Shen, J. Design and Investigation of Penetrating Mechanism of Octaarginine-Modified
Alginate Nanoparticles for Improving Intestinal Insulin Delivery. J. Pharm. Sci. 2021, 110, 268-279. [CrossRef] [PubMed]
Sorasitthiyanukarn, EN.; Muangnoi, C.; Rojsitthisak, P.; Rojsitthisak, P. Chitosan Oligosaccharide/Alginate Nanoparticles as an
Effective Carrier for Astaxanthin with Improving Stability, in Vitro Oral Bioaccessibility, and Bioavailability. Food Hydrocoll. 2022,
124,107246. [CrossRef]

Sohail, R.; Abbas, S.R. Evaluation of Amygdalin-Loaded Alginate-Chitosan Nanoparticles as Biocompatible Drug Delivery
Carriers for Anticancerous Efficacy. Int. J. Biol. Macromol. 2020, 153, 36—45. [CrossRef] [PubMed]

Li, S.; Zhang, H.; Chen, K;; Jin, M.; Vu, S.H.; Jung, S.; He, N.; Zheng, Z.; Lee, M.S. Application of Chitosan/Alginate Nanoparticle
in Oral Drug Delivery Systems: Prospects and Challenges. Drug Deliv. 2022, 29, 1142-1149. [CrossRef] [PubMed]

Leonardi, M.; Caruso, G.M.; Carroccio, S.C.; Boninelli, S.; Curcuruto, G.; Zimbone, M.; Allegra, M.; Torrisi, B.; Ferlito, E.; Miritello,
M. Smart Nanocomposites of Chitosan/Alginate Nanoparticles Loaded with Copper Oxide as Alternative Nanofertilizers.
Environ. Sci. Nano 2021, 8, 174-187. [CrossRef]

AbdelAllah, N.H.; Gaber, Y.; Rashed, M.E.; Azmy, A.F,; Abou-Taleb, H.A.; AbdelGhani, S. Alginate-Coated Chitosan Nanoparticles
Act as Effective Adjuvant for Hepatitis A Vaccine in Mice. Int. ]. Biol. Macromol. 2020, 152, 904-912. [CrossRef] [PubMed]
Taghiloo, S.; Ghajari, G.; Zand, Z.; Kabiri-Samani, S.; Kabiri, H.; Rajaei, N.; Piri-Gharaghie, T. Designing Alginate/Chitosan
Nanoparticles Containing Echinacea Angustifolia: A Novel Candidate for Combating Multidrug-Resistant Staphylococcus
Aureus. Chem. Biodivers 2023, 20, €202201008. [CrossRef] [PubMed]

Manimaran, V.; Nivetha, R.P; Tamilanban, T.; Narayanan, J.; Vetriselvan, S.; Fuloria, N.K.; Chinni, S.V.; Sekar, M.; Fuloria, S.;
Wong, L.S.; et al. Nanogels as Novel Drug Nanocarriers for CNS Drug Delivery. Front. Mol. Biosci. 2023, 10, 1232109. [CrossRef]
Yin, Y;; Hu, B,; Yuan, X.; Cai, L.; Gao, H.; Yang, Q. Nanogel: A Versatile Nano-Delivery System for Biomedical Applications.
Pharmaceutics 2020, 12, 290. [CrossRef]

Suhail, M.; Fang, C.W.; Chiu, I.H.; Khan, A.; Wu, Y.C,; Lin, L.L.; Tsai, M.].; Wu, P.C. Synthesis and Evaluation of Alginate-Based
Nanogels as Sustained Drug Carriers for Caffeine. ACS Omega 2023, 8, 23991-24002. [CrossRef]

Chen, Y.B.; Zhang, Y.B.; Wang, Y.L.; Kaur, P,; Yang, B.G.; Zhu, Y; Ye, L.; Cui, Y.L. A Novel Inhalable Quercetin-Alginate Nanogel
as a Promising Therapy for Acute Lung Injury. J. Nanobiotechnol. 2022, 20, 272. [CrossRef]

Li, G.; Zhao, M,; Xu, F; Yang, B.; Li, X.; Meng, X.; Teng, L.; Sun, E; Li, Y. Synthesis and Biological Application of Polylactic Acid.
Molecules 2020, 25, 5023. [CrossRef] [PubMed]

Balla, E.; Daniilidis, V.; Karlioti, G.; Kalamas, T.; Stefanidou, M.; Bikiaris, N.D.; Vlachopoulos, A.; Koumentakou, I.; Bikiaris,
D.N. Poly(Lactic Acid): A Versatile Biobased Polymer for the Future with Multifunctional Properties-from Monomer Synthesis,
Polymerization Techniques and Molecular Weight Increase to PLA Applications. Polymers 2021, 13, 1822. [CrossRef]

Teixeira, S.; Eblagon, K.M.; Miranda, F; Pereira, M.ER.; Figueiredo, ].L. Towards Controlled Degradation of Poly(Lactic) Acid in
Technical Applications. C 2021, 7, 42. [CrossRef]

Jem, K.J.; Tan, B. The Development and Challenges of Poly (Lactic Acid) and Poly (Glycolic Acid). Adv. Ind. Eng. Polym. Res. 2020,
3, 60-70. [CrossRef]

Antonio, E.; dos Reis Antunes Junior, O.; Marcano, R.G.D.J.V.; Diedrich, C.; da Silva Santos, J.; Machado, C.S.; Khalil, N.M.;
Mainardes, R.M. Chitosan Modified Poly (Lactic Acid) Nanoparticles Increased the Ursolic Acid Oral Bioavailability. Int. J. Biol.
Macromol. 2021, 172, 133-142. [CrossRef]

Niza, E.; Bozik, M.; Bravo, I.; Clemente-Casares, P.; Lara-Sanchez, A.; Juan, A.; Klou&ek, P.; Alonso-Moreno, C. PEI-Coated PLA
Nanoparticles to Enhance the Antimicrobial Activity of Carvacrol. Food Chem. 2020, 328, 127131. [CrossRef] [PubMed]
Dinarvand, R.; Sepehri, N.; Manoochehri, S.; Rouhani, H.; Atyabi, F. Polylactide-Co-Glycolide Nanoparticles for Controlled
Delivery of Anticancer Agents. Int. . Nanomed. 2011, 6, 877-895. [CrossRef]

Mabhar, R.; Chakraborty, A.; Nainwal, N.; Bahuguna, R.; Sajwan, M.; Jakhmola, V. Application of PLGA as a Biodegradable and
Biocompatible Polymer for Pulmonary Delivery of Drugs. AAPS PharmSciTech 2023, 24, 39. [CrossRef]

Garcia-Pinel, B.; Porras-Alcala, C.; Ortega-Rodriguez, A ; Sarabia, F,; Prados, J.; Melguizo, C.; Lopez-Romero, ].M. Lipid-Based
Nanoparticles: Application and Recent Advances in Cancer Treatment. Nanomaterials 2019, 9, 638. [CrossRef] [PubMed]
Motsoene, F.; Abrahamse, H.; Dhilip Kumar, S.S. Multifunctional Lipid-Based Nanoparticles for Wound Healing and Antibacterial
Applications: A Review. Adv. Colloid Interface Sci. 2023, 321, 103002. [CrossRef]

Daraee, H.; Etemadi, A.; Kouhi, M.; Alimirzalu, S.; Akbarzadeh, A. Application of Liposomes in Medicine and Drug Delivery.
Artif. Cells Nanomed. Biotechnol. 2016, 44, 381-391. [CrossRef] [PubMed]

Shukla, S.; Haldorai, Y.; Hwang, S.K.; Bajpai, VK.; Huh, Y.S.; Han, Y.K. Current Demands for Food-Approved Liposome
Nanoparticles in Food and Safety Sector. Front. Microbiol. 2017, 8, 2398. [CrossRef] [PubMed]

Tenchov, R.; Bird, R.; Curtze, A.E.; Zhou, Q. Lipid Nanoparticles from Liposomes to MRNA Vaccine Delivery, a Landscape of
Research Diversity and Advancement. ACS Nano 2021, 15, 16982-17015. [CrossRef] [PubMed]

Laouini, A.; Jaafar-Maalej, C.; Limayem-Blouza, I.; Sfar, S.; Charcosset, C.; Fessi, H. Preparation, Characterization and Applications
of Liposomes: State of the Art. J. Colloid Sci. Biotechnol. 2012, 1, 147-168. [CrossRef]


https://doi.org/10.3390/ph13080158
https://doi.org/10.1016/j.foodhyd.2019.02.003
https://doi.org/10.1016/j.xphs.2020.07.004
https://www.ncbi.nlm.nih.gov/pubmed/32663595
https://doi.org/10.1016/j.foodhyd.2021.107246
https://doi.org/10.1016/j.ijbiomac.2020.02.191
https://www.ncbi.nlm.nih.gov/pubmed/32097740
https://doi.org/10.1080/10717544.2022.2058646
https://www.ncbi.nlm.nih.gov/pubmed/35384787
https://doi.org/10.1039/D0EN00797H
https://doi.org/10.1016/j.ijbiomac.2020.02.287
https://www.ncbi.nlm.nih.gov/pubmed/32114177
https://doi.org/10.1002/cbdv.202201008
https://www.ncbi.nlm.nih.gov/pubmed/37157889
https://doi.org/10.3389/fmolb.2023.1232109
https://doi.org/10.3390/pharmaceutics12030290
https://doi.org/10.1021/acsomega.3c02699
https://doi.org/10.1186/s12951-022-01452-3
https://doi.org/10.3390/molecules25215023
https://www.ncbi.nlm.nih.gov/pubmed/33138232
https://doi.org/10.3390/polym13111822
https://doi.org/10.3390/c7020042
https://doi.org/10.1016/j.aiepr.2020.01.002
https://doi.org/10.1016/j.ijbiomac.2021.01.041
https://doi.org/10.1016/j.foodchem.2020.127131
https://www.ncbi.nlm.nih.gov/pubmed/32485586
https://doi.org/10.2147/IJN.S18905
https://doi.org/10.1208/s12249-023-02502-1
https://doi.org/10.3390/nano9040638
https://www.ncbi.nlm.nih.gov/pubmed/31010180
https://doi.org/10.1016/j.cis.2023.103002
https://doi.org/10.3109/21691401.2014.953633
https://www.ncbi.nlm.nih.gov/pubmed/25222036
https://doi.org/10.3389/fmicb.2017.02398
https://www.ncbi.nlm.nih.gov/pubmed/29259595
https://doi.org/10.1021/acsnano.1c04996
https://www.ncbi.nlm.nih.gov/pubmed/34181394
https://doi.org/10.1166/jcsb.2012.1020

Molecules 2024, 29, 3482 64 of 83

192.

193.

194.

195.

196.

197.

198.

199.

200.
201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.
214.

215.
216.

217.

218.

219.

220.

221.

Jesorka, A.; Orwar, O. Liposomes: Technologies and Analytical Applications. Annu. Rev. Anal. Chem. 2008, 1, 801-832. [CrossRef]
[PubMed]

Makino, K.; Shibata, A. Chapter 2: Surface Properties of Liposomes Depending on Their Composition. Adv. Planar Lipid Bilayers
Liposomes 2006, 4, 49-77.

Nsairat, H.; Khater, D.; Sayed, U.; Odeh, F.; Al Bawab, A.; Alshaer, W. Liposomes: Structure, Composition, Types, and Clinical
Applications. Heliyon 2022, 8, e09394. [CrossRef]

Betageri, G.V.; Parsons, D.L. Drug Encapsulation and Release from Multilamellar and Unilamellar Liposomes. Int. J. Pharm. 1992,
81,235-241. [CrossRef]

Sutkowski, WW.; Pentak, D.; Nowak, K.; Sutkowska, A. The Influence of Temperature, Cholesterol Content and PH on Liposome
Stability. J. Mol. Struct. 2005, 744, 737-747. [CrossRef]

Mohamed, M.; Abu Lila, A.S.; Shimizu, T.; Alaaeldin, E.; Hussein, A.; Sarhan, H.A.; Szebeni, J.; Ishida, T. PEGylated Liposomes:
Immunological Responses. Sci. Technol. Adv. Mater. 2019, 20, 710-724. [CrossRef] [PubMed]

Ferreira, M.; Ogren, M.; Dias, ].N.R.; Silva, M.; Gil, S.; Tavares, L.; Aires-Da-silva, F.; Gaspar, M.M.; Aguiar, S.I. Liposomes as
Antibiotic Delivery Systems: A Promising Nanotechnological Strategy against Antimicrobial Resistance. Molecules 2021, 26, 2047.
[CrossRef] [PubMed]

Rommasi, F.; Esfandiari, N. Liposomal Nanomedicine: Applications for Drug Delivery in Cancer Therapy. Nanoscale Res. Lett.
2021, 16, 95. [CrossRef] [PubMed]

Balazs, D.A.; Godbey, W.T. Liposomes for Use in Gene Delivery. J. Drug Deliv. 2011, 2011, 326497. [CrossRef] [PubMed]
Tretiakova, D.S.; Vodovozova, E.L. Liposomes as Adjuvants and Vaccine Delivery Systems. Biochem. Mosc. Suppl. Ser. A Membr.
Cell Biol. 2022, 16, 1-20. [CrossRef] [PubMed]

Castafieda-Reyes, E.D.; Perea-Flores, M.d.].; Davila-Ortiz, G.; Lee, Y.; de Mejia, E.G. Development, Characterization and Use of
Liposomes as Amphipathic Transporters of Bioactive Compounds for Melanoma Treatment and Reduction of Skin Inflammation:
A Review. Int. . Nanomed. 2020, 15, 7627-7650. [CrossRef] [PubMed]

Lingayat, V.J.; Zarekar, N.S.; Shendge, R.S. Solid Lipid Nanoparticles: A Review. Nanosci. Nanotechnol. Res. 2017, 4, 67-72.
Mukherjee, S.; Ray, S.; Thakur, R.S. Solid Lipid Nanoparticles: A Modern Formulation Approach in Drug Delivery System. Indian
J. Pharm. Sci. 2009, 71, 349-358. [CrossRef]

Mishra, V.; Bansal, K.K.; Verma, A.; Yadav, N.; Thakur, S.; Sudhakar, K.; Rosenholm, J.M. Solid Lipid Nanoparticles: Emerging
Colloidal Nano Drug Delivery Systems. Pharmaceutics 2018, 10, 191. [CrossRef]

Almeida, A.].; Souto, E. Solid Lipid Nanoparticles as a Drug Delivery System for Peptides and Proteins. Adv. Drug Deliv. Rev.
2007, 59, 478-490. [CrossRef] [PubMed]

Akanda, M.; Getti, G.; Nandi, U.; Mithu, M.S.; Douroumis, D. Bioconjugated Solid Lipid Nanoparticles (SLNs) for Targeted
Prostate Cancer Therapy. Int. J. Pharm. 2021, 599, 120416. [CrossRef] [PubMed]

Wissing, S.A.; Miiller, R.H. Cosmetic Applications for Solid Lipid Nanoparticles (SLN). Int. J. Pharm. 2003, 254, 65-68. [CrossRef]
[PubMed]

Viegas, C.; Patricio, A.B.; Prata, ] M.; Nadhman, A.; Chintamaneni, PK.; Fonte, P. Solid Lipid Nanoparticles vs. Nanostructured
Lipid Carriers: A Comparative Review. Pharmaceutics 2023, 15, 1593. [CrossRef]

Ghasemiyeh, P.; Mohammadi-Samani, S. Solid Lipid Nanoparticles and Nanostructured Lipid Carriers as Novel Drug Delivery
Systems: Applications, Advantages and Disadvantages. Res. Pharm. Sci. 2018, 13, 288-303. [PubMed]

Nasirizadeh, S.; Malaekeh-Nikouei, B. Solid Lipid Nanoparticles and Nanostructured Lipid Carriers in Oral Cancer Drug Delivery.
J. Drug Deliv. Sci. Technol. 2020, 55, 101458. [CrossRef]

Miiller, R.H.; Petersen, R.D.; Hommoss, A.; Pardeike, J. Nanostructured Lipid Carriers (NLC) in Cosmetic Dermal Products. Adv.
Drug Deliv. Rev. 2007, 59, 522-530. [CrossRef]

Tester, R.F,; Karkalas, J.; Qi, X. Starch—Composition, Fine Structure and Architecture. J. Cereal Sci. 2004, 39, 151-165. [CrossRef]
Luchese, C.L.; Spada, ].C.; Tessaro, I.C. Starch Content Affects Physicochemical Properties of Corn and Cassava Starch-Based
Films. Ind. Crop. Prod. 2017, 109, 619-626. [CrossRef]

Le Corre, D.; Bras, J.; Dufresne, A. Starch Nanoparticles: A Review. Biomacromolecules 2010, 11, 1139-1153. [CrossRef]
Ashogbon, A.O.; Akintayo, E.T. Recent Trend in the Physical and Chemical Modification of Starches from Different Botanical
Sources: A Review. Starch/Staerke 2014, 66, 41-57. [CrossRef]

Guessan, N.; Amani, G.; Kamenan, A.; Rolland-Sabaté, A.; Colonna, P. Stability of Yam Starch Gels during Processing. Afr. J.
Biotechnol. 2005, 4, 94-101.

Suma, PF; Urooj, A. Isolation and Characterization of Starch from Pearl Millet (Pennisetum typhoidium) Flours. Int. ]. Food Prop.
2015, 18, 2675-2687. [CrossRef]

Chavan, P,; Sinhmar, A.; Nehra, M.; Thory, R; Pathera, A.K.; Sundarraj, A.A.; Nain, V. Impact on Various Properties of Native
Starch after Synthesis of Starch Nanoparticles: A Review. Food Chem. 2021, 364, 130416. [CrossRef] [PubMed]

Campelo, PH.; Sant’Ana, A.S.; Pedrosa Silva Clerici, M.T. Starch Nanoparticles: Production Methods, Structure, and Properties
for Food Applications. Curr. Opin. Food Sci. 2020, 33, 136-140. [CrossRef]

Garcia-Gurrola, A.; Rincén, S.; Escobar-Puentes, A.A.; Zepeda, A.; Pérez-Robles, ].F.; Martinez-Bustos, F. Synthesis and Suc-
cinylation of Starch Nanoparticles by Means of a Single Step Using Sonochemical Energy. Ultrason Sonochem. 2019, 56, 458—465.
[CrossRef] [PubMed]


https://doi.org/10.1146/annurev.anchem.1.031207.112747
https://www.ncbi.nlm.nih.gov/pubmed/20636098
https://doi.org/10.1016/j.heliyon.2022.e09394
https://doi.org/10.1016/0378-5173(92)90015-T
https://doi.org/10.1016/j.molstruc.2004.11.075
https://doi.org/10.1080/14686996.2019.1627174
https://www.ncbi.nlm.nih.gov/pubmed/31275462
https://doi.org/10.3390/molecules26072047
https://www.ncbi.nlm.nih.gov/pubmed/33918529
https://doi.org/10.1186/s11671-021-03553-8
https://www.ncbi.nlm.nih.gov/pubmed/34032937
https://doi.org/10.1155/2011/326497
https://www.ncbi.nlm.nih.gov/pubmed/21490748
https://doi.org/10.1134/S1990747822020076
https://www.ncbi.nlm.nih.gov/pubmed/35194485
https://doi.org/10.2147/IJN.S263516
https://www.ncbi.nlm.nih.gov/pubmed/33116492
https://doi.org/10.4103/0250-474X.57282
https://doi.org/10.3390/pharmaceutics10040191
https://doi.org/10.1016/j.addr.2007.04.007
https://www.ncbi.nlm.nih.gov/pubmed/17543416
https://doi.org/10.1016/j.ijpharm.2021.120416
https://www.ncbi.nlm.nih.gov/pubmed/33647403
https://doi.org/10.1016/S0378-5173(02)00684-1
https://www.ncbi.nlm.nih.gov/pubmed/12615411
https://doi.org/10.3390/pharmaceutics15061593
https://www.ncbi.nlm.nih.gov/pubmed/30065762
https://doi.org/10.1016/j.jddst.2019.101458
https://doi.org/10.1016/j.addr.2007.04.012
https://doi.org/10.1016/j.jcs.2003.12.001
https://doi.org/10.1016/j.indcrop.2017.09.020
https://doi.org/10.1021/bm901428y
https://doi.org/10.1002/star.201300106
https://doi.org/10.1080/10942912.2014.981640
https://doi.org/10.1016/j.foodchem.2021.130416
https://www.ncbi.nlm.nih.gov/pubmed/34192635
https://doi.org/10.1016/j.cofs.2020.04.007
https://doi.org/10.1016/j.ultsonch.2019.04.035
https://www.ncbi.nlm.nih.gov/pubmed/31101284

Molecules 2024, 29, 3482 65 of 83

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.
237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

Qin, Y;; Xue, L.; Hu, Y;; Qiu, C,; Jin, Z.; Xu, X.; Wang, J. Green Fabrication and Characterization of Debranched Starch Nanoparticles
via Ultrasonication Combined with Recrystallization. Ultrason Sonochem. 2020, 66, 105074. [CrossRef] [PubMed]

Angellier, H.; Molina-Boisseau, S.; Lebrun, L.; Dufresne, A. Processing and Structural Properties of Waxy Maize Starch Nanocrys-
tals Reinforced Natural Rubber. Macromolecules 2005, 38, 3783-3792. [CrossRef]

Kim, H.Y,; Park, S.S.; Lim, S.T. Preparation, Characterization and Utilization of Starch Nanoparticles. Colloids Surf. B Biointerfaces
2015, 126, 607-620. [CrossRef]

Wongpanit, P.; Sanchavanakit, N.; Pavasant, P.; Bunaprasert, T.; Tabata, Y.; Rujiravanit, R. Preparation and Characterization of
Chitin Whisker-Reinforced Silk Fibroin Nanocomposite Sponges. Eur. Polym. ]. 2007, 43, 4123-4135. [CrossRef]

Lin, N.; Huang, J.; Chang, P.R.; Feng, L.; Yu, ]. Effect of Polysaccharide Nanocrystals on Structure, Properties, and Drug Release
Kinetics of Alginate-Based Microspheres. Colloids Surf. B Biointerfaces 2011, 85, 270-279. [CrossRef] [PubMed]

Banerjee, A.; Bandopadhyay, R. Use of Dextran Nanoparticle: A Paradigm Shift in Bacterial Exopolysaccharide Based Biomedical
Applications. Int. |. Biol. Macromol. 2016, 87, 295-301. [CrossRef] [PubMed]

Wasiak, I.; Kulikowska, A.; Janczewska, M.; Michalak, M.; Cymerman, L.A.; Nagalski, A.; Kallinger, P.; Szymanski, W.W.; Ciach, T.
Dextran Nanoparticle Synthesis and Properties. PLoS ONE 2016, 11, e0146237. [CrossRef] [PubMed]

Alhareth, K.; Vauthier, C.; Bourasset, E; Gueutin, C.; Ponchel, G.; Moussa, F. Conformation of Surface-Decorating Dextran Chains
Affects the Pharmacokinetics and Biodistribution of Doxorubicin-Loaded Nanoparticles. Eur. J. Pharm. Biopharm. 2012, 81,
453-457. [CrossRef] [PubMed]

Casadei, M.A ; Cerreto, F; Cesa, S.; Giannuzzo, M.; Feeney, M.; Marianecci, C.; Paolicelli, P. Solid Lipid Nanoparticles Incorporated
in Dextran Hydrogels: A New Drug Delivery System for Oral Formulations. Int. ]. Pharm. 2006, 325, 140-146. [CrossRef] [PubMed]
Yuan, W.; Geng, Y.; Wu, F; Liu, Y.; Guo, M.; Zhao, H; Jin, T. Preparation of Polysaccharide Glassy Microparticles with Stabilization
of Proteins. Int. . Pharm. 2009, 366, 154-159. [CrossRef] [PubMed]

Wu, E; Zhou, Z.; Su, J.; Wei, L.; Yuan, W.; Jin, T. Development of Dextran Nanoparticles for Stabilizing Delicate Proteins. Nanoscale
Res. Lett. 2013, 8, 197. [CrossRef] [PubMed]

Mehvar, R. Dextrans for Targeted and Sustained Delivery of Therapeutic and Imaging Agents. |. Control. Release 2000, 69, 1-25.
[CrossRef] [PubMed]

Crini, G.; Fenyvesi, E.; Szente, L. Outstanding Contribution of Professor Jozsef Szejtli to Cyclodextrin Applications in Foods,
Cosmetics, Drugs, Chromatography and Biotechnology: A Review. Environ. Chem. Lett. 2021, 19, 2619-2641. [CrossRef]
Petitjean, M.; Garcia-Zubiri, I.X,; Isasi, ].R. History of Cyclodextrin-Based Polymers in Food and Pharmacy: A Review. Environ.
Chem. Lett. 2021, 19, 3465-3476. [CrossRef]

Lysik, M.A.; Wu-Pong, S. Innovations in Oligonucleotide Drug Delivery. J. Pharm. Sci. 2003, 92, 1559-1573. [CrossRef] [PubMed]
Challa, R.; Ahuja, A.; Alj, J.; Khar, RK. Cyclodextrins in Drug Delivery: An Updated Review. AAPS PharmSciTech 2005, 6,
E329-E357. [CrossRef] [PubMed]

Arora, D.; Saneja, A.; Jaglan, S. Cyclodextrin-Based Delivery Systems for Dietary Pharmaceuticals. Environ. Chem. Lett. 2019, 17,
1263-1270. [CrossRef]

Lakkakula, J.R.; Magedo Krause, R.W. A Vision for Cyclodextrin Nanoparticles in Drug Delivery Systems and Pharmaceutical
Applications. Nanomedicine 2014, 9, 877-894. [CrossRef] [PubMed]

Bilensoy, E. Cyclodextrins in Pharmaceutics, Cosmetics, and Biomedicine: Current and Future Industrial Applications. In
Cyclodextrins in Pharmaceutics, Cosmetics, and Biomedicine: Current and Future Industrial Applications; John Wiley & Sons, Inc.:
Hoboken, NJ, USA, 2011. [CrossRef]

Crini, G.; Fourmentin, S.; Fenyvesi, E.; Torri, G.; Fourmentin, M.; Morin-Crini, N. Cyclodextrins, from Molecules to Applications.
Environ. Chem. Lett. 2018, 16, 1361-1375. [CrossRef]

Weber, C.; Coester, C.; Kreuter, J.; Langer, K. Desolvation Process and Surface Characterisation of Protein Nanoparticles. Int. J.
Pharm. 2000, 194, 91-102. [CrossRef] [PubMed]

Lohcharoenkal, W.; Wang, L.; Chen, Y.C.; Rojanasakul, Y. Protein Nanoparticles as Drug Delivery Carriers for Cancer Therapy.
Biomed. Res. Int. 2014, 2014, 180549. [CrossRef] [PubMed]

Jahanshahi, M.; Zhang, Z.; Lyddiatt, A. Subtractive Chromatography for Purification and Recovery of Nano-Bioproducts. IEE
Proc. Nanobiotechnol. 2005, 152, 121-126. [CrossRef]

MaHam, A.; Tang, Z.; Wu, H.; Wang, J.; Lin, Y. Protein-Based Nanomedicine Platforms for Drug Delivery. Small 2009, 5, 1706-1721.
[CrossRef]

Jin, S.; Li, S.; Wang, C.; Liu, J.; Yang, X.; Wang, P.C.; Zhang, X.; Liang, X.J. Biosafe Nanoscale Pharmaceutical Adjuvant Materials.
J. Biomed. Nanotechnol. 2014, 10, 2393-2419. [CrossRef]

Song, R.; Murphy, M.; Li, C; Ting, K; Soo, C.; Zheng, Z. Current Development of Biodegradable Polymeric Materials for
Biomedical Applications. Drug Des. Devel. Ther. 2018, 12, 3117-3145. [CrossRef] [PubMed]

Liechty, W.B.; Kryscio, D.R,; Slaughter, B.V.; Peppas, N.A. Polymers for Drug Delivery Systems. Annu. Rev. Chem. Biomol. Eng.
2010, 1, 149-173. [CrossRef] [PubMed]

Uzel, S.G.M.; Buehler, M.]. Molecular Structure, Mechanical Behavior and Failure Mechanism of the C-Terminal Cross-Link
Domain in Type I Collagen. J. Mech. Behav. Biomed. Mater. 2011, 4, 153-161. [CrossRef]

Aditya, A.; Kim, B.; Koyani, R.D.; Oropeza, B.; Furth, M.; Kim, J.; Kim, N.P. Kinetics of Collagen Microneedle Drug Delivery
System. . Drug Deliv. Sci. Technol. 2019, 52, 618-623. [CrossRef]


https://doi.org/10.1016/j.ultsonch.2020.105074
https://www.ncbi.nlm.nih.gov/pubmed/32224448
https://doi.org/10.1021/ma050054z
https://doi.org/10.1016/j.colsurfb.2014.11.011
https://doi.org/10.1016/j.eurpolymj.2007.07.004
https://doi.org/10.1016/j.colsurfb.2011.02.039
https://www.ncbi.nlm.nih.gov/pubmed/21440426
https://doi.org/10.1016/j.ijbiomac.2016.02.059
https://www.ncbi.nlm.nih.gov/pubmed/26927936
https://doi.org/10.1371/journal.pone.0146237
https://www.ncbi.nlm.nih.gov/pubmed/26752182
https://doi.org/10.1016/j.ejpb.2012.03.009
https://www.ncbi.nlm.nih.gov/pubmed/22465096
https://doi.org/10.1016/j.ijpharm.2006.06.012
https://www.ncbi.nlm.nih.gov/pubmed/16846705
https://doi.org/10.1016/j.ijpharm.2008.09.007
https://www.ncbi.nlm.nih.gov/pubmed/18835346
https://doi.org/10.1186/1556-276X-8-197
https://www.ncbi.nlm.nih.gov/pubmed/23622054
https://doi.org/10.1016/S0168-3659(00)00302-3
https://www.ncbi.nlm.nih.gov/pubmed/11018543
https://doi.org/10.1007/s10311-020-01170-y
https://doi.org/10.1007/s10311-021-01244-5
https://doi.org/10.1002/jps.10399
https://www.ncbi.nlm.nih.gov/pubmed/12884243
https://doi.org/10.1208/pt060243
https://www.ncbi.nlm.nih.gov/pubmed/16353992
https://doi.org/10.1007/s10311-019-00878-w
https://doi.org/10.2217/nnm.14.41
https://www.ncbi.nlm.nih.gov/pubmed/24981652
https://doi.org/10.1002/9780470926819
https://doi.org/10.1007/s10311-018-0763-2
https://doi.org/10.1016/S0378-5173(99)00370-1
https://www.ncbi.nlm.nih.gov/pubmed/10601688
https://doi.org/10.1155/2014/180549
https://www.ncbi.nlm.nih.gov/pubmed/24772414
https://doi.org/10.1049/ip-nbt:20045004
https://doi.org/10.1002/smll.200801602
https://doi.org/10.1166/jbn.2014.1898
https://doi.org/10.2147/DDDT.S165440
https://www.ncbi.nlm.nih.gov/pubmed/30288019
https://doi.org/10.1146/annurev-chembioeng-073009-100847
https://www.ncbi.nlm.nih.gov/pubmed/22432577
https://doi.org/10.1016/j.jmbbm.2010.07.003
https://doi.org/10.1016/j.jddst.2019.03.007

Molecules 2024, 29, 3482 66 of 83

251.
252.

253.

254.

255.

256.

257.

258.

259.

260.

261.
262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

Chak, V.; Kumar, D.; Visht, S. A Review on Collagen Based Drug Delivery Systems. Int. ]. Pharm. Teach. Pract. 2013, 4, 811-820.
Lee, ].H. Injectable Hydrogels Delivering Therapeutic Agents for Disease Treatment and Tissue Engineering. Biomater. Res. 2018,
22,s40824-018-0138-6. [CrossRef] [PubMed]

Xu, S;; Xu, H,; Wang, W.; Li, S.; Li, H,; Li, T.; Zhang, W.; Yu, X,; Liu, L. The Role of Collagen in Cancer: From Bench to Bedside.
J. Transl. Med. 2019, 17, 309. [CrossRef] [PubMed]

Shekhter, A.B.; Fayzullin, A.L.; Vukolova, M.N.; Rudenko, T.G.; Osipycheva, V.D.; Litvitsky, P.F. Medical Applications of Collagen
and Collagen-Based Materials. Curr. Med. Chem. 2017, 26, 506-516. [CrossRef] [PubMed]

Alarcon, E.I; Udekwu, K.; Skog, M.; Pacioni, N.L.; Stamplecoskie, K.G.; Gonzalez-Béjar, M.; Polisetti, N.; Wickham, A.; Richter-
Dahlfors, A.; Griffith, M.; et al. The Biocompatibility and Antibacterial Properties of Collagen-Stabilized, Photochemically
Prepared Silver Nanoparticles. Biomaterials 2012, 33, 4947—4956. [CrossRef]

Li, S.; Peng, Z.; Leblanc, R.M. Method to Determine Protein Concentration in the Protein-Nanoparticle Conjugates Aqueous
Solution Using Circular Dichroism Spectroscopy. Anal. Chem. 2015, 87, 6455-6459. [CrossRef]

Wang, L.; Li, J.; Pan, ].; Jiang, X; Ji, Y.; Li, Y.;; Qu, Y.; Zhao, Y.; Wu, X,; Chen, C. Revealing the Binding Structure of the
Protein Corona on Gold Nanorods Using Synchrotron Radiation-Based Techniques: Understanding the Reduced Damage in Cell
Membranes. J. Am. Chem. Soc. 2013, 135, 17359-17368. [CrossRef] [PubMed]

Hu, YJ,; Liu, Y;; Sun, T.Q.; Bai, A.M,; L1, J.Q.; Pi, Z.B. Binding of Anti-Inflammatory Drug Cromolyn Sodium to Bovine Serum
Albumin. Int. J. Biol. Macromol. 2006, 39, 280-285. [CrossRef] [PubMed]

Tantra, R.; Tompkins, J.; Quincey, P. Characterisation of the De-Agglomeration Effects of Bovine Serum Albumin on Nanoparticles
in Aqueous Suspension. Colloids Surf. B Biointerfaces 2010, 75, 275-281. [CrossRef] [PubMed]

Kratz, F. Albumin as a Drug Carrier: Design of Prodrugs, Drug Conjugates and Nanoparticles. ]. Control. Release 2008, 132,
171-183. [CrossRef] [PubMed]

Patil, G.V. Biopolymer Albumin for Diagnosis and in Drug Delivery. Drug Dev. Res. 2003, 58, 219-247. [CrossRef]

Weber, C.; Kreuter, J.; Langer, K. Desolvation Process and Surface Characteristics of HSA-Nanoparticles. Int. J. Pharm. 2000, 196,
197-200. [CrossRef] [PubMed]

Irache, ].M.; Merodio, M.; Arnedo, A.; Camapanero, M.A.; Mirshahi, M.; Espuelas, S. Albumin Nanoparticles for the Intravitreal
Delivery of Anticytomegaloviral Drugs. Mini Rev. Med. Chem. 2005, 5, 293-305. [CrossRef] [PubMed]

Elzoghby, A.O.; Samy, W.M.; Elgindy, N.A. Albumin-Based Nanoparticles as Potential Controlled Release Drug Delivery Systems.
J. Control. Release 2012, 157, 168-182. [CrossRef] [PubMed]

Ulbrich, K.; Hekmatara, T.; Herbert, E.; Kreuter, J. Transferrin- and Transferrin-Receptor-Antibody-Modified Nanoparticles Enable
Drug Delivery across the Blood-Brain Barrier (BBB). Eur. |. Pharm. Biopharm. 2009, 71, 251-256. [CrossRef]

Geny, B.; Mettauer, B.; Muan, B.; Bischoff, P; Epailly, E.; Piquard, F; Eisenmann, B.; Haberey, P. Safety and Efficacy of a New
Transpulmonary Echo Contrast Agent in Echocardiographic Studies in Patients. J. Am. Coll. Cardiol. 1993, 22, 1193-1198.
[CrossRef]

Ibrahim, N.K.; Desai, N.; Legha, S.; Soon-Shiong, P.; Theriault, R.L.; Rivera, E.; Esmaeli, B.; Ring, S.E.; Bedikian, A.; Hortobagyi,
G.N,; et al. Phase I and Pharmacokinetic Study of ABI-007, a Cremophor-Free, Protein-Stabilized, Nanoparticle Formulation of
Paclitaxel 1. Clin. Cancer Res. 2002, 8, 1038-1044. [PubMed]

Simoes, S.; Slepushkin, V.; Pires, P.; Gaspar, R.; Pedroso De Lima, M.C.; Diizgtines, N. Human Serum Albumin Enhances DNA
Transfection by Lipoplexes and Confers Resistance to Inhibition by Serum. Biochim. Biophys. Acta 2000, 1463, 459-469. [CrossRef]
[PubMed]

Brzoska, M.; Langer, K.; Coester, C.; Loitsch, S.; Wagner, T.O.F.; Mallinckrodt, C.V. Incorporation of Biodegradable Nanoparticles
into Human Airway Epithelium Cells—In Vitro Study of the Suitability as a Vehicle for Drug or Gene Delivery in Pulmonary
Diseases. Biochem. Biophys. Res. Commun. 2004, 318, 562-570. [CrossRef] [PubMed]

Gradishar, W.J. Albumin-Bound Paclitaxel: A next-Generation Taxane. Expert Opin. Pharmacother. 2006, 7, 1041-1053. [CrossRef]
[PubMed]

Hawkins, M.].; Soon-Shiong, P.; Desai, N. Protein Nanoparticles as Drug Carriers in Clinical Medicine. Adv. Drug Deliv. Rev. 2008,
60, 876-885. [CrossRef] [PubMed]

Coester, C.; Nayyar, P.; Samuel, J. In Vitro Uptake of Gelatin Nanoparticles by Murine Dendritic Cells and Their Intracellular
Localisation. Eur. J. Pharm. Biopharm. 2006, 62, 306-314. [CrossRef] [PubMed]

Raymond, G.; Degennaro, M.; Mikeal, R. Preparation of Gelatin: Phenytoin Sodium Microsphers: An IN VITRO and IN VIVO
Evaluation. Drug Dev. Ind. Pharm. 1990, 16, 1025-1051. [CrossRef]

Carvalho, J.A.; Abreu, A.S.; Ferreira, V.T.P.; Gongalves, E.P,; Tedesco, A.C.; Pinto, J.G.; Ferreira-Strixino, J.; Beltrame Junior, M.;
Simioni, A.R. Preparation of Gelatin Nanoparticles by Two Step Desolvation Method for Application in Photodynamic Therapy.
J. Biomater. Sci. Polym. Ed. 2018, 29, 1287-1301. [CrossRef]

Varnambkhasti, B.S.; Hosseinzadeh, H.; Azhdarzadeh, M.; Vafaei, S.Y.; Esfandyari-Manesh, M.; Mirzaie, Z.H.; Amini, M.; Ostad,
S.N.; Atyabi, E; Dinarvand, R. Protein Corona Hampers Targeting Potential of MUC1 Aptamer Functionalized SN-38 Core-Shell
Nanoparticles. Int. J. Pharm. 2015, 494, 430-444. [CrossRef]

Salvati, A.; Pitek, A.S.; Monopoli, M.P,; Prapainop, K.; Bombelli, F.B.; Hristov, D.R.; Kelly, PM.; Aberg, C.; Mahon, E.; Dawson,
K.A. Transferrin-Functionalized Nanoparticles Lose Their Targeting Capabilities When a Biomolecule Corona Adsorbs on the
Surface. Nat. Nanotechnol. 2013, 8, 137-143. [CrossRef]


https://doi.org/10.1186/s40824-018-0138-6
https://www.ncbi.nlm.nih.gov/pubmed/30275970
https://doi.org/10.1186/s12967-019-2058-1
https://www.ncbi.nlm.nih.gov/pubmed/31521169
https://doi.org/10.2174/0929867325666171205170339
https://www.ncbi.nlm.nih.gov/pubmed/29210638
https://doi.org/10.1016/j.biomaterials.2012.03.033
https://doi.org/10.1021/acs.analchem.5b01451
https://doi.org/10.1021/ja406924v
https://www.ncbi.nlm.nih.gov/pubmed/24215358
https://doi.org/10.1016/j.ijbiomac.2006.04.004
https://www.ncbi.nlm.nih.gov/pubmed/16707156
https://doi.org/10.1016/j.colsurfb.2009.08.049
https://www.ncbi.nlm.nih.gov/pubmed/19775871
https://doi.org/10.1016/j.jconrel.2008.05.010
https://www.ncbi.nlm.nih.gov/pubmed/18582981
https://doi.org/10.1002/ddr.10157
https://doi.org/10.1016/S0378-5173(99)00420-2
https://www.ncbi.nlm.nih.gov/pubmed/10699717
https://doi.org/10.2174/1389557053175335
https://www.ncbi.nlm.nih.gov/pubmed/15777263
https://doi.org/10.1016/j.jconrel.2011.07.031
https://www.ncbi.nlm.nih.gov/pubmed/21839127
https://doi.org/10.1016/j.ejpb.2008.08.021
https://doi.org/10.1016/0735-1097(93)90437-6
https://www.ncbi.nlm.nih.gov/pubmed/12006516
https://doi.org/10.1016/S0005-2736(99)00238-2
https://www.ncbi.nlm.nih.gov/pubmed/10675522
https://doi.org/10.1016/j.bbrc.2004.04.067
https://www.ncbi.nlm.nih.gov/pubmed/15120637
https://doi.org/10.1517/14656566.7.8.1041
https://www.ncbi.nlm.nih.gov/pubmed/16722814
https://doi.org/10.1016/j.addr.2007.08.044
https://www.ncbi.nlm.nih.gov/pubmed/18423779
https://doi.org/10.1016/j.ejpb.2005.09.009
https://www.ncbi.nlm.nih.gov/pubmed/16316749
https://doi.org/10.3109/03639049009114926
https://doi.org/10.1080/09205063.2018.1456027
https://doi.org/10.1016/j.ijpharm.2015.08.060
https://doi.org/10.1038/nnano.2012.237

Molecules 2024, 29, 3482 67 of 83

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.

296.

297.

298.

299.
300.

301.

302.

303.

Lu, Z; Yeh, TK,; Tsai, M.; Au, J.L.S.; Wientjes, M.G. Paclitaxel-Loaded Gelatin Nanoparticles for Intravesical Bladder Cancer
Therapy. Clin. Cancer Res. 2004, 10, 7677-7684. [CrossRef]

Narayanan, D.; Geena, M.G.; Lakshmi, H.; Koyakutty, M.; Nair, S.; Menon, D. Poly-(Ethylene Glycol) Modified Gelatin
Nanoparticles for Sustained Delivery of the Anti-Inflammatory Drug Ibuprofen-Sodium: An in Vitro and in Vivo Analysis.
Nanomedicine 2013, 9, 818-828. [CrossRef]

Bajpai, A.K.; Choubey, J. Design of Gelatin Nanoparticles as Swelling Controlled Delivery System for Chloroquine Phosphate.
J. Mater. Sci. Mater. Med. 2006, 17, 345-358. [CrossRef]

Zhang, J.; Zhang, X.; Zhang, E; Yu, S. Solid-Film Sampling Method for the Determination of Protein Secondary Structure by
Fourier Transform Infrared Spectroscopy. Anal. Bioanal. Chem. 2017, 409, 4459-4465. [CrossRef] [PubMed]

Pederzoli, F; Tosi, G.; Vandelli, M.A.; Belletti, D.; Forni, F; Ruozi, B. Protein Corona and Nanoparticles: How Can We Investigate
On? Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2017, 9, €1467. [CrossRef]

Yang, H.; Wang, M.; Zhang, Y.; Liu, X.; Yu, S.; Guo, Y;; Yang, S.; Yang, L. Detailed Insight into the Formation of Protein Corona:
Conformational Change, Stability and Aggregation. Int. J. Biol. Macromol. 2019, 135, 1114-1122. [CrossRef] [PubMed]
Amenabar, I; Poly, S.; Nuansing, W.; Hubrich, E.H.; Govyadinov, A.A ; Huth, F; Krutokhvostov, R.; Zhang, L.; Knez, M.; Heberle,
J.; et al. Structural Analysis and Mapping of Individual Protein Complexes by Infrared Nanospectroscopy. Nat. Commun. 2013,
4,2890. [CrossRef] [PubMed]

Glab, T.K.; Boratynski, J. Potential of Casein as a Carrier for Biologically Active Agents. Top. Curr. Chem. 2017, 375, 71. [CrossRef]
[PubMed]

Elzoghby, A.O.; Abo El-Fotoh, W.S.; Elgindy, N.A. Casein-Based Formulations as Promising Controlled Release Drug Delivery
Systems. |. Control. Release 2011, 153, 206-216. [CrossRef]

Singh, H.; Ye, A.; Thompson, A. Nanoencapsulation Systems Based on Milk Proteins and Phospholipids. In ACS Symposium
Series; American Chemical Society: Washington, DC, USA, 2009; Volume 1007, pp. 131-142.

Nakagawa, K.; Kagemoto, M. Characterization of Casein-Based Nanoparticles Formed upon Freezing by in Situ SAXS Measure-
ment. Colloids Surf. B Biointerfaces 2013, 103, 366-374. [CrossRef]

George, A.; Shah, P.A,; Shrivastav, P.S. Natural Biodegradable Polymers Based Nano-Formulations for Drug Delivery: A Review.
Int. ]. Pharm. 2019, 561, 244-264. [CrossRef] [PubMed]

Elzoghby, A.O.; Elgohary, M.M.; Kamel, N.M. Implications of Protein- and Peptide-Based Nanoparticles as Potential Vehicles
for Anticancer Drugs. In Advances in Protein Chemistry and Structural Biology; Academic Press Inc.: Cambridge, MA, USA, 2015;
Volume 98, pp. 169-221.

Shapira, A.; Markman, G.; Assaraf, Y.G.; Livney, Y.D. 3-Casein-Based Nanovehicles for Oral Delivery of Chemotherapeutic Drugs:
Drug-Protein Interactions and Mitoxantrone Loading Capacity. Nanomedicine 2010, 6, 547-555. [CrossRef]

Ma, J.; Xu, Q.; Zhou, J.; Zhang, J.; Zhang, L.; Tang, H.; Chen, L. Synthesis and Biological Response of Casein-Based Silica
Nano-Composite Film for Drug Delivery System. Colloids Surf. B Biointerfaces 2013, 111, 257-263. [CrossRef] [PubMed]

Zimet, P.; Rosenberg, D.; Livney, Y.D. Re-Assembled Casein Micelles and Casein Nanoparticles as Nano-Vehicles for w-3
Polyunsaturated Fatty Acids. Food Hydrocoll. 2011, 25, 1270-1276. [CrossRef]

Giilseren, I.; Fang, Y.; Corredig, M. Whey Protein Nanoparticles Prepared with Desolvation with Ethanol: Characterization,
Thermal Stability and Interfacial Behavior. Food Hydrocoll. 2012, 29, 258-264. [CrossRef]

Karav, S.; German, J.B.; Rouquié, C.; Le Parc, A.; Barile, D. Studying Lactoferrin N-Glycosylation. Int. . Mol. Sci. 2017, 18, 870.
[CrossRef] [PubMed]

Bolat, E.; Eker, E; Kaplan, M.; Duman, H.; Arslan, A.; Saritas, S.; Sahutoglu, A.S.; Karav, S. Lactoferrin for COVID-19 Prevention,
Treatment, and Recovery. Front. Nutr. 2022, 9, 992733. [CrossRef] [PubMed]

Duman, H.; Karav, S. Bovine Colostrum and Its Potential Contributions for Treatment and Prevention of COVID-19. Front.
Immunol. 2023, 14, 1214514. [CrossRef] [PubMed]

Eker, F,; Bolat, E.; Pekdemir, B.; Duman, H.; Karav, S. Lactoferrin: Neuroprotection against Parkinson’s Disease and Secondary
Molecule for Potential Treatment. Front. Aging Neurosci. 2023, 15, 1204149. [CrossRef]

Karav, S. Selective Deglycosylation of Lactoferrin to Understand Glycans” Contribution to Antimicrobial Activity of Lactoferrin.
Cell. Mol. Biol. 2018, 64, 52-57. [CrossRef]

Kondapi, A.K. Targeting Cancer with Lactoferrin Nanoparticles: Recent Advances. Nanomedicine 2020, 15, 2071-2083. [CrossRef]
Duarte, L.G.R.; Alencar, WM.P,; Iacuzio, R.; Silva, N.C.C.; Picone, C.S.F. Synthesis, Characterization and Application of
Antibacterial Lactoferrin Nanoparticles. Curr. Res. Food Sci. 2022, 5, 642-652. [CrossRef] [PubMed]

Wang, M.; Fu, C,; Liu, X,; Lin, Z,; Yang, N.; Yu, S. Probing the Mechanism of Plasma Protein Adsorption on Au and Ag
Nanoparticles with FT-IR Spectroscopy. Nanoscale 2015, 7, 15191-15196. [CrossRef]

Ghalandari, B.; Divsalar, A.; Saboury, A.A.; Parivar, K. 3-Lactoglobulin Nanoparticle as a Chemotherapy Agent Carrier for Oral
Drug Delivery System. J. Iran. Chem. Soc. 2015, 12, 613-619. [CrossRef]

Arroyo-Maya, L].; Rodiles-Lopez, J.O.; Cornejo-Mazon, M.; Gutiérrez-Lopez, G.F; Hernandez-Arana, A.; Toledo-Nufiez, C.;
Barbosa-Canovas, G.V.; Flores-Flores, J.O.; Hernandez-Sanchez, H. Effect of Different Treatments on the Ability of «-Lactalbumin
to Form Nanoparticles. J. Dairy Sci. 2012, 95, 6204-6214. [CrossRef] [PubMed]


https://doi.org/10.1158/1078-0432.CCR-04-1443
https://doi.org/10.1016/j.nano.2013.02.001
https://doi.org/10.1007/s10856-006-8235-9
https://doi.org/10.1007/s00216-017-0390-y
https://www.ncbi.nlm.nih.gov/pubmed/28526999
https://doi.org/10.1002/wnan.1467
https://doi.org/10.1016/j.ijbiomac.2019.06.014
https://www.ncbi.nlm.nih.gov/pubmed/31173836
https://doi.org/10.1038/ncomms3890
https://www.ncbi.nlm.nih.gov/pubmed/24301518
https://doi.org/10.1007/s41061-017-0158-z
https://www.ncbi.nlm.nih.gov/pubmed/28712055
https://doi.org/10.1016/j.jconrel.2011.02.010
https://doi.org/10.1016/j.colsurfb.2012.10.052
https://doi.org/10.1016/j.ijpharm.2019.03.011
https://www.ncbi.nlm.nih.gov/pubmed/30851391
https://doi.org/10.1016/j.nano.2010.01.003
https://doi.org/10.1016/j.colsurfb.2013.06.011
https://www.ncbi.nlm.nih.gov/pubmed/23831671
https://doi.org/10.1016/j.foodhyd.2010.11.025
https://doi.org/10.1016/j.foodhyd.2012.03.015
https://doi.org/10.3390/ijms18040870
https://www.ncbi.nlm.nih.gov/pubmed/28425960
https://doi.org/10.3389/fnut.2022.992733
https://www.ncbi.nlm.nih.gov/pubmed/36419551
https://doi.org/10.3389/fimmu.2023.1214514
https://www.ncbi.nlm.nih.gov/pubmed/37908368
https://doi.org/10.3389/fnagi.2023.1204149
https://doi.org/10.14715/cmb/2018.64.9.8
https://doi.org/10.2217/nnm-2020-0090
https://doi.org/10.1016/j.crfs.2022.03.009
https://www.ncbi.nlm.nih.gov/pubmed/35373146
https://doi.org/10.1039/C5NR04498G
https://doi.org/10.1007/s13738-014-0519-2
https://doi.org/10.3168/jds.2011-5103
https://www.ncbi.nlm.nih.gov/pubmed/22939794

Molecules 2024, 29, 3482 68 of 83

304.

305.

306.

307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

317.

318.

319.

320.

321.

322.

323.

324.

325.

326.

327.

328.

329.

330.

Serpooshan, V.; Mahmoudi, M.; Zhao, M.; Wei, K.; Sivanesan, S.; Motamedchaboki, K.; Malkovskiy, A.V.; Goldstone, A.B.; Cohen,
J.E.; Yang, P.C.; et al. Protein Corona Influences Cell-Biomaterial Interactions in Nanostructured Tissue Engineering Scaffolds.
Adv. Funct. Mater. 2015, 25, 4379-4389. [CrossRef] [PubMed]

Durowoju, I.B.; Bhandal, K.S.; Hu, J.; Carpick, B.; Kirkitadze, M. Differential Scanning Calorimetry—A Method for Assessing the
Thermal Stability and Conformation of Protein Antigen. J. Vis. Exp. 2017, 2017, €55262. [CrossRef]

Goy-Lopez, S.; Juarez, J.; Alatorre-Meda, M.; Casals, E.; Puntes, V.F.,; Taboada, P.; Mosquera, V. Physicochemical Characteristics of
Protein-NP Bioconjugates: The Role of Particle Curvature and Solution Conditions on Human Serum Albumin Conformation
and Fibrillogenesis Inhibition. Langmuir 2012, 28, 9113-9126. [CrossRef]

Reddy, N.; Yang, Y. Potential of Plant Proteins for Medical Applications. Trends Biotechnol. 2011, 29, 490-498. [CrossRef]

Reddy, N.; Reddy, R.; Jiang, Q. Crosslinking Biopolymers for Biomedical Applications. Trends Biotechnol. 2015, 33, 362-369.
[CrossRef]

Kianfar, E. Protein Nanoparticles in Drug Delivery: Animal Protein, Plant Proteins and Protein Cages, Albumin Nanoparticles.
J. Nanobiotechnol. 2021, 19, 159. [CrossRef] [PubMed]

Wang, Y,; Li, M.; Xu, X,; Tang, W.; Xiong, L.; Sun, Q. Formation of Protein Corona on Nanoparticles with Digestive Enzymes in
Simulated Gastrointestinal Fluids. J. Agric. Food Chem. 2019, 67, 2296-2306. [CrossRef] [PubMed]

Clemments, A.M.; Botella, P.; Landry, C.C. Protein Adsorption from Biofluids on Silica Nanoparticles: Corona Analysis as a
Function of Particle Diameter and Porosity. ACS Appl. Mater. Interfaces 2015, 7, 21682-21689. [CrossRef] [PubMed]

Mukherjee, S.; Dasari, M.; Priyamvada, S.; Kotcherlakota, R.; Bollu, V.S.; Patra, C.R. A Green Chemistry Approach for the
Synthesis of Gold Nanoconjugates That Induce the Inhibition of Cancer Cell Proliferation through Induction of Oxidative Stress
and Their in Vivo Toxicity Study. J. Mater. Chem. B 2015, 3, 3820-3830. [CrossRef] [PubMed]

Tan, C.; Huang, M.; Wang, J.; Sun, B. Biopolyelectrolyte Complex (BioPEC)-Based Carriers for Anthocyanin Delivery. Food
Hydrocoll. Health 2021, 1, 100037. [CrossRef]

Yuan, D.; Zhou, E; Shen, P.; Zhang, Y.; Lin, L.; Zhao, M. Self-Assembled Soy Protein Nanoparticles by Partial Enzymatic
Hydrolysis for PH-Driven Encapsulation and Delivery of Hydrophobic Cargo Curcumin. Food Hydrocoll. 2021, 120, 106759.
[CrossRef]

Samborska, K.; Boostani, S.; Geranpour, M.; Hosseini, H.; Dima, C.; Khoshnoudi-Nia, S.; Rostamabadi, H.; Falsafi, S.R.; Shaddel,
R.; Akbari-Alavijeh, S.; et al. Green Biopolymers from By-Products as Wall Materials for Spray Drying Microencapsulation of
Phytochemicals. Trends Food Sci. Technol. 2021, 108, 297-325. [CrossRef]

Hadidi, M.; Boostani, S.; Jafari, S.M. Pea Proteins as Emerging Biopolymers for the Emulsification and Encapsulation of Food
Bioactives. Food Hydrocoll. 2022, 126, 107474. [CrossRef]

Zhao, X.; Chen, J.; Du, F. Potential Use of Peanut By-Products in Food Processing: A Review. J. Food Sci. Technol. 2012, 49, 521-529.
[CrossRef]

Ning, E; Ge, Z.; Qiu, L.; Wang, X; Luo, L.; Xiong, H.; Huang, Q. Double-Induced Se-Enriched Peanut Protein Nanoparticles
Preparation, Characterization and Stabilized Food-Grade Pickering Emulsions. Food Hydrocoll. 2020, 99, 105308. [CrossRef]
Wang, Z.; Zhang, R.X.; Zhang, C.; Dai, C.; Ju, X.; He, R. Fabrication of Stable and Self-Assembling Rapeseed Protein Nanogel for
Hydrophobic Curcumin Delivery. J. Agric. Food Chem. 2019, 67, 887-894. [CrossRef] [PubMed]

Dey, T.K.; Banerjee, P.; Chatterjee, R.; Dhar, P. Designing of w-3 PUFA Enriched Biocompatible Nanoemulsion with Sesame
Protein Isolate as a Natural Surfactant: Focus on Enhanced Shelf-Life Stability and Biocompatibility. Colloids Surf. A Physicochem.
Eng. Asp. 2018, 538, 36—44. [CrossRef]

Azizi, S.; Rezazadeh-Bari, M.; Almasi, H.; Amiri, S. Microencapsulation of Lactobacillus rhamnosus Using Sesame Protein Isolate:
Effect of Encapsulation Method and Transglutaminase. Food Biosci. 2021, 41, 101012. [CrossRef]

Berndtsson, E.; Andersson, R.; Johansson, E.; Olsson, M.E. Side Streams of Broccoli Leaves: A Climate Smart and Healthy Food
Ingredient. Int. J. Environ. Res. Public Health 2020, 17, 2406. [CrossRef] [PubMed]

Liu, K;; Zha, X.Q.; Li, Q.M.; Pan, L.H.; Luo, J.P. Hydrophobic Interaction and Hydrogen Bonding Driving the Self-Assembling of
Quinoa Protein and Flavonoids. Food Hydrocoll. 2021, 118, 106807. [CrossRef]

Liu, K;; Zhang, H.L.; Pan, L.H.; Li, Q.M.; Luo, ].P; Zha, X.Q. The Nanomicelles Consisting of Lotus Root Amylopectin and Quinoa
Protein: Construction and Encapsulation for Quercetin. Food Chem. 2022, 387, 132924. [CrossRef] [PubMed]

Waglay, A.; Karboune, S.; Alli, I. Potato Protein Isolates: Recovery and Characterization of Their Properties. Food Chem. 2014, 142,
373-382. [CrossRef] [PubMed]

Edelman, R.; Engelberg, S.; Fahoum, L.; Meyron-Holtz, E.G.; Livney, Y.D. Potato Protein- Based Carriers for Enhancing Bioavail-
ability of Astaxanthin. Food Hydrocoll. 2019, 96, 72-80. [CrossRef]

Altammar, K.A. A Review on Nanoparticles: Characteristics, Synthesis, Applications, and Challenges. Front. Microbiol. 2023,
14, 1155622. [CrossRef]

Rudramurthy, G.R.; Swamy, M.K. Potential Applications of Engineered Nanoparticles in Medicine and Biology: An Update.
J. Biol. Inorg. Chem. 2018, 23, 1185-1204. [CrossRef]

Spirescu, V.A.; Chircov, C.; Grumezescu, A.M.; Vasile, B.S.; Andronescu, E. Inorganic Nanoparticles and Composite Films for
Antimicrobial Therapies. Int. ]. Mol. Sci. 2021, 22, 4595. [CrossRef]

Le Ouay, B.; Stellacci, F. Antibacterial Activity of Silver Nanoparticles: A Surface Science Insight. Nano Today 2015, 10, 339-354.
[CrossRef]


https://doi.org/10.1002/adfm.201500875
https://www.ncbi.nlm.nih.gov/pubmed/27516731
https://doi.org/10.3791/55262
https://doi.org/10.1021/la300402w
https://doi.org/10.1016/j.tibtech.2011.05.003
https://doi.org/10.1016/j.tibtech.2015.03.008
https://doi.org/10.1186/s12951-021-00896-3
https://www.ncbi.nlm.nih.gov/pubmed/34051806
https://doi.org/10.1021/acs.jafc.8b05702
https://www.ncbi.nlm.nih.gov/pubmed/30721043
https://doi.org/10.1021/acsami.5b07631
https://www.ncbi.nlm.nih.gov/pubmed/26371804
https://doi.org/10.1039/C5TB00244C
https://www.ncbi.nlm.nih.gov/pubmed/32262856
https://doi.org/10.1016/j.fhfh.2021.100037
https://doi.org/10.1016/j.foodhyd.2021.106759
https://doi.org/10.1016/j.tifs.2021.01.008
https://doi.org/10.1016/j.foodhyd.2021.107474
https://doi.org/10.1007/s13197-011-0449-2
https://doi.org/10.1016/j.foodhyd.2019.105308
https://doi.org/10.1021/acs.jafc.8b05572
https://www.ncbi.nlm.nih.gov/pubmed/30608682
https://doi.org/10.1016/j.colsurfa.2017.10.066
https://doi.org/10.1016/j.fbio.2021.101012
https://doi.org/10.3390/ijerph17072406
https://www.ncbi.nlm.nih.gov/pubmed/32244813
https://doi.org/10.1016/j.foodhyd.2021.106807
https://doi.org/10.1016/j.foodchem.2022.132924
https://www.ncbi.nlm.nih.gov/pubmed/35429932
https://doi.org/10.1016/j.foodchem.2013.07.060
https://www.ncbi.nlm.nih.gov/pubmed/24001855
https://doi.org/10.1016/j.foodhyd.2019.04.058
https://doi.org/10.3389/fmicb.2023.1155622
https://doi.org/10.1007/s00775-018-1600-6
https://doi.org/10.3390/ijms22094595
https://doi.org/10.1016/j.nantod.2015.04.002

Molecules 2024, 29, 3482 69 of 83

331.

332.

333.

334.

335.

336.

337.

338.

339.

340.

341.

342.

343.

344.

345.

346.

347.

348.

349.

350.

351.

352.

353.

354.

355.

356.

Bruna, T.; Maldonado-Bravo, F.; Jara, P.; Caro, N. Silver Nanoparticles and Their Antibacterial Applications. Int. J. Mol. Sci. 2021,
22,7202. [CrossRef]

Menichetti, A.; Mavridi-Printezi, A.; Mordini, D.; Montalti, M. Effect of Size, Shape and Surface Functionalization on the
Antibacterial Activity of Silver Nanoparticles. J. Funct. Biomater. 2023, 14, 244. [CrossRef]

Gomaa, E.Z. Silver Nanoparticles as an Antimicrobial Agent: A Case Study on Staphylococcus Aureus and Escherichia Coli as
Models for Gram-Positive and Gram-Negative Bacteria. ]. Gen. Appl. Microbiol. 2017, 63, 36—43. [CrossRef] [PubMed]

Yang, W.; Shen, C.; Ji, Q.; An, H.; Wang, J.; Liu, Q.; Zhang, Z. Food Storage Material Silver Nanoparticles Interfere with DNA
Replication Fidelity and Bind with DNA. Nanotechnology 2009, 20, 085102. [CrossRef]

Park, H.J.; Kim, ].Y,; Kim, J.; Lee, ].H.; Hahn, ].S.; Gu, M.B.; Yoon, J. Silver-lon-Mediated Reactive Oxygen Species Generation
Affecting Bactericidal Activity. Water Res. 2009, 43, 1027-1032. [CrossRef] [PubMed]

Li, WR,; Xie, X.B.; Shi, Q.S.; Zeng, H.Y.; Ou-Yang, Y.S.; Chen, Y. Ben Antibacterial Activity and Mechanism of Silver Nanoparticles
on Escherichia coli. Appl. Microbiol. Biotechnol. 2010, 85, 1115-1122. [CrossRef] [PubMed]

Vu, X.H.; Duong, T.T.T.; Pham, T.T.H.; Trinh, D.K.; Nguyen, X.H.; Dang, V.S. Synthesis and Study of Silver Nanoparticles for
Antibacterial Activity against Escherichia Coli and Staphylococcus Aureus. Adv. Nat. Sci. Nanosci. Nanotechnol. 2018, 9, 025019.
[CrossRef]

Wang, L.; Li, S.; Yin, J.; Yang, J.; Li, Q.; Zheng, W.; Liu, S.; Jiang, X. The Density of Surface Coating Can Contribute to Different
Antibacterial Activities of Gold Nanoparticles. Nano Lett. 2020, 20, 5036-5042. [CrossRef]

Sathiyaraj, S.; Suriyakala, G.; Dhanesh Gandhi, A.; Babujanarthanam, R.; Almaary, K.S.; Chen, T.W.; Kaviyarasu, K. Biosynthesis,
Characterization, and Antibacterial Activity of Gold Nanoparticles. |. Infect. Public Health 2021, 14, 1842-1847. [CrossRef]
[PubMed]

Khan, S.; Shah, Z.H.; Riaz, S.; Ahmad, N.; Islam, S.; Raza, M.A.; Naseem, S. Antimicrobial Activity of Citric Acid Functionalized
Iron Oxide Nanoparticles—Superparamagnetic Effect. Ceram. Int. 2020, 46, 10942-10951. [CrossRef]

Jangra, S.L.; Stalin, K.; Dilbaghi, N.; Kumar, S.; Tawale, J.; Singh, S.P.; Pasricha, R. Antimicrobial Activity of Zirconia (ZrO,)
Nanoparticles and Zirconium Complexes. J. Nanosci. Nanotechnol. 2012, 12, 7105-7112. [CrossRef] [PubMed]

Khan, M.; Shaik, M.R.; Khan, S.T.; Adil, S.F; Kuniyil, M.; Khan, M.; Al-Warthan, A.A.; Siddiqui, M.R.H.; Nawaz Tahir, M.
Enhanced Antimicrobial Activity of Biofunctionalized Zirconia Nanoparticles. ACS Omega 2020, 5, 1987-1996. [CrossRef]
[PubMed]

Chau, T.P; Kandasamy, S.; Chinnathambi, A.; Alahmadi, T.A.; Brindhadevi, K. Synthesis of Zirconia Nanoparticles Using Laurus
Nobilis for Use as an Antimicrobial Agent. Appl. Nanosci. 2023, 13, 1337-1344. [CrossRef]

Paul, W,; Sharma, C.P. Inorganic Nanoparticles for Targeted Drug Delivery. In Biointegration of Medical Implant Materials; Woodhead
Publishing: Cambridge, UK, 2020; pp. 333-373. [CrossRef]

Elahi, N.; Kamali, M.; Baghersad, M.H. Recent Biomedical Applications of Gold Nanoparticles: A Review. Talanta 2018, 184,
537-556. [CrossRef] [PubMed]

Nasrolahi Shirazi, A.; Mandal, D.; Tiwari, RK.; Guo, L.; Lu, W,; Parang, K. Cyclic Peptide-Capped Gold Nanoparticles as Drug
Delivery Systems. Mol. Pharm. 2013, 10, 500-511. [CrossRef] [PubMed]

Aires, A.; Ocampo, S.M.; Simdes, B.M.; Josefa Rodriguez, M.; Cadenas, J.F.; Couleaud, P; Spence, K.; Latorre, A.; Miranda, R,;
Somoza, A.; et al. Multifunctionalized Iron Oxide Nanoparticles for Selective Drug Delivery to CD44-Positive Cancer Cells.
Nanotechnology 2016, 27, 065103. [CrossRef] [PubMed]

Nigam, A.; Pawar, S.J. Synthesis and Characterization of ZnO Nanoparticles to Optimize Drug Loading and Release Profile for
Drug Delivery Applications. Mater. Today Proc. 2019, 26, 2625-2628. [CrossRef]

Din, L.U.; Khan, I.S.; Gul, LH.; Hussain, Z.; Miran, W.; Javaid, E,; Liaqat, U. Novel Cytotoxicity Study of Strontium (Sr) Doped Iron
Oxide (Fe304) Nanoparticles Aided with Ibuprofen for Drug Delivery Applications. Naunyn Schmiedebergs Arch. Pharmacol. 2024,
397, 189-205. [CrossRef]

Ebadi, M.; Rifqi Md Zain, A.; Tengku Abdul Aziz, TH.; Mohammadi, H.; Tee, C.A.T.; Rahimi Yusop, M. Formulation and
Characterization of Fe;O4@PEG Nanoparticles Loaded Sorafenib; Molecular Studies and Evaluation of Cytotoxicity in Liver
Cancer Cell Lines. Polymers 2023, 15, 971. [CrossRef]

Ehteshamzadeh, T.; Kakaei, S.; Ghaffari, M.; Khanchi, A.R. Doxorubicin Embedded Polyvinylpyrrolidone-Coated Fe304 Nanopar-
ticles for Targeted Drug Delivery System. . Supercond. Nov. Magn. 2021, 34, 3345-3360. [CrossRef]

Dutta, B.; Checker, S.; Barick, K.C.; Salunke, H.G.; Gota, V.; Hassan, P.A. Malic Acid Grafted Fe;O, Nanoparticles for Controlled
Drug Delivery and Efficient Heating Source for Hyperthermia Therapy. J. Alloys Compd. 2021, 883, 160950. [CrossRef]

Danafar, H.; Baghdadchi, Y.; Barsbay, M.; Ghaffarlou, M.; Mousazadeh, N.; Mohammadi, A. Synthesis of Fe3O4-Gold Hybrid
Nanoparticles Coated by Bovine Serum Albumin as a Contrast Agent in MR Imaging. Heliyon 2023, 9, e13874. [CrossRef]

Liu, D.; Li, J.; Wang, C.; An, L; Lin, J.; Tian, Q.; Yang, S. Ultrasmall Fe@Fe3O, Nanoparticles as T1-T2 Dual-Mode MRI Contrast
Agents for Targeted Tumor Imaging. Nanomedicine 2021, 32, 102335. [CrossRef] [PubMed]

Das, R.S.; Maiti, D.; Kar, S.; Bera, T.; Mukherjee, A.; Saha, P.C.; Mondal, A.; Guha, S. Design of Water-Soluble Rotaxane-Capped
Superparamagnetic, Ultrasmall Fe3O4 Nanoparticles for Targeted NIR Fluorescence Imaging in Combination with Magnetic
Resonance Imaging. . Am. Chem. Soc. 2023, 145, 20451-20461. [CrossRef] [PubMed]

Fang, D.; Jin, H.; Huang, X.; Shi, Y; Liu, Z.; Ben, S. PPy@Fe30, Nanoparticles Inhibit Tumor Growth and Metastasis Through
Chemodynamic and Photothermal Therapy in Non-Small Cell Lung Cancer. Front. Chem. 2021, 9, 789934. [CrossRef] [PubMed]


https://doi.org/10.3390/ijms22137202
https://doi.org/10.3390/jfb14050244
https://doi.org/10.2323/jgam.2016.07.004
https://www.ncbi.nlm.nih.gov/pubmed/28123131
https://doi.org/10.1088/0957-4484/20/8/085102
https://doi.org/10.1016/j.watres.2008.12.002
https://www.ncbi.nlm.nih.gov/pubmed/19073336
https://doi.org/10.1007/s00253-009-2159-5
https://www.ncbi.nlm.nih.gov/pubmed/19669753
https://doi.org/10.1088/2043-6254/aac58f
https://doi.org/10.1021/acs.nanolett.0c01196
https://doi.org/10.1016/j.jiph.2021.10.007
https://www.ncbi.nlm.nih.gov/pubmed/34690096
https://doi.org/10.1016/j.ceramint.2020.01.109
https://doi.org/10.1166/jnn.2012.6574
https://www.ncbi.nlm.nih.gov/pubmed/23035440
https://doi.org/10.1021/acsomega.9b03840
https://www.ncbi.nlm.nih.gov/pubmed/32039336
https://doi.org/10.1007/s13204-021-02041-w
https://doi.org/10.1016/B978-0-08-102680-9.00013-5
https://doi.org/10.1016/j.talanta.2018.02.088
https://www.ncbi.nlm.nih.gov/pubmed/29674080
https://doi.org/10.1021/mp300448k
https://www.ncbi.nlm.nih.gov/pubmed/22998473
https://doi.org/10.1088/0957-4484/27/6/065103
https://www.ncbi.nlm.nih.gov/pubmed/26754042
https://doi.org/10.1016/j.matpr.2020.02.554
https://doi.org/10.1007/s00210-023-02582-7
https://doi.org/10.3390/polym15040971
https://doi.org/10.1007/s10948-021-05952-5
https://doi.org/10.1016/j.jallcom.2021.160950
https://doi.org/10.1016/j.heliyon.2023.e13874
https://doi.org/10.1016/j.nano.2020.102335
https://www.ncbi.nlm.nih.gov/pubmed/33220508
https://doi.org/10.1021/jacs.3c06232
https://www.ncbi.nlm.nih.gov/pubmed/37694929
https://doi.org/10.3389/fchem.2021.789934
https://www.ncbi.nlm.nih.gov/pubmed/34820358

Molecules 2024, 29, 3482 70 of 83

357.

358.

359.

360.

361.

362.

363.

364.

365.

366.

367.

368.

369.

370.

371.

372.

373.

374.

375.

376.

377.

378.

379.

380.

Pazouki, N.; Irani, S.; Olov, N.; Atyabi, S.M.; Bagheri-Khoulenjani, S. Fe304 Nanoparticles Coated with Carboxymethyl Chitosan
Containing Curcumin in Combination with Hyperthermia Induced Apoptosis in Breast Cancer Cells. Prog. Biomater. 2022, 11,
43-54. [CrossRef] [PubMed]

Vahabi, L.; Rashidi Ranjbar, P.; Davar, F. Cladosporium Protease/Doxorubicin Decorated Fe;O4@SiO, Nanocomposite: An
Efficient Nanoparticle for Drug Delivery and Combating Breast Cancer. J. Drug Deliv. Sci. Technol. 2023, 80, 104144. [CrossRef]
Kirdat, PN.; Dandge, P.B.; Hagwane, R.M.; Nikam, A.S.; Mahadik, S.P.; Jirange, S.T. Synthesis and Characterization of Ginger
(z. Officinale) Extract Mediated Iron Oxide Nanoparticles and Its Antibacterial Activity. Mater. Today Proc. 2020, 43, 2826-2831.
[CrossRef]

Zakariya, N.A.; Majeed, S.; Jusof, WH.W. Investigation of Antioxidant and Antibacterial Activity of Iron Oxide Nanoparticles
(IONPS) Synthesized from the Aqueous Extract of Penicillium spp. Sens. Int. 2022, 3, 100164. [CrossRef]

Nie, L.; Chang, P; Ji, C.; Zhang, F.; Zhou, Q.; Sun, M,; Sun, Y,; Politis, C.; Shavandi, A. Poly(Acrylic Acid) Capped Iron Oxide
Nanoparticles via Ligand Exchange with Antibacterial Properties for Biofilm Applications. Colloids Surf. B Biointerfaces 2021,
197, 111385. [CrossRef] [PubMed]

Ramezani Farani, M.; Azarian, M.; Heydari Sheikh Hossein, H.; Abdolvahabi, Z.; Mohammadi Abgarmi, Z.; Moradi, A.; Mousavi,
S.M.; Ashrafizadeh, M.; Makvandi, P.; Saeb, M.R.; et al. Folic Acid-Adorned Curcumin-Loaded Iron Oxide Nanoparticles for
Cervical Cancer. ACS Appl. Bio Mater. 2022, 5, 1305-1318. [CrossRef]

Ebadi, M.; Buskaran, K.; Bullo, S.; Hussein, M.Z.; Fakurazi, S.; Pastorin, G. Drug Delivery System Based on Magnetic Iron Oxide
Nanoparticles Coated with (Polyvinyl Alcohol-Zinc/Aluminium-Layered Double Hydroxide-Sorafenib). Alex. Eng. J. 2021, 60,
733-747. [CrossRef]

Vasiliev, G.; Kubo, A.L.; Vija, H.; Kahru, A.; Bondar, D.; Karpichev, Y.; Bondarenko, O. Synergistic Antibacterial Effect of Copper
and Silver Nanoparticles and Their Mechanism of Action. Sci. Rep. 2023, 13, 9202. [CrossRef] [PubMed]

Bhuyar, P.; Rahim, M.H.A.; Sundararaju, S.; Ramaraj, R.; Maniam, G.P.; Govindan, N. Synthesis of Silver Nanoparticles Using
Marine Macroalgae Padina sp. and Its Antibacterial Activity towards Pathogenic Bacteria. Beni Suef Univ. ]. Basic Appl. Sci. 2020,
9, 3. [CrossRef]

Balachandar, R.; Navaneethan, R.; Biruntha, M.; Ashok Kumar, K.K.; Govarthanan, M.; Karmegam, N. Antibacterial Activity of
Silver Nanoparticles Phytosynthesized from Glochidion candolleanum Leaves. Mater. Lett. 2022, 311, 131572. [CrossRef]
Romdoni, Y.; Kadja, G.T.M.; Kitamoto, Y.; Khalil, M. Synthesis of Multifunctional Fe30,@SiO,-Ag Nanocomposite for Antibacte-
rial and Anticancer Drug Delivery. Appl. Surf. Sci. 2023, 610, 155610. [CrossRef]

Nikolova, S.; Milusheva, M.; Gledacheva, V.; Feizi-Dehnayebi, M.; Kaynarova, L.; Georgieva, D.; Delchev, V.; Stefanova, I;
Tumbarski, Y.; Mihaylova, R.; et al. Drug-Delivery Silver Nanoparticles: A New Perspective for Phenindione as an Anticoagulant.
Biomedicines 2023, 11, 2201. [CrossRef]

Khashan, A.A.; Dawood, Y.; Khalaf, Y.H. Green Chemistry and Anti-Inflammatory Activity of Silver Nanoparticles Using an
Aqueous Curcumin Extract. Results Chem. 2023, 5, 100913. [CrossRef]

Chirumamilla, P.; Vankudoth, S.; Dharavath, S.B.; Dasari, R.; Taduri, S. In Vitro Anti-Inflammatory Activity of Green Synthesized
Silver Nanoparticles and Leaf Methanolic Extract of Solanum Khasianum Clarke. Proc. Natl. Acad. Sci. India Sect. B—Biol. Sci.
2022, 92, 301-307. [CrossRef]

Gomathi, A.C.; Xavier Rajarathinam, S.R.; Mohammed Sadiq, A.; Rajeshkumar, S. Anticancer Activity of Silver Nanoparticles
Synthesized Using Aqueous Fruit Shell Extract of Tamarindus Indica on MCF-7 Human Breast Cancer Cell Line. J. Drug Deliv. Sci.
Technol. 2020, 55, 101376. [CrossRef]

Shyamalagowri, S.; Charles, P.; Manjunathan, J.; Kamaraj, M.; Anitha, R.; Pugazhendhi, A. In Vitro Anticancer Activity of Silver
Nanoparticles Phyto-Fabricated by Hylocereus Undatus Peel Extracts on Human Liver Carcinoma (HepG2) Cell Lines. Process
Biochem. 2022, 116, 17-25. [CrossRef]

Sharma, S.; Sharma, N.; Kaushal, N. Utilization of Novel Bacteriocin Synthesized Silver Nanoparticles (AgNPs) for Their
Application in Antimicrobial Packaging for Preservation of Tomato Fruit. Front. Sustain. Food Syst. 2023, 7, 1072738. [CrossRef]
Roy, S.; Rhim, J.W. Starch/ Agar-Based Functional Films Integrated with Enoki Mushroom-Mediated Silver Nanoparticles for
Active Packaging Applications. Food Biosci. 2022, 49, 101867. [CrossRef]

Ediyilyam, S.; George, B.; Shankar, S.S.; Dennise, T.T.; Wactawek, S.; Cernik, M.; Padil, V.V.T. Chitosan/Gelatin/Silver Nanoparti-
cles Composites Films for Biodegradable Food Packaging Applications. Polymers 2021, 13, 1680. [CrossRef] [PubMed]

Rahman, T.U.; Khan, H.; Liaqat, W.; Zeb, M. A. Phytochemical Screening, Green Synthesis of Gold Nanoparticles, and Antibacterial
Activity Using Seeds Extract of Ricinus communis L. Microsc. Res. Tech. 2022, 85, 202-208. [CrossRef]

Vinayagam, R.; Santhoshkumar, M.; Lee, K.E.; David, E.; Kang, S.G. Bioengineered Gold Nanoparticles Using Cynodon Dactylon
Extract and Its Cytotoxicity and Antibacterial Activities. Bioprocess Biosyst. Eng. 2021, 44, 1253-1262. [CrossRef] [PubMed]
Hussein, M.A.M.; Grinholc, M.; Dena, A.S.A.; El-Sherbiny, LM.; Megahed, M. Boosting the Antibacterial Activity of Chitosan—
Gold Nanoparticles against Antibiotic-Resistant Bacteria by Punicagranatum L. Extract. Carbohydr. Polym. 2021, 256, 117498.
[CrossRef]

Khodashenas, B.; Ardjmand, M.; Rad, A.S.; Esfahani, M.R. Gelatin-Coated Gold Nanoparticles as an Effective PH-Sensitive
Methotrexate Drug Delivery System for Breast Cancer Treatment. Mater. Today Chem. 2021, 20, 100474. [CrossRef]

Hassanen, E.I; Korany, RM.S.; Bakeer, A.M. Cisplatin-Conjugated Gold Nanoparticles-Based Drug Delivery System for Targeting
Hepatic Tumors. . Biochem. Mol. Toxicol. 2021, 35, €22722. [CrossRef] [PubMed]


https://doi.org/10.1007/s40204-021-00178-z
https://www.ncbi.nlm.nih.gov/pubmed/35025086
https://doi.org/10.1016/j.jddst.2022.104144
https://doi.org/10.1016/j.matpr.2020.11.422
https://doi.org/10.1016/j.sintl.2022.100164
https://doi.org/10.1016/j.colsurfb.2020.111385
https://www.ncbi.nlm.nih.gov/pubmed/33049660
https://doi.org/10.1021/acsabm.1c01311
https://doi.org/10.1016/j.aej.2020.09.061
https://doi.org/10.1038/s41598-023-36460-2
https://www.ncbi.nlm.nih.gov/pubmed/37280318
https://doi.org/10.1186/s43088-019-0031-y
https://doi.org/10.1016/j.matlet.2021.131572
https://doi.org/10.1016/j.apsusc.2022.155610
https://doi.org/10.3390/biomedicines11082201
https://doi.org/10.1016/j.rechem.2023.100913
https://doi.org/10.1007/s40011-021-01337-9
https://doi.org/10.1016/j.jddst.2019.101376
https://doi.org/10.1016/j.procbio.2022.02.022
https://doi.org/10.3389/fsufs.2023.1072738
https://doi.org/10.1016/j.fbio.2022.101867
https://doi.org/10.3390/polym13111680
https://www.ncbi.nlm.nih.gov/pubmed/34064040
https://doi.org/10.1002/jemt.23896
https://doi.org/10.1007/s00449-021-02527-5
https://www.ncbi.nlm.nih.gov/pubmed/33606108
https://doi.org/10.1016/j.carbpol.2020.117498
https://doi.org/10.1016/j.mtchem.2021.100474
https://doi.org/10.1002/jbt.22722
https://www.ncbi.nlm.nih.gov/pubmed/33484050

Molecules 2024, 29, 3482 71 of 83

381.

382.

383.

384.

385.

386.

387.

388.

389.

390.

391.

392.

393.

394.

395.

396.

397.

398.

399.

400.

401.

402.

403.

404.

Caprarescu, S.; Modrogan, C.; Purcar, V.; Dancila, A.M.; Orbulet, O.D. Study of Polyvinyl Alcohol-5iO, Nanoparticles Polymeric
Membrane in Wastewater Treatment Containing Zinc Ions. Polymers 2021, 13, 1875. [CrossRef] [PubMed]

Al-Masoud, M.A.; Khalaf, M.M.; Mohamed, .M. A_; Shalabi, K.; Abd El-Lateef, HM. Computational, Kinetic, and Electrochemical
Studies of Polyaniline Functionalized ZnO and ZnO-SiO, Nanoparticles as Corrosion Protection Films on Carbon Steel in Acidic
Sodium Chloride Solutions. J. Ind. Eng. Chem. 2022, 112, 398-422. [CrossRef]

Salkhi Khasraghi, S.; Momenilandi, M.; Shojaei, A. Tire Tread Performance of Silica-Filled SBR/BR Rubber Composites In-
corporated with Nanodiamond and Nanodiamond /Nano-SiO, Hybrid Nanoparticle. Diam. Relat. Mater. 2022, 126, 109068.
[CrossRef]

Chowdhury, M.A.; Hossain, N.; Mostofa, M.G.; Mia, M.R.; Tushar, M.; Rana, M.M.; Hossain, M.H. Green Synthesis and
Characterization of Zirconium Nanoparticlefor Dental Implant Applications. Heliyon 2023, 9, e12711. [CrossRef] [PubMed]
Aati, S.; Akram, Z.; Ngo, H.; Fawzy, A.S. Development of 3D Printed Resin Reinforced with Modified ZrO, Nanoparticles for
Long-Term Provisional Dental Restorations. Dent. Mater. 2021, 37, e360—-e374. [CrossRef]

Kim, H.S,; Jang, W.; Im, Y.G.; Lim, H.P. Antibacterial Effect of Zirconia Nanoparticles on Polyethyl Methacrylate Resin for
Provisional Crowns. Int. |. Nanomed. 2022, 17, 6551-6560. [CrossRef] [PubMed]

Aati, S.; Shrestha, B.; Fawzy, A. Cytotoxicity and Antimicrobial Efficiency of ZrO, Nanoparticles Reinforced 3D Printed Resins.
Dent. Mater. 2022, 38, 1432-1442. [CrossRef] [PubMed]

Gutiérrez B, ].M.; Hincapié C, W.S.; de Andrade, V.M.; Conceigao, K.; Trava-Airoldi, V.J.; Capote, G. Diamond-like Carbon Films
Doped with ZrO2 Nanoparticles: Improving Antimicrobial Properties. Diam. Relat. Mater. 2023, 140, 110500. [CrossRef]

Zhang, X.; Saravanakumar, K.; Sathiyaseelan, A ; Park, S.; Wang, M.H. Synthesis, Characterization, and Comparative Analysis of
Antibiotics (Ampicillin and Erythromycin) Loaded ZrO, Nanoparticles for Enhanced Antibacterial Activity. J. Drug Deliv. Sci.
Technol. 2023, 82, 104293. [CrossRef]

Hoque, M.; Sarkar, P.; Ahmed, J. Preparation and Characterization of Tamarind Kernel Powder/ZnO Nanoparticle-Based Food
Packaging Films. Ind. Crop. Prod. 2022, 178, 114670. [CrossRef]

Yadav, S.; Mehrotra, G.K.; Dutta, P.K. Chitosan Based ZnO Nanoparticles Loaded Gallic-Acid Films for Active Food Packaging.
Food Chem. 2021, 334, 127605. [CrossRef] [PubMed]

Gasti, T.; Dixit, S.; Hiremani, V.D.; Chougale, R.B.; Masti, S.P.; Vootla, S.K.; Mudigoudra, B.S. Chitosan/Pullulan Based Films
Incorporated with Clove Essential Oil Loaded Chitosan-ZnO Hybrid Nanoparticles for Active Food Packaging. Carbohydr. Polym.
2022, 277,118866. [CrossRef] [PubMed]

El-Khawaga, A.M.; Elsayed, M.A.; Gobara, M.; Soliman, A.A.; Hashem, A.H.; Zaher, A.A.; Mohsen, M.; Salem, S.S. Green
Synthesized ZnO Nanoparticles by Saccharomyces Cerevisiae and Their Antibacterial Activity and Photocatalytic Degradation.
Biomass Convers. Biorefin. 2023. [CrossRef]

MuthuKathija, M.; Sheik Muhideen Badhusha, M.; Rama, V. Green Synthesis of Zinc Oxide Nanoparticles Using Pisonia Alba
Leaf Extract and Its Antibacterial Activity. Appl. Surf. Sci. Adv. 2023, 15, 100400. [CrossRef]

Porrawatkul, P.; Nuengmatcha, P.; Kuyyogsuy, A.; Pimsen, R.; Rattanaburi, P. Effect of Na and Al Doping on ZnO Nanoparticles
for Potential Application in Sunscreens. J. Photochem. Photobiol. B 2023, 240, 112668. [CrossRef] [PubMed]

Aljabali, A.A.A.; Obeid, M.A; Bakshi, H.A.; Alshaer, W.; Ennab, R M.; Al-Trad, B.; Khateeb, W.A.; Al-Batayneh, K.M.; Al-Kadash,
A.; Alsotari, S.; et al. Synthesis, Characterization, and Assessment of Anti-Cancer Potential of ZnO Nanoparticles in an In Vitro
Model of Breast Cancer. Molecules 2022, 27, 1827. [CrossRef] [PubMed]

Mohammadi Shivyari, A.; Tafvizi, F.,; Noorbazargan, H. Anti-Cancer Effects of Biosynthesized Zinc Oxide Nanoparticles Using
Artemisia Scoparia in Huh-7 Liver Cancer Cells. Inorg. Nano-Met. Chem. 2022, 52, 375-386.

Thomas, S.; Gunasangkaran, G.; Arumugam, V.A.; Muthukrishnan, S. Synthesis and Characterization of Zinc Oxide Nanoparticles
of Solanum Nigrum and Its Anticancer Activity via the Induction of Apoptosis in Cervical Cancer. Biol. Trace Elem. Res. 2022, 200,
2684-2697. [CrossRef]

Efati, Z.; Shahangian, S.S.; Darroudi, M.; Amiri, H.; Hashemy, S.I.; Aghamaali, M.R. Green Chemistry Synthesized Zinc Oxide
Nanoparticles in Lepidium Sativum L. Seed Extract and Evaluation of Their Anticancer Activity in Human Colorectal Cancer
Cells. Ceram. Int. 2023, 49, 32568-32576. [CrossRef]

Souza, V.G.L,; Fernando, A.L. Nanoparticles in Food Packaging: Biodegradability and Potential Migration to Food—A Review.
Food Packag. Shelf Life 2016, 8, 63-70. [CrossRef]

Bajpai, V.K.; Kamle, M.; Shukla, S.; Mahato, D.K.; Chandra, P.; Hwang, S.K.; Kumar, P.; Huh, Y.S.; Han, Y.K. Prospects of Using
Nanotechnology for Food Preservation, Safety, and Security. J. Food Drug. Anal. 2018, 26, 1201-1214. [CrossRef] [PubMed]
Yang, D.; Liu, Q.; Gao, Y.; Wan, S.; Meng, F.; Weng, W.; Zhang, Y. Characterization of Silver Nanoparticles Loaded Chi-
tosan/Polyvinyl Alcohol Antibacterial Films for Food Packaging. Food Hydrocoll. 2023, 136, 108305. [CrossRef]

Pandian, H.; Senthilkumar, K,; Ratnam M, V,; M, N.; S, S. Azadirachta indica Leaf Extract Mediated Silver Nanoparticles
Impregnated Nano Composite Film (AgNP/MCC/Starch/Whey Protein) for Food Packaging Applications. Environ. Res. 2023,
216, 114641. [CrossRef] [PubMed]

Chowdhury, S.; Teoh, Y.L.; Ong, K.M.; Rafflisman Zaidi, N.S.; Mah, S.K. Poly(Vinyl) Alcohol Crosslinked Composite Packaging
Film Containing Gold Nanoparticles on Shelf Life Extension of Banana. Food Packag. Shelf Life 2020, 24, 100463. [CrossRef]


https://doi.org/10.3390/polym13111875
https://www.ncbi.nlm.nih.gov/pubmed/34200065
https://doi.org/10.1016/j.jiec.2022.05.037
https://doi.org/10.1016/j.diamond.2022.109068
https://doi.org/10.1016/j.heliyon.2022.e12711
https://www.ncbi.nlm.nih.gov/pubmed/36685390
https://doi.org/10.1016/j.dental.2021.02.010
https://doi.org/10.2147/IJN.S382053
https://www.ncbi.nlm.nih.gov/pubmed/36575697
https://doi.org/10.1016/j.dental.2022.06.030
https://www.ncbi.nlm.nih.gov/pubmed/35792014
https://doi.org/10.1016/j.diamond.2023.110500
https://doi.org/10.1016/j.jddst.2023.104293
https://doi.org/10.1016/j.indcrop.2022.114670
https://doi.org/10.1016/j.foodchem.2020.127605
https://www.ncbi.nlm.nih.gov/pubmed/32738726
https://doi.org/10.1016/j.carbpol.2021.118866
https://www.ncbi.nlm.nih.gov/pubmed/34893271
https://doi.org/10.1007/s13399-023-04827-0
https://doi.org/10.1016/j.apsadv.2023.100400
https://doi.org/10.1016/j.jphotobiol.2023.112668
https://www.ncbi.nlm.nih.gov/pubmed/36774718
https://doi.org/10.3390/molecules27061827
https://www.ncbi.nlm.nih.gov/pubmed/35335190
https://doi.org/10.1007/s12011-021-02898-6
https://doi.org/10.1016/j.ceramint.2023.07.221
https://doi.org/10.1016/j.fpsl.2016.04.001
https://doi.org/10.1016/j.jfda.2018.06.011
https://www.ncbi.nlm.nih.gov/pubmed/30249319
https://doi.org/10.1016/j.foodhyd.2022.108305
https://doi.org/10.1016/j.envres.2022.114641
https://www.ncbi.nlm.nih.gov/pubmed/36283439
https://doi.org/10.1016/j.fpsl.2020.100463

Molecules 2024, 29, 3482 72 of 83

405.

406.

407.

408.

409.

410.

411.

412.

413.

414.

415.

416.

417.

418.

419.

420.

421.

422.

423.

424.

425.

426.

427.

428.

429.

430.

El-Naggar, M.E.; Hasanin, M.; Hashem, A H. Eco-Friendly Synthesis of Superhydrophobic Antimicrobial Film Based on Cellulose
Acetate/Polycaprolactone Loaded with the Green Biosynthesized Copper Nanoparticles for Food Packaging Application. J. Polym.
Environ. 2022, 30, 1820-1832. [CrossRef]

Zhang, W.; Sani, M.A.; Zhang, Z.; McClements, D.J.; Jafari, S.M. High Performance Biopolymeric Packaging Films Containing
Zinc Oxide Nanoparticles for Fresh Food Preservation: A Review. Int. J. Biol. Macromol. 2023, 230, 123188. [CrossRef] [PubMed]
Zhai, X.; Zhou, S.; Zhang, R.; Wang, W.; Hou, H. Antimicrobial Starch/Poly(Butylene Adipate-Co-Terephthalate) Nanocomposite
Films Loaded with a Combination of Silver and Zinc Oxide Nanoparticles for Food Packaging. Int. ]. Biol. Macromol. 2022, 206,
298-305. [CrossRef] [PubMed]

Youssef, A.M.; Abd El-Aziz, M.E.; Morsi, S.M.M. Development and Evaluation of Antimicrobial LDPE/TiO, Nanocomposites for
Food Packaging Applications. Polym. Bull. 2023, 80, 5417-5431. [CrossRef]

Newman, M.D,; Stotland, M.; Ellis, J.I. The Safety of Nanosized Particles in Titanium Dioxide- and Zinc Oxide-Based Sunscreens.
J. Am. Acad. Dermatol. 2009, 61, 685-692. [CrossRef]

Schneider, S.L.; Lim, H.W. A Review of Inorganic UV Filters Zinc Oxide and Titanium Dioxide. Photodermatol. Photoimmunol.
Photomed. 2019, 35, 442-446. [CrossRef] [PubMed]

Dréno, B.; Alexis, A.; Chuberre, B.; Marinovich, M. Safety of Titanium Dioxide Nanoparticles in Cosmetics. J. Eur. Acad. Dermatol.
Venereol. 2019, 33, 34-46. [CrossRef] [PubMed]

Liang, Y.; Simaiti, A.; Xu, M.; Lv, S;; Jiang, H.; He, X; Fan, Y;; Zhu, S.; Du, B.; Yang, W.; et al. Antagonistic Skin Toxicity of
Co-Exposure to Physical Sunscreen Ingredients Zinc Oxide and Titanium Dioxide Nanoparticles. Nanomaterials 2022, 12, 2769.
[CrossRef] [PubMed]

Ghamarpoor, R.; Fallah, A.; Jamshidi, M. Investigating the Use of Titanium Dioxide (TiO,) Nanoparticles on the Amount of
Protection against UV Irradiation. Sci. Rep. 2023, 13, 9793. [CrossRef] [PubMed]

Yang, P.; Wang, H.; Chen, Y,; Li, Y.; Zhang, J.; Zhang, C.; Lin, B.; Wei, X. Ball-Milling of Titanium Dioxide and Zinc Oxide for
Enhanced UV Protection. Front. Mater. 2023, 10, 1273659. [CrossRef]

Reinosa, ]J.J.; Leret, P; Alvarez-Docio, C.M.; Del Campo, A.; Fernandez, J.F. Enhancement of UV Absorption Behavior in ZnO-TiO,
composites. Boletin de la Sociedad Espanola de Ceramica y Vidrio 2016, 55, 55-62. [CrossRef]

Aldemir Dikici, B.; Claeyssens, F. Basic Principles of Emulsion Templating and Its Use as an Emerging Manufacturing Method of
Tissue Engineering Scaffolds. Front. Bioeng. Biotechnol. 2020, 8, 875. [CrossRef]

Fathi-Achachelouei, M.; Knopf-Marques, H.; Ribeiro da Silva, C.E.; Barthes, J.; Bat, E.; Tezcaner, A.; Vrana, N.E. Use of
Nanoparticles in Tissue Engineering and Regenerative Medicine. Front. Bioeng. Biotechnol. 2019, 7, 113. [CrossRef]

Geng, B; Li, P; Fang, F; Shi, W.; Glowacki, J.; Pan, D.; Shen, L. Antibacterial and Osteogenic Carbon Quantum Dots for
Regeneration of Bone Defects Infected with Multidrug-Resistant Bacteria. Carbon 2021, 184, 375-385. [CrossRef]

Rastegar, S.; Mehdikhani, M.; Bigham, A.; Poorazizi, E.; Rafienia, M. Poly Glycerol Sebacate /Polycaprolactone/Carbon Quantum
Dots Fibrous Scaffold as a Multifunctional Platform for Cardiac Tissue Engineering. Mater. Chem. Phys. 2021, 266, 124543.
[CrossRef]

Shamekhi, M.A.; Mirzadeh, H.; Mahdavi, H.; Rabiee, A.; Mohebbi-Kalhori, D.; Baghaban Eslaminejad, M. Graphene Oxide
Containing Chitosan Scaffolds for Cartilage Tissue Engineering. Int. J. Biol. Macromol. 2019, 127, 396-405. [CrossRef] [PubMed]
Liu, F; Liu, C.; Zheng, B.; He, J; Liu, J.; Chen, C.; Lee, L.S.; Wang, X.; Liu, Y. Synergistic Effects on Incorporation of 3-Tricalcium
Phosphate and Graphene Oxide Nanoparticles to Silk Fibroin/Soy Protein Isolate Scaffolds for Bone Tissue Engineering. Polymers
2020, 12, 69. [CrossRef]

Saleem, J.; Wang, L.; Chen, C. Carbon-Based Nanomaterials for Cancer Therapy via Targeting Tumor Microenvironment. Adv.
Healthc. Mater. 2018, 7, €1800525. [CrossRef] [PubMed]

Beyaz, S.; Aslan, A.; Gok, O.; Uslu, H.; Agca, C.A.; Ozercan, L. H. In Vivo, In Vitro and In Silico Anticancer Investigation of
Fullerene Cgy on DMBA Induced Breast Cancer in Rats. Life Sci. 2022, 291, 120281. [CrossRef]

Ma, Y; Fu, S,; Tan, Y.; Zhang, A. Design and Synthesis of Highly Fluorescent and Stable Fullerene Nanoparticles as Probes for
Folic Acid Detection and Targeted Cancer Cell Imaging. Nanotechnology 2021, 32, 195501. [CrossRef]

Shi, J.; Wang, B.; Wang, L.; Lu, T.; Fu, Y,; Zhang, H.; Zhang, Z. Fullerene (C¢p)-Based Tumor-Targeting Nanoparticles with “off-on”
State for Enhanced Treatment of Cancer. J. Control. Release 2016, 235, 245-258. [CrossRef]

Elshater, A.E.A.; Haridy, M.A.M.; Salman, M.M.A_; Fayyad, A.S.; Hammad, S. Fullerene Cgy Nanoparticles Ameliorated
Cyclophosphamide-Induced Acute Hepatotoxicity in Rats. Biomed. Pharmacother. 2018, 97, 53-59. [CrossRef] [PubMed]

Naik, K.; Chaudhary, S; Ye, L.; Parmar, A.S. A Strategic Review on Carbon Quantum Dots for Cancer-Diagnostics and Treatment.
Front. Bioeng. Biotechnol. 2022, 10, 882100. [CrossRef]

Lai, C; Lin, S.; Huang, X,; Jin, Y. Synthesis and Properties of Carbon Quantum Dots and Their Research Progress in Cancer
Treatment. Dye. Pigment. 2021, 196, 109766. [CrossRef]

Cutrim, E.S.M.; Vale, A.A.M.; Manzani, D.; Barud, H.S.; Rodriguez-Castellén, E.; Santos, A.P.S.A.; Alcantara, A.C.S. Preparation,
Characterization and in Vitro Anticancer Performance of Nanoconjugate Based on Carbon Quantum Dots and 5-Fluorouracil.
Mater. Sci. Eng. C 2021, 120, 111781. [CrossRef]

Saljoughi, H.; Khakbaz, F.; Mahani, M. Synthesis of Folic Acid Conjugated Photoluminescent Carbon Quantum Dots with
Ultrahigh Quantum Yield for Targeted Cancer Cell Fluorescence Imaging. Photodiagnosis Photodyn. Ther. 2020, 30, 101687.
[CrossRef] [PubMed]

’


https://doi.org/10.1007/s10924-021-02318-9
https://doi.org/10.1016/j.ijbiomac.2023.123188
https://www.ncbi.nlm.nih.gov/pubmed/36627033
https://doi.org/10.1016/j.ijbiomac.2022.02.158
https://www.ncbi.nlm.nih.gov/pubmed/35240209
https://doi.org/10.1007/s00289-022-04346-4
https://doi.org/10.1016/j.jaad.2009.02.051
https://doi.org/10.1111/phpp.12439
https://www.ncbi.nlm.nih.gov/pubmed/30444533
https://doi.org/10.1111/jdv.15943
https://www.ncbi.nlm.nih.gov/pubmed/31588611
https://doi.org/10.3390/nano12162769
https://www.ncbi.nlm.nih.gov/pubmed/36014634
https://doi.org/10.1038/s41598-023-37057-5
https://www.ncbi.nlm.nih.gov/pubmed/37328531
https://doi.org/10.3389/fmats.2023.1273659
https://doi.org/10.1016/j.bsecv.2016.01.004
https://doi.org/10.3389/fbioe.2020.00875
https://doi.org/10.3389/fbioe.2019.00113
https://doi.org/10.1016/j.carbon.2021.08.040
https://doi.org/10.1016/j.matchemphys.2021.124543
https://doi.org/10.1016/j.ijbiomac.2019.01.020
https://www.ncbi.nlm.nih.gov/pubmed/30625354
https://doi.org/10.3390/polym12010069
https://doi.org/10.1002/adhm.201800525
https://www.ncbi.nlm.nih.gov/pubmed/30073803
https://doi.org/10.1016/j.lfs.2021.120281
https://doi.org/10.1088/1361-6528/abdf02
https://doi.org/10.1016/j.jconrel.2016.06.010
https://doi.org/10.1016/j.biopha.2017.10.134
https://www.ncbi.nlm.nih.gov/pubmed/29080458
https://doi.org/10.3389/fbioe.2022.882100
https://doi.org/10.1016/j.dyepig.2021.109766
https://doi.org/10.1016/j.msec.2020.111781
https://doi.org/10.1016/j.pdpdt.2020.101687
https://www.ncbi.nlm.nih.gov/pubmed/32070730

Molecules 2024, 29, 3482 73 of 83

431.

432.

433.

434.

435.

436.

437.

438.

439.

440.

441.

442.

443.

444.

445.

446.

447.

448.

449.

450.

451.

452.

453.

Jana, P; Dev, A. Carbon Quantum Dots: A Promising Nanocarrier for Bioimaging and Drug Delivery in Cancer. Mater. Today
Commun. 2022, 32, 104068. [CrossRef]

Moore, M.N.; Sforzini, S.; Viarengo, A.; Barranger, A.; Aminot, Y.; Readman, J.W.; Khlobystov, A.N.; Arlt, VM.; Banni, M;
Jha, A.N. Antagonistic Cytoprotective Effects of Cgg Fullerene Nanoparticles in Simultaneous Exposure to Benzo[a]Pyrene in a
Molluscan Animal Model. Sci. Total Environ. 2021, 755, 142355. [CrossRef] [PubMed]

Namadr, E; Shahyad, S.; Mohammadi, M.T. Fullerene C 60 Nanoparticles Potentiate the Antioxidant Defense System of the Brain
and Liver by Increasing Catalase Activity in Normal Rats. Nov. Clin. Med. 2023, 2, 32-38. [CrossRef]

Demir, E. Therapeutic Effect of Curcumin and Cg Fullerene against Hyperglycemia-Mediated Tissue Damage in Diabetic Rat
Lungs. J. Bioenerg. Biomembr. 2021, 53, 25-38. [CrossRef] [PubMed]

Beyaz, S.; Aslan, A.; Gok, O.; Agca, C.A.; Ozercan, L. H. Fullerene C¢y Attenuates Heart Tissue Inflammation by Modulating COX-2
and TNF-Alpha Signaling Pathways in DMBA Induced Breast Cancer in Rats. Cardiovasc. Toxicol. 2023, 23, 75-85. [CrossRef]
[PubMed]

Beyaz, S.; Aslan, A.; Gok, O.; Ozercan, LH.; Agca, C.A. C4y Nanoparticle Decrease the Inflammatory and Oxidative Responses in
7,12-Dimethylbenz[a] Anthracene (DMBA) Induced Rats Eye Tissue. Biol. Bull. 2023, 50, 790-800. [CrossRef]

Borisenkova, A.A.; Bolshakova, O.L; Titova, A.V.; Ryabokon, L.S.; Markova, M.A,; Lyutova, Z.B.; Sedov, V.P; Varfolomeeva, E.Y,;
Bakhmetyev, V.V,; Arutyunyan, A.V; et al. Fullerene C¢y Conjugate with Folic Acid and Polyvinylpyrrolidone for Targeted
Delivery to Tumor Cells. Int. . Mol. Sci. 2024, 25, 5350. [CrossRef] [PubMed]

Wang, D.; Zhao, J.; Mulder, RJ.; Ratcliffe, J.; Wang, C.; Wu, B.; Wang, J.; Hao, X. Highly Aqueously Stable Cgy-polymer
Nanoparticles with Excellent Photodynamic Property for Potential Cancer Treatment. Smart Med. 2023, 2, €20230033. [CrossRef]
Kaushal, S.; Pinnaka, A.K,; Soni, S.; Singhal, N.K. Antibody Assisted Graphene Oxide Coated Gold Nanoparticles for Rapid
Bacterial Detection and near Infrared Light Enhanced Antibacterial Activity. Sens. Actuators B Chem. 2021, 329, 129141. [CrossRef]
Menazea, A.A.; Ahmed, M.K. Synthesis and Antibacterial Activity of Graphene Oxide Decorated by Silver and Copper Oxide
Nanoparticles. J. Mol. Struct. 2020, 1218, 128536. [CrossRef]

Daniluk, K.; Lange, A.; Pruchniewski, M.; Matolepszy, A.; Sawosz, E.; Jaworski, S. Delivery of Melittin as a Lytic Agent via
Graphene Nanoparticles as Carriers to Breast Cancer Cells. ]. Funct. Biomater. 2022, 13, 278. [CrossRef]

Kesavan, S.; Meena, K.S.; Sharmili, S.A.; Govindarajan, M.; Alharbi, N.S.; Kadaikunnan, S.; Khaled, ].M.; Alobaidi, A.S.; Alanzi,
K.E; Vaseeharan, B. Ulvan Loaded Graphene Oxide Nanoparticle Fabricated with Chitosan and D-Mannose for Targeted
Anticancer Drug Delivery. J. Drug Deliv. Sci. Technol. 2021, 65, 102760. [CrossRef]

Mihanfar, A.; Targhazeh, N.; Sadighparvar, S.; Darband, S.G.; Majidinia, M.; Yousefi, B. Doxorubicin Loaded Magnetism
Nanoparticles Based on Cyclodextrin Dendritic-Graphene Oxide Inhibited MCF-7 Cell Proliferation. Biomol. Concepts 2021, 12,
8-15. [CrossRef] [PubMed]

Yang, L.; Kim, T.H.; Cho, H.Y,; Luo, J.; Lee, ].M.; Chueng, S.T.D.; Hou, Y.; Yin, PT.T,; Han, J.; Kim, ].H.; et al. Hybrid Graphene-
Gold Nanoparticle-Based Nucleic Acid Conjugates for Cancer-Specific Multimodal Imaging and Combined Therapeutics. Adv.
Funct. Mater. 2021, 31, 2006918. [CrossRef] [PubMed]

Ganesan, K,; Jothi, VK,; Natarajan, A.; Rajaram, A.; Ravichandran, S.; Ramalingam, S. Green Synthesis of Copper Oxide
Nanoparticles Decorated with Graphene Oxide for Anticancer Activity and Catalytic Applications. Arab. J. Chem. 2020, 13,
6802-6814. [CrossRef]

Turaka, S.; Reddy, K.V.K,; Sahu, R K; Katiyar, ].K. Mechanical Properties of MWCNTs and Graphene Nanoparticles Modified
Glass Fibre-Reinforced Polymer Nanocomposite. Bull. Mater. Sci. 2021, 44, 194. [CrossRef]

Sagadevan, S.; Lett, J.A.; Weldegebrieal, G.K.; Dowla Biswas, M.R.U.; Oh, W.C.; Alshahateet, S.F,; Fatimah, I.; Mohammad, F;
Al-Lohedan, H.A ; Paiman, S,; et al. Enhanced Gas Sensing and Photocatalytic Activity of Reduced Graphene Oxide Loaded TiO,
Nanoparticles. Chem. Phys. Lett. 2021, 780, 138897. [CrossRef]

Kabeel, A E.; Sathyamurthy, R.; Manokar, A.M.; Sharshir, S.W.; Essa, F.A.; Elshiekh, A.H. Experimental Study on Tubular Solar
Still Using Graphene Oxide Nano Particles in Phase Change Material (NPCM'’s) for Fresh Water Production. |. Energy Storage
2020, 28, 101204. [CrossRef]

Kalidasan, B.; Pandey, A.K.; Rahman, S.; Yadav, A.; Samykano, M.; Tyagi, V.V. Graphene-Silver Hybrid Nanoparticle Based
Organic Phase Change Materials for Enhanced Thermal Energy Storage. Sustainability 2022, 14, 3240. [CrossRef]

Kumar Sharma, S.; Kumar Saxena, K. An Outlook on the Influence on Mechanical Properties of AZ31 Reinforced with Graphene
Nanoparticles Using Powder Metallurgy Technique for Biomedical Application. Mater. Today Proc. 2022, 56, 2278-2287. [CrossRef]
Maleki-Ghaleh, H.; Siadati, M.H.; Fallah, A.; Koc, B.; Kavanlouei, M.; Khademi-Azandehi, P.; Moradpur-Tari, E.; Omidi, Y,;
Barar, J.; Beygi-Khosrowshahi, Y.; et al. Antibacterial and Cellular Behaviors of Novel Zinc-Doped Hydroxyapatite/Graphene
Nanocomposite for Bone Tissue Engineering. Int. . Mol. Sci. 2021, 22, 9564. [CrossRef] [PubMed]

Aparicio-Collado, J.L.; Garcia-San-Martin, N.; Molina-Mateo, J.; Torregrosa Cabanilles, C.; Donderis Quiles, V.; Serrano-Aroca,
A.; Sabater i Serra, R. Electroactive Calcium-Alginate /Polycaprolactone /Reduced Graphene Oxide Nanohybrid Hydrogels for
Skeletal Muscle Tissue Engineering. Colloids Surf. B Biointerfaces 2022, 214, 112455. [CrossRef] [PubMed]

Mansouri, N.; Al-Sarawi, S.; Losic, D.; Mazumdar, J.; Clark, J.; Gronthos, S.; O’'Hare Doig, R. Biodegradable and Biocompatible
Graphene-Based Scaffolds for Functional Neural Tissue Engineering: A Strategy Approach Using Dental Pulp Stem Cells and
Biomaterials. Biotechnol. Bioeng. 2021, 118, 4217-4230. [CrossRef] [PubMed]


https://doi.org/10.1016/j.mtcomm.2022.104068
https://doi.org/10.1016/j.scitotenv.2020.142355
https://www.ncbi.nlm.nih.gov/pubmed/33022458
https://doi.org/10.22034/NCM.2023.360397.1056
https://doi.org/10.1007/s10863-020-09861-5
https://www.ncbi.nlm.nih.gov/pubmed/33411205
https://doi.org/10.1007/s12012-023-09780-y
https://www.ncbi.nlm.nih.gov/pubmed/36705854
https://doi.org/10.1134/S1062359023601180
https://doi.org/10.3390/ijms25105350
https://www.ncbi.nlm.nih.gov/pubmed/38791388
https://doi.org/10.1002/SMMD.20230033
https://doi.org/10.1016/j.snb.2020.129141
https://doi.org/10.1016/j.molstruc.2020.128536
https://doi.org/10.3390/jfb13040278
https://doi.org/10.1016/j.jddst.2021.102760
https://doi.org/10.1515/bmc-2021-0002
https://www.ncbi.nlm.nih.gov/pubmed/33878249
https://doi.org/10.1002/adfm.202006918
https://www.ncbi.nlm.nih.gov/pubmed/33776614
https://doi.org/10.1016/j.arabjc.2020.06.033
https://doi.org/10.1007/s12034-021-02444-z
https://doi.org/10.1016/j.cplett.2021.138897
https://doi.org/10.1016/j.est.2020.101204
https://doi.org/10.3390/su142013240
https://doi.org/10.1016/j.matpr.2021.11.627
https://doi.org/10.3390/ijms22179564
https://www.ncbi.nlm.nih.gov/pubmed/34502473
https://doi.org/10.1016/j.colsurfb.2022.112455
https://www.ncbi.nlm.nih.gov/pubmed/35305322
https://doi.org/10.1002/bit.27891
https://www.ncbi.nlm.nih.gov/pubmed/34264518

Molecules 2024, 29, 3482 74 of 83

454.

455.

456.

457.

458.

459.

460.

461.

462.

463.

464.

465.

466.

467.

468.

469.

470.

471.

472.

473.

474.

475.

476.

Liu, Y.; Wu, T.; Zhao, H.; Zhu, G.; Li, F.; Guo, M.; Ran, Q.; Komarneni, S. An Electrochemical Sensor Modified with Novel
Nanohybrid of Super-P Carbon Black@zeolitic-Imidazolate-Framework-8 for Sensitive Detection of Carbendazim. Ceram. Int.
2023, 49, 23775-23787. [CrossRef]

Attaallah, R.; Antonacci, A.; Mazzaracchio, V.; Moscone, D.; Palleschi, G.; Arduini, F; Amine, A.; Scognamiglio, V. Carbon Black
Nanoparticles to Sense Algae Oxygen Evolution for Herbicides Detection: Atrazine as a Case Study. Biosens. Bioelectron. 2020,
159,112203. [CrossRef] [PubMed]

De Lima, G.E.S.; Nalon, G.H.; Santos, R.F.; Ribeiro, J.C.L.; De Carvalho, ]. M.E; Pedroti, L.G.; De Aratjo, E.N.D. Microstructural
Investigation of the Effects of Carbon Black Nanoparticles on Hydration Mechanisms, Mechanical and Piezoresistive Properties
of Cement Mortars. Mater. Res. 2021, 24, €20200539. [CrossRef]

Kuntharin, S.; Harnchana, V.; Klamchuen, A.; Sinthiptharakoon, K.; Thongbai, P.; Amornkitbamrung, V.; Chindaprasirt, P.
Boosting the Power Output of a Cement-Based Triboelectric Nanogenerator by Enhancing Dielectric Polarization with Highly
Dispersed Carbon Black Nanoparticles toward Large-Scale Energy Harvesting from Human Footsteps. ACS Sustain. Chem. Eng.
2022, 10, 4588-4598. [CrossRef]

Lou, X.; Lu, B.; He, M,; Yu, Y.; Zhu, X,; Peng, F,; Qin, C.; Ding, M.; Jia, C. Functionalized Carbon Black Modified Sulfonated
Polyether Ether Ketone Membrane for Highly Stable Vanadium Redox Flow Battery. J. Memb. Sci. 2022, 643, 120015. [CrossRef]
Fan, C.; Dong, Y.; Liu, Y;; Zhang, L.; Wang, D.; Lin, X,; Lv, Y.; Zhang, S.; Song, H.; Jia, D. Mesopore-Dominated Hollow Carbon
Nanoparticles Prepared by Simple Air Oxidation of Carbon Black for High Mass Loading Supercapacitors. Carbon 2020, 160,
328-334. [CrossRef]

Janus, L.; Radwan-Praglowska, J.; Piatkowski, M.; Bogdat, D. Facile Synthesis of Surface-Modified Carbon Quantum Dots (CQDs)
for Biosensing and Bioimaging. Materials 2020, 13, 3313. [CrossRef] [PubMed]

Qu, Z,; Liu, L.; Sun, T.; Hou, J.; Sun, Y,; Yu, M.; Diao, Y; Lu, S.; Zhao, W.; Wang, L. Synthesis of Bifunctional Carbon Quantum
Dots for Bioimaging and Anti-Inflammation. Nanotechnology 2020, 31, 175102. [CrossRef] [PubMed]

Ou, S.E; Zheng, Y.Y,; Lee, S.J.; Chen, S.T.; Wu, C.H.; Hsieh, C.T.; Juang, R.S.; Peng, P.Z.; Hsueh, Y.H. N-Doped Carbon Quantum
Dots as Fluorescent Bioimaging Agents. Crystals 2021, 11, 789. [CrossRef]

Ratlam, C.; Phanichphant, S.; Sriwichai, S. Development of Dopamine Biosensor Based on Polyaniline/Carbon Quantum Dots
Composite. J. Polym. Res. 2020, 27, 183. [CrossRef]

Wu, W.; Huang, J.; Ding, L.; Lin, H.; Yu, S.; Yuan, F,; Liang, B. A Real-Time and Highly Sensitive Fiber Optic Biosensor Based on
the Carbon Quantum Dots for Nitric Oxide Detection. J. Photochem. Photobiol. A Chem. 2021, 405, 112963. [CrossRef]

Wei, Q.; Zhang, P; Liu, T.; Pu, H.; Sun, D.W. A Fluorescence Biosensor Based on Single-Stranded DNA and Carbon Quantum
Dots for Acrylamide Detection. Food Chem. 2021, 356, 129668. [CrossRef] [PubMed]

Abazar, F.; Noorbakhsh, A. Chitosan-Carbon Quantum Dots as a New Platform for Highly Sensitive Insulin Impedimetric
Aptasensor. Sens. Actuators B Chem. 2020, 304, 127281. [CrossRef]

Gao, D.; Zhao, P; Lyu, B.; Li, Y.; Hou, Y.; Ma, J. Carbon Quantum Dots Decorated on ZnO Nanoparticles: An Efficient Visible-Light
Responsive Antibacterial Agents. Appl. Organomet. Chem. 2020, 34, e5665. [CrossRef]

Zhao, C.; Wang, X,; Yu, L.; Wu, L.; Hao, X;; Liu, Q.; Lin, L.; Huang, Z.; Ruan, Z.; Weng, S.; et al. Quaternized Carbon Quantum
Dots with Broad-Spectrum Antibacterial Activity for the Treatment of Wounds Infected with Mixed Bacteria. Acta Biomater. 2022,
138, 528-544. [CrossRef]

Zahmatkesh, S.; Ni, B.J.; Klemes, ].J.; Bokhari, A.; Hajiaghaei-Keshteli, M. Carbon Quantum Dots-Ag Nanoparticle Membrane for
Preventing Emerging Contaminants in Oil Produced Water. |. Water Process Eng. 2022, 50, 103309. [CrossRef]

Sheng, Y.; Dai, W.; Gao, J.; Li, H.; Tan, W.; Wang, ].; Deng, L.; Kong, Y. PH-Sensitive Drug Delivery Based on Chitosan Wrapped
Graphene Quantum Dots with Enhanced Fluorescent Stability. Mater. Sci. Eng. C 2020, 112, 110888. [CrossRef] [PubMed]
Zavareh, H.S.; Pourmadadi, M.; Moradi, A.; Yazdian, F.; Omidi, M. Chitosan/Carbon Quantum Dot/Aptamer Complex as a
Potential Anticancer Drug Delivery System towards the Release of 5-Fluorouracil. Int. ]. Biol. Macromol. 2020, 165, 1422-1430.
[CrossRef] [PubMed]

Huang, Z.; Zhou, T,; Yuan, Y.; Natalie Klodzinska, S.; Zheng, T.; Sternberg, C.; Morck Nielsen, H.; Sun, Y.; Wan, E. Synthesis of
Carbon Quantum Dot-Poly Lactic-Co-Glycolic Acid Hybrid Nanoparticles for Chemo-Photothermal Therapy against Bacterial
Biofilms. J. Colloid Interface Sci. 2020, 577, 66-74. [CrossRef] [PubMed]

Nasrin, A.; Hassan, M.; Mirabet, M.M.; Windhab, N.; Gomes, V.G. 3D-Printed Bioresorbable Poly(Lactic-Co-Glycolic Acid) and
Quantum-Dot Nanocomposites: Scaffolds for Enhanced Bone Mineralization and Inbuilt Co-Monitoring. . Biomed. Mater. Res. A
2022, 110, 916-927. [CrossRef] [PubMed]

Yan, C.; Ren, Y,; Sun, X,; Jin, L.; Liu, X.; Chen, H.; Wang, K.; Yu, M.; Zhao, Y. Photoluminescent Functionalized Carbon Quantum
Dots Loaded Electroactive Silk Fibroin/PLA Nanofibrous Bioactive Scaffolds for Cardiac Tissue Engineering. ]. Photochem.
Photobiol. B 2020, 202, 111680. [CrossRef] [PubMed]

Praseetha, PK; Vibala, B.V,; Sreedevy, K.; Vijayakumar, S. Aloe-Vera Conjugated Natural Carbon Quantum Dots as Bio-Enhancers
to Accelerate the Repair of Chronic Wounds. Ind. Crop. Prod. 2021, 174, 114152. [CrossRef]

Wang, M,; Su, Y,; Liu, Y,; Liang, Y.; Wu, S.; Zhou, N.; Shen, J. Antibacterial Fluorescent Nano-Sized Lanthanum-Doped Carbon
Quantum Dot Embedded Polyvinyl Alcohol for Accelerated Wound Healing. J. Colloid Interface Sci. 2022, 608, 973-983. [CrossRef]
[PubMed]


https://doi.org/10.1016/j.ceramint.2023.04.217
https://doi.org/10.1016/j.bios.2020.112203
https://www.ncbi.nlm.nih.gov/pubmed/32364935
https://doi.org/10.1590/1980-5373-mr-2020-0539
https://doi.org/10.1021/acssuschemeng.1c08629
https://doi.org/10.1016/j.memsci.2021.120015
https://doi.org/10.1016/j.carbon.2020.01.034
https://doi.org/10.3390/ma13153313
https://www.ncbi.nlm.nih.gov/pubmed/32722356
https://doi.org/10.1088/1361-6528/ab6b9d
https://www.ncbi.nlm.nih.gov/pubmed/31935712
https://doi.org/10.3390/cryst11070789
https://doi.org/10.1007/s10965-020-02158-6
https://doi.org/10.1016/j.jphotochem.2020.112963
https://doi.org/10.1016/j.foodchem.2021.129668
https://www.ncbi.nlm.nih.gov/pubmed/33827044
https://doi.org/10.1016/j.snb.2019.127281
https://doi.org/10.1002/aoc.5665
https://doi.org/10.1016/j.actbio.2021.11.010
https://doi.org/10.1016/j.jwpe.2022.103309
https://doi.org/10.1016/j.msec.2020.110888
https://www.ncbi.nlm.nih.gov/pubmed/32409046
https://doi.org/10.1016/j.ijbiomac.2020.09.166
https://www.ncbi.nlm.nih.gov/pubmed/32987067
https://doi.org/10.1016/j.jcis.2020.05.067
https://www.ncbi.nlm.nih.gov/pubmed/32473477
https://doi.org/10.1002/jbm.a.37340
https://www.ncbi.nlm.nih.gov/pubmed/34881814
https://doi.org/10.1016/j.jphotobiol.2019.111680
https://www.ncbi.nlm.nih.gov/pubmed/31810038
https://doi.org/10.1016/j.indcrop.2021.114152
https://doi.org/10.1016/j.jcis.2021.10.018
https://www.ncbi.nlm.nih.gov/pubmed/34785472

Molecules 2024, 29, 3482 75 of 83

477.

478.
479.

480.

481.

482.

483.

484.

485.

486.

487.

488.

489.

490.

491.

492.

493.

494.

495.

496.

497.

498.

499.

500.

501.

Dehghani, N.; Haghiralsadat, F.; Yazdian, F.; Sadeghian-Nodoushan, F.; Ghasemi, N.; Mazaheri, F.; Pourmadadi, M.; Naghib,
S.M. Chitosan/Silk Fibroin/Nitrogen-Doped Carbon Quantum Dot/ a-Tricalcium Phosphate Nanocomposite Electrospinned
as a Scaffold for Wound Healing Application: In Vitro and in Vivo Studies. Int. |. Biol. Macromol. 2023, 238, 124078. [CrossRef]
[PubMed]

Lens, M. Use of Fullerenes in Cosmetics. Recent Pat. Biotechnol. 2009, 3, 118-123. [CrossRef]

Zhang, X.; Ma, Y.; Fu, S.; Zhang, A. Facile Synthesis of Water-Soluble Fullerene (C60) Nanoparticles via Mussel-Inspired Chemistry
as Efficient Antioxidants. Nanomaterials 2019, 9, 1647. [CrossRef]

Emelyantsev, S.; Prazdnova, E.; Chistyakov, V.; Alperovich, I. Biological Effects of C60 Fullerene Revealed with Bacterial
Biosensor—Toxic or Rather Antioxidant? Biosensors 2019, 9, 81. [CrossRef] [PubMed]

Lin, Q.; Xu, RH.J.X,; Yang, N.; Karim, A.A.; Loh, X.]J.; Zhang, K. UV Protection and Antioxidant Activity of Nanodiamonds and
Fullerenes for Sunscreen Formulations. ACS Appl. Nano Mater. 2019, 2, 7604-7616. [CrossRef]

Asl, A.D.; Bohlooli, S.; Dadkhah, M.; Shirmard, L.R. Topical Delivery of Doxepin Using Liposome Containing Cream: An
Emerging Approach in Enhancing Skin Retention. Pak. J. Pharm. Sci. 2023, 36, 1497-1506. [PubMed]

Hui, M,; Jia, X,; Li, X,; Lazcano-Silveira, R.; Shi, M. Anti-Inflammatory and Antioxidant Effects of Liposoluble Cg at the Cellular,
Molecular, and Whole-Animal Levels. J. Inflamm. Res. 2023, 16, 83-93. [CrossRef] [PubMed]

Shershakova, N.; Baraboshkina, E.; Andreev, S.; Purgina, D.; Struchkova, I.; Kamyshnikov, O.; Nikonova, A.; Khaitov, M.
Anti-Inflammatory Effect of Fullerene C¢y in a Mice Model of Atopic Dermatitis. ]. Nanobiotechnol. 2016, 14, 8. [CrossRef]
[PubMed]

Liao, X,; Zhao, Z.; Li, H.; Wu, B.; Huo, J.; Li, L,; Li, X.; Cao, X; Xia, M.; Wang, C.; et al. Fullerene Nanoparticles for the Treatment
of Ulcerative Colitis. Sci. China Life Sci. 2022, 65, 1146-1156. [CrossRef] [PubMed]

Qiang, R.; Huang, H.; Chen, J.; Shi, X.; Fan, Z.; Xu, G.; Qiu, H. Carbon Quantum Dots Derived from Herbal Medicine as
Therapeutic Nanoagents for Rheumatoid Arthritis with Ultrahigh Lubrication and Anti-Inflammation. ACS Appl. Mater. Interfaces
2023, 15, 38653-38664. [CrossRef]

Ghosh, D.; Dutta, G.; Sugumaran, A.; Chakrabarti, G.; Debnath, B. Fullerenes: Bucky Balls in the Therapeutic Application; Springer:
Cham, Switzerland, 2023; pp. 1-25. [CrossRef]

Halenova, T.; Raksha, N.; Vovk, T.; Savchuk, O.; Ostapchenko, L.; Prylutskyy, Y.; Kyzyma, O.; Ritter, U.; Scharff, P. Effect of Cg
Fullerene Nanoparticles on the Diet-Induced Obesity in Rats. Int. ]. Obes. 2018, 42, 1987-1998. [CrossRef]

Beyaz, S.; Aslan, A.; Gok, O.; Ozercan, .LH.; Agca, C.A. Fullerene Cgy Protects against 7,12-Dimethylbenz [a] Anthracene (DMBA)
Induced-Pancreatic Damage via NF-KB and Nrf-2/HO-1 Axis in Rats. Toxicol. Res. 2023, 12, 954-963. [CrossRef]

Hosseini, A.; Abdollahi, M.; Hassanzadeh, G.; Rezayat, M.; Hassani, S.; Pourkhalili, N.; Tabrizian, K.; Khorshidahmad, T.; Beyer,
C.; Sharifzadeh, M. Protective Effect of Magnesium-25 Carrying Porphyrin-Fullerene Nanoparticles on Degeneration of Dorsal
Root Ganglion Neurons and Motor Function in Experimental Diabetic Neuropathy. Basic Clin. Pharmacol. Toxicol. 2011, 109,
381-386. [CrossRef]

Debnath, S.K; Srivastava, R. Drug Delivery With Carbon-Based Nanomaterials as Versatile Nanocarriers: Progress and Prospects.
Front. Nanotechnol. 2021, 3, 644564. [CrossRef]

Pan, Y.; Sahoo, N.G.; Li, L. The Application of Graphene Oxide in Drug Delivery. Expert Opin. Drug Deliv. 2012, 9, 1365-1376.
[CrossRef] [PubMed]

Jihad, M.A.; Noori, ETM,; Jabir, M.S.; Albukhaty, S.; Almalki, F.A.; Alyamani, A.A. Polyethylene Glycol Functionalized Graphene
Oxide Nanoparticles Loaded with Nigella Sativa Extract: A Smart Antibacterial Therapeutic Drug Delivery System. Molecules
2021, 26, 3067. [CrossRef] [PubMed]

Pei, X.; Zhu, Z.; Gan, Z.; Chen, J.; Zhang, X.; Cheng, X.; Wan, Q.; Wang, J. PEGylated Nano-Graphene Oxide as a Nanocarrier for
Delivering Mixed Anticancer Drugs to Improve Anticancer Activity. Sci. Rep. 2020, 10, 2717. [CrossRef] [PubMed]

Mahani, M.; Pourrahmani-Sarbanani, M.; Yoosefian, M.; Divsar, F.; Mousavi, S.M.; Nomani, A. Doxorubicin Delivery to Breast
Cancer Cells with Transferrin-Targeted Carbon Quantum Dots: An in Vitro and in Silico Study. J. Drug Deliv. Sci. Technol. 2021,
62,102342. [CrossRef]

Su, W,; Guo, R;; Yuan, F; Li, Y;; Li, X.; Zhang, Y.; Zhou, S.; Fan, L. Red-Emissive Carbon Quantum Dots for Nuclear Drug Delivery
in Cancer Stem Cells. |. Phys. Chem. Lett. 2020, 11, 1357-1363. [CrossRef] [PubMed]

Xin, Q.; Shah, H.; Nawaz, A.; Xie, W.; Akram, M.Z.; Batool, A.; Tian, L.; Jan, S.U.; Boddula, R.; Guo, B.; et al. Antibacterial
Carbon-Based Nanomaterials. Adv. Mater. 2019, 31, e1804838. [CrossRef] [PubMed]

Al-Jumaili, A.; Alancherry, S.; Bazaka, K.; Jacob, M.V. Review on the Antimicrobial Properties of Carbon Nanostructures. Materials
2017, 10, 1066. [CrossRef] [PubMed]

Chai, S.; Zhou, L.; Pei, S.; Zhu, Z.; Chen, B. P-Doped Carbon Quantum Dots with Antibacterial Activity. Micromachines 2021,
12, 1116. [CrossRef]

Wu, L,; Gao, Y.; Zhao, C.; Huang, D.; Chen, W.; Lin, X; Liu, A,; Lin, L. Synthesis of Curcumin-Quaternized Carbon Quantum Dots
with Enhanced Broad-Spectrum Antibacterial Activity for Promoting Infected Wound Healing. Biomater. Adv. 2022, 133, 112608.
[CrossRef]

Jaworski, S.; Wierzbicki, M.; Sawosz, E.; Jung, A.; Gielerak, G.; Biernat, J.; Jaremek, H.; Lojkowski, W.; WozZniak, B.; Wojnarowicz,
J.; et al. Graphene Oxide-Based Nanocomposites Decorated with Silver Nanoparticles as an Antibacterial Agent. Nanoscale Res.
Lett. 2018, 13, 116. [CrossRef]


https://doi.org/10.1016/j.ijbiomac.2023.124078
https://www.ncbi.nlm.nih.gov/pubmed/36944378
https://doi.org/10.2174/187220809788700166
https://doi.org/10.3390/nano9121647
https://doi.org/10.3390/bios9020081
https://www.ncbi.nlm.nih.gov/pubmed/31234402
https://doi.org/10.1021/acsanm.9b01698
https://www.ncbi.nlm.nih.gov/pubmed/37869926
https://doi.org/10.2147/JIR.S386381
https://www.ncbi.nlm.nih.gov/pubmed/36643955
https://doi.org/10.1186/s12951-016-0159-z
https://www.ncbi.nlm.nih.gov/pubmed/26810232
https://doi.org/10.1007/s11427-021-2001-0
https://www.ncbi.nlm.nih.gov/pubmed/34735681
https://doi.org/10.1021/acsami.3c06188
https://doi.org/10.1007/978-3-031-28263-8_1
https://doi.org/10.1038/s41366-018-0016-2
https://doi.org/10.1093/toxres/tfad092
https://doi.org/10.1111/j.1742-7843.2011.00741.x
https://doi.org/10.3389/fnano.2021.644564
https://doi.org/10.1517/17425247.2012.729575
https://www.ncbi.nlm.nih.gov/pubmed/23005029
https://doi.org/10.3390/molecules26113067
https://www.ncbi.nlm.nih.gov/pubmed/34063773
https://doi.org/10.1038/s41598-020-59624-w
https://www.ncbi.nlm.nih.gov/pubmed/32066812
https://doi.org/10.1016/j.jddst.2021.102342
https://doi.org/10.1021/acs.jpclett.9b03891
https://www.ncbi.nlm.nih.gov/pubmed/32017568
https://doi.org/10.1002/adma.201804838
https://www.ncbi.nlm.nih.gov/pubmed/30379355
https://doi.org/10.3390/ma10091066
https://www.ncbi.nlm.nih.gov/pubmed/28892011
https://doi.org/10.3390/mi12091116
https://doi.org/10.1016/j.msec.2021.112608
https://doi.org/10.1186/s11671-018-2533-2

Molecules 2024, 29, 3482 76 of 83

502.

503.

504.

505.

506.

507.

508.

509.

510.

511.

512.

513.

514.

515.

516.

517.

518.

519.

520.

521.

522.

523.

524.

525.

Shao, W.; Liu, X.; Min, H.; Dong, G.; Feng, Q.; Zuo, S. Preparation, Characterization, and Antibacterial Activity of Silver
Nanoparticle-Decorated Graphene Oxide Nanocomposite. ACS Appl. Mater. Interfaces 2015, 7, 6966-6973. [CrossRef] [PubMed]
Robertson, C.G.; Hardman, N.J. Nature of Carbon Black Reinforcement of Rubber: Perspective on the Original Polymer
Nanocomposite. Polymers 2021, 13, 538. [CrossRef] [PubMed]

Kaliyathan, A.V.; Rane, A.V.; Huskic, M.; Kunaver, M.; Kalarikkal, N.; Rouxel, D.; Thomas, S. Influence of Carbon Black on Cure
Properties and Mechanical Strength of Natural Rubber/Butadiene Rubber Blends. J. Macromol. Sci. Part A Pure Appl. Chem. 2020,
58, 69-80. [CrossRef]

Talarico, D.; Cinti, S.; Arduini, F.; Amine, A.; Moscone, D.; Palleschi, G. Phosphate Detection through a Cost-Effective Carbon
Black Nanoparticle-Modified Screen-Printed Electrode Embedded in a Continuous Flow System. Environ. Sci. Technol. 2015, 49,
7934-7939. [CrossRef] [PubMed]

Xia, G.; Ye, J.; Zheng, Z.; Li, X.; Chen, C.; Hu, C. Catalytic FeP Decorated Carbon Black as a Multifunctional Conducting Additive
for High-Performance Lithium-Sulfur Batteries. Carbon 2021, 172, 96-105. [CrossRef]

Tiwari, S.K.; Mishra, R K.; Ha, S.K; Huczko, A. Evolution of Graphene Oxide and Graphene: From Imagination to Industrializa-
tion. ChemNanoMat 2018, 4, 598-620. [CrossRef]

Jifickova, A.; Jankovsky, O.; Sofer, Z.; Sedmidubsky, D. Synthesis and Applications of Graphene Oxide. Materials 2022, 15, 920.
[CrossRef] [PubMed]

Zhang, Z.; He, X.; Wang, X.; Rodrigues, A.M.; Zhang, R. Reinforcement of the Mechanical Properties in Nitrile Rubber by Adding
Graphene Oxide/Silicon Dioxide Hybrid Nanoparticles. J. Appl. Polym. Sci. 2018, 135, 46091. [CrossRef]

Jamnam, S.; Maho, B.; Techaphatthanakon, A.; Ruttanapun, C.; Aemlaor, P.; Zhang, H.; Sukontasukkul, P. Effect of Graphene
Oxide Nanoparticles on Blast Load Resistance of Steel Fiber Reinforced Concrete. Constr. Build. Mater. 2022, 343, 128139.
[CrossRef]

Chereddy, K.K.; Her, C.H.; Comune, M.; Moia, C.; Lopes, A.; Porporato, PE.; Vanacker, J.; Lam, M.C; Steinstraesser, L.; Sonveaux,
P; et al. PLGA Nanoparticles Loaded with Host Defense Peptide LL37 Promote Wound Healing. J. Control. Release 2014, 194,
138-147. [CrossRef] [PubMed]

Choudhary, V.; Shivakumar, H.; Ojha, H. Curcumin-Loaded Liposomes for Wound Healing: Preparation, Optimization, in-Vivo
Skin Permeation and Bioevaluation. J. Drug Deliv. Sci. Technol. 2019, 49, 683-691. [CrossRef]

Hou, B.; Qi, M.; Sun, ]J.; Ai, M.; Ma, X; Cai, W.; Zhou, Y.; Ni, L.; Hu, J.; Xu, E; et al. Preparation, Characterization and Wound
Healing Effect of Vaccarin-Chitosan Nanoparticles. Int. ]. Biol. Macromol. 2020, 165, 3169-3179. [CrossRef] [PubMed]

Hansson, G.C. Mucus and Mucins in Diseases of the Intestinal and Respiratory Tracts. J. Intern. Med. 2019, 285, 479-490.
[CrossRef] [PubMed]

Kumar, R.; Islam, T.; Nurunnabi, M. Mucoadhesive Carriers for Oral Drug Delivery. J. Control. Release 2022, 351, 504-559.
[CrossRef] [PubMed]

Ways, TM.M.; Lau, W.M.; Khutoryanskiy, V.V. Chitosan and Its Derivatives for Application in Mucoadhesive Drug Delivery
Systems. Polymers 2018, 10, 267. [CrossRef]

Maity, S.; Mukhopadhyay, P.; Kundu, P.P; Chakraborti, A.S. Alginate Coated Chitosan Core-Shell Nanoparticles for Efficient Oral
Delivery of Naringenin in Diabetic Animals—An in Vitro and in Vivo Approach. Carbohydr. Polym. 2017, 170, 124-132. [CrossRef]
Choudhary, M.; Chhabra, P; Tyagi, A.; Singh, H. Scar Free Healing of Full Thickness Diabetic Wounds: A Unique Combina-
tion of Silver Nanoparticles as Antimicrobial Agent, Calcium Alginate Nanoparticles as Hemostatic Agent, Fresh Blood as
Nutrient/Growth Factor Supplier and Chitosan as Base Matrix. Int. ]. Biol. Macromol. 2021, 178, 41-52. [CrossRef]

Narisepalli, S.; Salunkhe, S.A.; Chitkara, D.; Mittal, A. Asiaticoside Polymeric Nanoparticles for Effective Diabetic Wound Healing
through Increased Collagen Biosynthesis: In-Vitro and in-Vivo Evaluation. Int. ]. Pharm. 2023, 631, 122508. [CrossRef]
Chereddy, K.K.; Lopes, A.; Koussoroplis, S.; Payen, V.; Moia, C.; Zhu, H.; Sonveaux, P.; Carmeliet, P.; des Rieux, A.; Vandermeulen,
G.; et al. Combined Effects of PLGA and Vascular Endothelial Growth Factor Promote the Healing of Non-Diabetic and Diabetic
Wounds. Nanomedicine 2015, 11, 1975-1984. [CrossRef]

Sheir, M.M.; Nasra, M.M.A.; Abdallah, O.Y. Chitosan Alginate Nanoparticles as a Platform for the Treatment of Diabetic and
Non-Diabetic Pressure Ulcers: Formulation and in Vitro/in Vivo Evaluation. Int. |. Pharm. 2021, 607, 120963. [CrossRef] [PubMed]
Lopes Rocha Correa, V.; Assis Martins, J.; Ribeiro de Souza, T.; de Castro Nunes Rincon, G.; Pacheco Miguel, M.; Borges de
Menezes, L.; Correa Amaral, A. Melatonin Loaded Lecithin-Chitosan Nanoparticles Improved the Wound Healing in Diabetic
Rats. Int. |. Biol. Macromol. 2020, 162, 1465-1475. [CrossRef] [PubMed]

Panda, D.S.; Eid, HM.; Elkomy, M.H.; Khames, A.; Hassan, R.M.; Abo El-Ela, FI; Yassin, H.A. Berberine Encapsulated Lecithin-
Chitosan Nanoparticles as Innovative Wound Healing Agent in Type II Diabetes. Pharmaceutics 2021, 13, 1197. [CrossRef]
[PubMed]

Abd El-Hameed, A.M. Polydatin-Loaded Chitosan Nanoparticles Ameliorates Early Diabetic Nephropathy by Attenuating
Oxidative Stress and Inflammatory Responses in Streptozotocin-Induced Diabetic Rat. ]J. Diabetes Metab. Disord. 2020, 19,
1599-1607. [CrossRef] [PubMed]

Wardani, G.; Nugraha, J.; Mustafa, M.R.; Kurnijasanti, R.; Sudjarwo, S.A. Antioxidative Stress and Antiapoptosis Effect of
Chitosan Nanoparticles to Protect Cardiac Cell Damage on Streptozotocin-Induced Diabetic Rat. Oxid. Med. Cell Longev. 2022,
2022,3081397. [CrossRef] [PubMed]


https://doi.org/10.1021/acsami.5b00937
https://www.ncbi.nlm.nih.gov/pubmed/25762191
https://doi.org/10.3390/polym13040538
https://www.ncbi.nlm.nih.gov/pubmed/33673094
https://doi.org/10.1080/10601325.2020.1826329
https://doi.org/10.1021/acs.est.5b00218
https://www.ncbi.nlm.nih.gov/pubmed/26066782
https://doi.org/10.1016/j.carbon.2020.09.094
https://doi.org/10.1002/cnma.201800089
https://doi.org/10.3390/ma15030920
https://www.ncbi.nlm.nih.gov/pubmed/35160865
https://doi.org/10.1002/app.46091
https://doi.org/10.1016/j.conbuildmat.2022.128139
https://doi.org/10.1016/j.jconrel.2014.08.016
https://www.ncbi.nlm.nih.gov/pubmed/25173841
https://doi.org/10.1016/j.jddst.2018.12.008
https://doi.org/10.1016/j.ijbiomac.2020.10.182
https://www.ncbi.nlm.nih.gov/pubmed/33122060
https://doi.org/10.1111/joim.12910
https://www.ncbi.nlm.nih.gov/pubmed/30963635
https://doi.org/10.1016/j.jconrel.2022.09.024
https://www.ncbi.nlm.nih.gov/pubmed/36116580
https://doi.org/10.3390/polym10030267
https://doi.org/10.1016/j.carbpol.2017.04.066
https://doi.org/10.1016/j.ijbiomac.2021.02.133
https://doi.org/10.1016/j.ijpharm.2022.122508
https://doi.org/10.1016/j.nano.2015.07.006
https://doi.org/10.1016/j.ijpharm.2021.120963
https://www.ncbi.nlm.nih.gov/pubmed/34363919
https://doi.org/10.1016/j.ijbiomac.2020.08.027
https://www.ncbi.nlm.nih.gov/pubmed/32781118
https://doi.org/10.3390/pharmaceutics13081197
https://www.ncbi.nlm.nih.gov/pubmed/34452159
https://doi.org/10.1007/s40200-020-00699-7
https://www.ncbi.nlm.nih.gov/pubmed/33520856
https://doi.org/10.1155/2022/3081397
https://www.ncbi.nlm.nih.gov/pubmed/35509840

Molecules 2024, 29, 3482 77 of 83

526.

527.

528.

529.

530.

531.

532.

533.

534.

535.

536.

537.

538.

539.

540.

541.

542.

543.

544.

545.

546.

Abd El-Hameed, A.M.; Yousef, A.L; Abd El-Twab, S.M.; El-Shahawy, A.A.G.; Abdel-Moneim, A. Hepatoprotective Effects
of Polydatin-Loaded Chitosan Nanoparticles in Diabetic Rats: Modulation of Glucose Metabolism, Oxidative Stress, and
Inflammation Biomarkers. Biochemistry 2021, 86, 179-189. [CrossRef] [PubMed]

El-Dakroury, W.A.; Zewail, M.B.; Amin, M.M. Design, Optimization, and in-Vivo Performance of Glipizide-Loaded O-
Carboxymethyl Chitosan Nanoparticles in Insulin Resistant/Type 2 Diabetic Rat Model. ]. Drug Deliv. Sci. Technol. 2023,
79, 104040. [CrossRef]

Afshar, M.; Dini, G.; Vaezifar, S.; Mehdikhani, M.; Movahedi, B. Preparation and Characterization of Sodium Alginate/Polyvinyl
Alcohol Hydrogel Containing Drug-Loaded Chitosan Nanoparticles as a Drug Delivery System. J. Drug Deliv. Sci. Technol. 2020,
56, 101530. [CrossRef]

El-Alfy, E.A.; El-Bisi, M.K.; Taha, G.M.; Ibrahim, H.M. Preparation of Biocompatible Chitosan Nanoparticles Loaded by Tetracy-
cline, Gentamycin and Ciprofloxacin as Novel Drug Delivery System for Improvement the Antibacterial Properties of Cellulose
Based Fabrics. Int. ]. Biol. Macromol. 2020, 161, 1247-1260. [CrossRef]

Yu, A.; Shi, H.; Liu, H.; Bao, Z.; Dai, M.; Lin, D.; Lin, D.; Xu, X,; Li, X.; Wang, Y. Mucoadhesive Dexamethasone-Glycol Chitosan
Nanoparticles for Ophthalmic Drug Delivery. Int. ]. Pharm. 2020, 575, 118943. [CrossRef]

Song, X.; Wang, L.; Liu, T; Liu, Y,; Wu, X,; Liu, L. Mandarin (Citrus reticulata L.) Essential Oil Incorporated into Chitosan
Nanoparticles: Characterization, Anti-Biofilm Properties and Application in Pork Preservation. Int. . Biol. Macromol. 2021, 185,
620-628. [CrossRef] [PubMed]

Hu, X,; Saravanakumar, K.; Sathiyaseelan, A.; Wang, M.H. Chitosan Nanoparticles as Edible Surface Coating Agent to Preserve
the Fresh-Cut Bell Pepper (Capsicum annuum L. Var grossum (L.) Sendt). Int. ]. Biol. Macromol. 2020, 165, 948-957. [CrossRef]
[PubMed]

Tayel, A.A.; Elzahy, A.F.; Moussa, S.H.; Al-Saggaf, M.S.; Diab, A.M. Biopreservation of Shrimps Using Composed Edible Coatings
from Chitosan Nanoparticles and Cloves Extract. J. Food Qual. 2020, 2020, 8878452. [CrossRef]

Granata, G.; Stracquadanio, S.; Leonardi, M.; Napoli, E.; Malandrino, G.; Cafiso, V.; Stefani, S.; Geraci, C. Oregano and Thyme
Essential Oils Encapsulated in Chitosan Nanoparticles as Effective Antimicrobial Agents against Foodborne Pathogens. Molecules
2021, 26, 4055. [CrossRef]

Roy, S.; Rhim, J.W. Fabrication of Chitosan-Based Functional Nanocomposite Films: Effect of Quercetin-Loaded Chitosan
Nanoparticles. Food Hydrocoll. 2021, 121, 107065. [CrossRef]

Zhang, M.; Zheng, Y.; Jin, Y.; Wang, D.; Wang, G.; Zhang, X.; Li, Y,; Lee, S. Ag@MOF-Loaded p-Coumaric Acid Modified
Chitosan/Chitosan Nanoparticle and Polyvinyl Alcohol/Starch Bilayer Films for Food Packing Applications. Int. ]. Biol.
Macromol. 2022, 202, 80-90. [CrossRef] [PubMed]

Chai, Z.; Dong, H.; Sun, X,; Fan, Y.; Wang, Y.; Huang, F. Development of Glucose Oxidase-Immobilized Alginate Nanoparticles
for Enhanced Glucose-Triggered Insulin Delivery in Diabetic Mice. Int. J. Biol. Macromol. 2020, 159, 640-647. [CrossRef] [PubMed]
Wang, Y.; Karmakar, T.; Ghosh, N.; Basak, S.; Gopal Sahoo, N. Targeting Mangiferin Loaded N-Succinyl Chitosan-Alginate
Grafted Nanoparticles against Atherosclerosis—A Case Study against Diabetes Mediated Hyperlipidemia in Rat. Food Chem.
2022, 370, 131376. [CrossRef] [PubMed]

Yeerong, K.; Chantawannakul, P.; Anuchapreeda, S.; Juntrapirom, S.; Kanjanakawinkul, W.; Miillertz, A.; Rades, T.; Chaiyana,
W. Chitosan Alginate Nanoparticles of Protein Hydrolysate from Acheta Domesticus with Enhanced Stability for Skin Delivery.
Pharmaceutics 2024, 16, 724. [CrossRef]

De Silva, N.D.; Attanayake, A.P.; Karunaratne, D.N.; Arawwawala, L.D.A.M.; Pamunuwa, G.K. Synthesis and Bioactivity
Assessment of Coccinia grandis L. Extract Encapsulated Alginate Nanoparticles as an Antidiabetic Drug Lead. J. Microencapsul.
2024, 41, 1-17. [CrossRef]

Yoncheva, K.; Benbassat, N.; Zaharieva, M.M.; Dimitrova, L.; Kroumov, A.; Spassova, I.; Kovacheva, D.; Najdenski, H.M.
Improvement of the Antimicrobial Activity of Oregano Oil by Encapsulation in Chitosan-Alginate Nanoparticles. Molecules 2021,
26,7017. [CrossRef] [PubMed]

Santos, C.; de Aratjo Gongalves, M.; de Macedo, L.E; Torres, A.H.F.,; Marena, G.D.; Chorilli, M.; Trovatti, E. Green Nanotechnology
for the Development of Nanoparticles Based on Alginate Associated with Essential and Vegetable Oils for Application in Fruits
and Seeds Protection. Int. |. Biol. Macromol. 2023, 232, 123351. [CrossRef] [PubMed]

Osanloo, M.; Eskandari, Z.; Zarenezhad, E.; Qasemi, H.; Nematollahi, A. Studying the Microbial, Chemical, and Sensory
Characteristics of Shrimp Coated with Alginate Sodium Nanoparticles Containing Zataria Multiflora and Cuminum Cyminum
Essential Oils. Food Sci. Nutr. 2023, 11, 2823-2837. [CrossRef] [PubMed]

Cassano, R.; Trombino, S.; Curcio, E; Sole, R.; Calviello, G.; Serini, S. ROS-Responsive PLGA-NPs for Co-Delivery of DTX and
DHA for Colon Cancer Treatment. Int. |. Transl. Med. 2024, 4, 262-277. [CrossRef]

Kim, D.H.; Nguyen, T.N.; Han, YM.; Tran, P.; Rho, J.; Lee, ].Y.; Son, H.Y,; Park, ].S. Local Drug Delivery Using Poly(Lactic-Co-
Glycolic Acid) Nanoparticles in Thermosensitive Gels for Inner Ear Disease Treatment. Drug Deliv. 2021, 28, 2268-2277. [CrossRef]
[PubMed]

Bhattacharya, S. Fabrication of Poly(Sarcosine), Poly (Ethylene Glycol), and Poly (Lactic-Co-Glycolic Acid) Polymeric Nanoparti-
cles for Cancer Drug Delivery. |. Drug Deliv. Sci. Technol. 2021, 61, 102194. [CrossRef]


https://doi.org/10.1134/S0006297921020061
https://www.ncbi.nlm.nih.gov/pubmed/33832416
https://doi.org/10.1016/j.jddst.2022.104040
https://doi.org/10.1016/j.jddst.2020.101530
https://doi.org/10.1016/j.ijbiomac.2020.06.118
https://doi.org/10.1016/j.ijpharm.2019.118943
https://doi.org/10.1016/j.ijbiomac.2021.06.195
https://www.ncbi.nlm.nih.gov/pubmed/34216663
https://doi.org/10.1016/j.ijbiomac.2020.09.176
https://www.ncbi.nlm.nih.gov/pubmed/32991893
https://doi.org/10.1155/2020/8878452
https://doi.org/10.3390/molecules26134055
https://doi.org/10.1016/j.foodhyd.2021.107065
https://doi.org/10.1016/j.ijbiomac.2022.01.074
https://www.ncbi.nlm.nih.gov/pubmed/35038467
https://doi.org/10.1016/j.ijbiomac.2020.05.097
https://www.ncbi.nlm.nih.gov/pubmed/32428589
https://doi.org/10.1016/j.foodchem.2021.131376
https://www.ncbi.nlm.nih.gov/pubmed/34662793
https://doi.org/10.3390/pharmaceutics16060724
https://doi.org/10.1080/02652048.2023.2282964
https://doi.org/10.3390/molecules26227017
https://www.ncbi.nlm.nih.gov/pubmed/34834109
https://doi.org/10.1016/j.ijbiomac.2023.123351
https://www.ncbi.nlm.nih.gov/pubmed/36702229
https://doi.org/10.1002/fsn3.3261
https://www.ncbi.nlm.nih.gov/pubmed/37324854
https://doi.org/10.3390/ijtm4020016
https://doi.org/10.1080/10717544.2021.1992041
https://www.ncbi.nlm.nih.gov/pubmed/34668836
https://doi.org/10.1016/j.jddst.2020.102194

Molecules 2024, 29, 3482 78 of 83

547.

548.

549.

550.

551.

552.

553.

554.

555.

556.

557.

558.

559.

560.

561.

562.

563.

564.

565.

566.

567.

568.

569.

El-Hammadi, M.M.; Small-Howard, A.L.; Fernandez-Arévalo, M.; Martin-Banderas, L. Development of Enhanced Drug Delivery
Vehicles for Three Cannabis-Based Terpenes Using Poly(Lactic-Co-Glycolic Acid) Based Nanoparticles. Ind. Crop. Prod. 2021,
164, 113345. [CrossRef]

Choe, G.; Lee, M,; Oh, S.; Seok, ].M.; Kim, J.; Im, S.; Park, S.A_; Lee, ].Y. Three-Dimensional Bioprinting of Mesenchymal Stem
Cells Using an Osteoinductive Bioink Containing Alginate and BMP-2-Loaded PLGA Nanoparticles for Bone Tissue Engineering.
Biomater. Adv. 2022, 136, 212789. [CrossRef] [PubMed]

Wei, P; Xu, Y;; Gu, Y.; Yao, Q.; Li, J.; Wang, L. IGF-1-Releasing PLGA Nanoparticles Modified 3D Printed PCL Scaffolds for
Cartilage Tissue Engineering. Drug Deliv. 2020, 27, 1106-1114. [CrossRef]

Ghavimi, M.A.; Bani Shahabadi, A.; Jarolmasjed, S.; Memar, M.Y.; Maleki Dizaj, S.; Sharifi, S. Nanofibrous Asymmetric
Collagen/Curcumin Membrane Containing Aspirin-Loaded PLGA Nanoparticles for Guided Bone Regeneration. Sci. Rep. 2020,
10, 18200. [CrossRef]

Akolpoglu Basaran, D.D.; Giindiiz, U.; Tezcaner, A.; Keskin, D. Topical Delivery of Heparin from PLGA Nanoparticles Entrapped
in Nanofibers of Sericin/Gelatin Scaffolds for Wound Healing. Int. ]. Pharm. 2021, 597, 120207. [CrossRef] [PubMed]

Azzazy, HM.E.S.; Fahmy, S.A.; Mahdy, N.K.; Meselhy, M.R.; Bakowsky, U. Chitosan-Coated PLGA Nanoparticles Loaded
with Peganum Harmala Alkaloids with Promising Antibacterial and Wound Healing Activities. Nanomaterials 2021, 11, 2438.
[CrossRef] [PubMed]

Jaradat, A.; Macedo, M.H.; Sousa, F; Arkill, K.; Alexander, C.; Aylott, J.; Sarmento, B. Prediction of the Enhanced Insulin
Absorption across a Triple Co-Cultured Intestinal Model Using Mucus Penetrating PLGA Nanoparticles. Int. . Pharm. 2020,
585,119516. [CrossRef] [PubMed]

Laddha, U.D.; Kshirsagar, S.J. Formulation of PPAR-Gamma Agonist as Surface Modified PLGA Nanoparticles for Non-Invasive
Treatment of Diabetic Retinopathy: In Vitro and in Vivo Evidences. Heliyon 2020, 6, €04589. [CrossRef] [PubMed]

Wang, W.; Yu, C,; Zhang, F; Li, Y,; Zhang, B.; Huang, J.; Zhang, Z.; Jin, L. Improved Oral Delivery of Insulin by PLGA
Nanoparticles Coated with 53-Cholanic Acid Conjugated Glycol Chitosan. Biomed. Mater. 2021, 16, 064103. [CrossRef] [PubMed]
Zhang, Y.; Dong, Y.; Fu, H.; Huang, H.; Wu, Z.; Zhao, M.; Yang, X.; Guo, Q.; Duan, Y.; Sun, Y. Multifunctional Tumor-Targeted
PLGA Nanoparticles Delivering Pt(IV)/SiBIRC5 for US/MRI Imaging and Overcoming Ovarian Cancer Resistance. Biomaterials
2021, 269, 120478. [CrossRef] [PubMed]

Chauhan, M.; Sonali; Shekhar, S.; Yadav, B.; Garg, V.; Dutt, R.; Mehata, A K.; Goswami, P.; Koch, B.; Muthu, M.S,; et al. AS1411
Aptamer/RGD Dual Functionalized Theranostic Chitosan-PLGA Nanoparticles for Brain Cancer Treatment and Imaging. Biomater.
Adv. 2024, 160, 213833. [CrossRef] [PubMed]

Xia, Y.; Cao, K;; Jia, R.; Chen, X.; Wu, Y.; Wang, Y.; Cheng, Z.; Xia, H.; Xu, Y.; Xie, Z. Tetramethylpyrazine-Loaded Liposomes
Surrounded by Hydrogel Based on Sodium Alginate and Chitosan as a Multifunctional Drug Delivery System for Treatment of
Atopic Dermatitis. Eur. ]. Pharm. Sci. 2024, 193, 106680. [CrossRef] [PubMed]

Gu, H,; Chen, P; Liu, X,; Lian, Y,; Xi, ].; Li, J.; Song, J.; Li, X. Trimethylated Chitosan-Coated Flexible Liposomes with Resveratrol
for Topical Drug Delivery to Reduce Blue-Light-Induced Retinal Damage. Int. J. Biol. Macromol. 2023, 252, 126480. [CrossRef]
[PubMed]

Li, X,; Guan, S.; Li, H; Li, D.; Liu, D.; Wang, J.; Zhu, W.; Xing, G.; Yue, L.; Cai, D.; et al. Polysialic Acid-Functionalized Liposomes
for Efficient Honokiol Delivery to Inhibit Breast Cancer Growth and Metastasis. Drug Deliv. 2023, 30, 2181746. [CrossRef]
Taghizadeh, B.; Moradi, R.; Sobhani, B.; Mohammadpanah, H.; Behboodifar, S.; Golmohammadzadeh, S.; Chamani, J.; Maleki,
M.; Alizadeh, E.; Zarghami, N.; et al. Development of Nano-Liposomal Human Growth Hormone as a Topical Formulation for
Preventing Uvb-Induced Skin Damage. Int. |. Biol. Macromol. 2024, 265, 130641. [CrossRef] [PubMed]

Kakuda, L.; Maia Campos, PM.B.G.; Oliveira, W.P. Development and Efficacy Evaluation of Innovative Cosmetic Formulations
with Caryocar Brasiliense Fruit Pulp Oil Encapsulated in Freeze-Dried Liposomes. Pharmaceutics 2024, 16, 595. [CrossRef]
[PubMed]

Shu, G.; Xu, D.; Zhang, W.; Zhao, X.; Li, H.; Xu, F; Yin, L.; Peng, X.; Fu, H.; Chang, L.]; et al. Preparation of Shikonin Liposome and
Evaluation of Its in Vitro Antibacterial and in Vivo Infected Wound Healing Activity. Phytomedicine 2022, 99, 154035. [CrossRef]
[PubMed]

Ding, Q.; Ding, C.; Liu, X; Zheng, Y.; Zhao, Y.; Zhang, S.; Sun, S.; Peng, Z.; Liu, W. Preparation of Nanocomposite Membranes
Loaded with Taxifolin Liposome and Its Mechanism of Wound Healing in Diabetic Mice. Int. . Biol. Macromol. 2023, 241, 124537 .
[CrossRef] [PubMed]

Liu, X,; Li, Z,; Liu, L.; Hu, Y,; Xiong, Y.; Lu, Y,; Bie, F; Chen, S.; Zhou, E; Xu, Y,; et al. 3D-Printed Biomimetic Scaffold with
Liposome-Encapsulated SB431542 Promotes Scarless Wound Healing. J. Mater. Sci. Technol. 2024, 208, 38-52. [CrossRef]

Tu, Q.; Li, S;; Zeng, Z.; Liu, Y.; Wang, C.; Chen, S.; Hu, B.; Li, C. Cinnamon Essential Oil Liposomes Modified by Sodium
Alginate-Chitosan: Application in Chilled Pork Preservation. Int. J. Food Sci. Technol. 2023, 58, 939-953. [CrossRef]

Cui, H; Yang, M,; Shi, C; Li, C.; Lin, L. Application of Xanthan-Gum-Based Edible Coating Incorporated with Litsea Cubeba
Essential Oil Nanoliposomes in Salmon Preservation. Foods 2022, 11, 1535. [CrossRef] [PubMed]

Lu, S.; Tao, J.; Liu, X.; Wen, Z. Baicalin-Liposomes Loaded Polyvinyl Alcohol-Chitosan Electrospinning Nanofibrous Films:
Characterization, Antibacterial Properties and Preservation Effects on Mushrooms. Food Chem. 2022, 371, 131372. [CrossRef]
Arora, S.; Layek, B.; Singh, J. Design and Validation of Liposomal ApoE2 Gene Delivery System to Evade Blood-Brain Barrier for
Effective Treatment of Alzheimer’s Disease. Mol. Pharm. 2021, 18, 714-725. [CrossRef]


https://doi.org/10.1016/j.indcrop.2021.113345
https://doi.org/10.1016/j.bioadv.2022.212789
https://www.ncbi.nlm.nih.gov/pubmed/35929321
https://doi.org/10.1080/10717544.2020.1797239
https://doi.org/10.1038/s41598-020-75454-2
https://doi.org/10.1016/j.ijpharm.2021.120207
https://www.ncbi.nlm.nih.gov/pubmed/33524526
https://doi.org/10.3390/nano11092438
https://www.ncbi.nlm.nih.gov/pubmed/34578755
https://doi.org/10.1016/j.ijpharm.2020.119516
https://www.ncbi.nlm.nih.gov/pubmed/32525079
https://doi.org/10.1016/j.heliyon.2020.e04589
https://www.ncbi.nlm.nih.gov/pubmed/32832706
https://doi.org/10.1088/1748-605X/ac2a8c
https://www.ncbi.nlm.nih.gov/pubmed/34571498
https://doi.org/10.1016/j.biomaterials.2020.120478
https://www.ncbi.nlm.nih.gov/pubmed/33213862
https://doi.org/10.1016/j.bioadv.2024.213833
https://www.ncbi.nlm.nih.gov/pubmed/38564997
https://doi.org/10.1016/j.ejps.2023.106680
https://www.ncbi.nlm.nih.gov/pubmed/38128842
https://doi.org/10.1016/j.ijbiomac.2023.126480
https://www.ncbi.nlm.nih.gov/pubmed/37634770
https://doi.org/10.1080/10717544.2023.2181746
https://doi.org/10.1016/j.ijbiomac.2024.130641
https://www.ncbi.nlm.nih.gov/pubmed/38460623
https://doi.org/10.3390/pharmaceutics16050595
https://www.ncbi.nlm.nih.gov/pubmed/38794256
https://doi.org/10.1016/j.phymed.2022.154035
https://www.ncbi.nlm.nih.gov/pubmed/35286935
https://doi.org/10.1016/j.ijbiomac.2023.124537
https://www.ncbi.nlm.nih.gov/pubmed/37086765
https://doi.org/10.1016/j.jmst.2024.04.046
https://doi.org/10.1111/ijfs.16140
https://doi.org/10.3390/foods11111535
https://www.ncbi.nlm.nih.gov/pubmed/35681285
https://doi.org/10.1016/j.foodchem.2021.131372
https://doi.org/10.1021/acs.molpharmaceut.0c00461

Molecules 2024, 29, 3482 79 of 83

570.

571.

572.

573.

574.

575.

576.

577.

578.

579.

580.

581.

582.

583.

584.

585.

586.

587.

588.

589.

590.

591.

592.

593.

Wang, K.; Shang, E; Chen, D.; Cao, T.; Wang, X,; Jiao, J.; He, S.; Liang, X. Protein Liposomes-Mediated Targeted Acetyl-
cholinesterase Gene Delivery for Effective Liver Cancer Therapy. J. Nanobiotechnol. 2021, 19, 31. [CrossRef]
Zambrano-Zaragoza, M.L.; Quintanar-Guerrero, D.; Del Real, A.; Gonzalez-Reza, R.M.; Cornejo-Villegas, M.A.; Gutiérrez-Corte,
E. Effect of Nano-Edible Coating Based on Beeswax Solid Lipid Nanoparticles on Strawberry’s Preservation. Coatings 2020,
10, 253. [CrossRef]

Alanchari, M.; Mohammadi, M.; Yazdian, F; Ahangari, H.; Ahmadi, N.; Emam-Djomeh, Z.; Homayouni-Rad, A.; Ehsani,
A. Optimization and Antimicrobial Efficacy of Curcumin Loaded Solid Lipid Nanoparticles against Foodborne Bacteria in
Hamburger Patty. J. Food Sci. 2021, 86, 2242-2254. [CrossRef] [PubMed]

Liu, Y.; Wang, S.; Wu, J.; Qi, G.; Chen, G.; Li, H.; Wang, H. Photodynamic Inactivation Mediated by Curcumin Solid Lipid
Nanoparticles on Bacteria and Its Application for Fresh Carrot Juice. Food Bioprocess Technol. 2024, 17, 1294-1308. [CrossRef]
Ban, C.; Jo, M,; Park, Y.H.; Kim, ].H.; Han, ].Y.; Lee, KW.; Kweon, D.H.; Choi, Y.J. Enhancing the Oral Bioavailability of Curcumin
Using Solid Lipid Nanoparticles. Food Chem. 2020, 302, 125328. [CrossRef] [PubMed]

Gupta, T.; Singh, J.; Kaur, S.; Sandhu, S.; Singh, G.; Kaur, L.P. Enhancing Bioavailability and Stability of Curcumin Using Solid
Lipid Nanoparticles (CLEN): A Covenant for Its Effectiveness. Front. Bioeng. Biotechnol. 2020, 8, 879. [CrossRef] [PubMed]

He, X.L.; Yang, L.; Wang, Z.J.; Huang, R.Q.; Zhu, R.R.; Cheng, L.M. Solid Lipid Nanoparticles Loading with Curcumin and
Dexanabinol to Treat Major Depressive Disorder. Neural Regen. Res. 2021, 16, 537-542. [CrossRef] [PubMed]

Karamchedu, S.; Tunki, L.; Kulhari, H.; Pooja, D. Morin Hydrate Loaded Solid Lipid Nanoparticles: Characterization, Stability,
Anticancer Activity, and Bioavailability. Chem. Phys. Lipids 2020, 233, 104988. [CrossRef] [PubMed]

Jagdale, S.; Narwade, M.; Sheikh, A.; Md, S.; Salve, R.; Gajbhiye, V.; Kesharwani, P.; Gajbhiye, K.R. GLUT1 Transporter-Facilitated
Solid Lipid Nanoparticles Loaded with Anti-Cancer Therapeutics for Ovarian Cancer Targeting. Int. . Pharm. 2023, 637, 122894.
[CrossRef] [PubMed]

Affram, K.O.; Smith, T.; Ofori, E.; Krishnan, S.; Underwood, P; Trevino, ].G.; Agyare, E. Cytotoxic Effects of Gemcitabine-Loaded
Solid Lipid Nanoparticles in Pancreatic Cancer Cells. |. Drug Deliv. Sci. Technol. 2020, 55, 101374. [CrossRef]

Smith, T.; Affram, K.; Nottingham, E.L.; Han, B.; Amissah, F.; Krishnan, S.; Trevino, J.; Agyare, E. Application of Smart Solid Lipid
Nanoparticles to Enhance the Efficacy of 5-Fluorouracil in the Treatment of Colorectal Cancer. Sci. Rep. 2020, 10, 16989. [CrossRef]
Mostafa, E.S.; Maher, A.; Mostafa, D.A.; Gad, S.S.; Nawwar, M.A.M.; Swilam, N. A Unique Acylated Flavonol Glycoside from
Prunus persica (L.) Var. Florida Prince: A New Solid Lipid Nanoparticle Cosmeceutical Formulation for Skincare. Antioxidants
2021, 10, 436. [CrossRef] [PubMed]

Pereira, A.; Ramalho, M.].; Silva, R ; Silva, V.; Marques-Oliveira, R.; Silva, A.C.; Pereira, M.C.; Loureiro, ].A. Vine Cane Compounds
to Prevent Skin Cells Aging through Solid Lipid Nanoparticles. Pharmaceutics 2022, 14, 240. [CrossRef] [PubMed]

Rubiano, S.; Echeverri, ].D.; Salamanca, C.H. Solid Lipid Nanoparticles (SLNs) with Potential as Cosmetic Hair Formulations
Made from Otoba Wax and Ultrahigh Pressure Homogenization. Cosmetics 2020, 7, 42. [CrossRef]

Lee, Y.J.; Nam, G.W. Sunscreen Boosting Effect by Solid Lipid Nanoparticles-Loaded Fucoxanthin Formulation. Cosmetics 2020,
7,14. [CrossRef]

Albuquerque, L.EF,; Lins, EV,; Bispo, E.C.I;; Borges, E.N.; Silva, M.T.; Gratieri, T.; Cunha-Filho, M.; Alonso, A.; Carvalho, J.L.;
Saldanha-Araujo, E; et al. Ibrutinib Topical Delivery for Melanoma Treatment: The Effect of Nanostructured Lipid Carriers’
Composition on the Controlled Drug Skin Deposition. Colloids Surf. B Biointerfaces 2024, 237, 113875. [CrossRef] [PubMed]
Ahalwat, S.; Bhatt, D.C.; Rohilla, S.; Jogpal, V.; Sharma, K.; Virmani, T.; Kumar, G.; Alhalmi, A.; Alqgahtani, A.S.; Noman, O.M,;
et al. Mannose-Functionalized Isoniazid-Loaded Nanostructured Lipid Carriers for Pulmonary Delivery: In Vitro Prospects and
In Vivo Therapeutic Efficacy Assessment. Pharmaceuticals 2023, 16, 1108. [CrossRef] [PubMed]

Nicoleti, L.R.; Di Filippo, L.D.; Duarte, J.L.; Luiz, M.T.; Sdbio, R.M.; Chorilli, M. Development, Characterization and in Vitro
Cytotoxicity of Kaempferol-Loaded Nanostructured Lipid Carriers in Glioblastoma Multiforme Cells. Colloids Surf. B Biointerfaces
2023, 226, 113309. [CrossRef] [PubMed]

Varela-Fernandez, R.; Garcia-Otero, X.; Diaz-Tomé, V.; Regueiro, U.; Lépez-Lopez, M.; Gonzalez-Barcia, M.; Isabel Lema, M.;
Javier Otero-Espinar, F. Lactoferrin-Loaded Nanostructured Lipid Carriers (NLCs) as a New Formulation for Optimized Ocular
Drug Delivery. Eur. |. Pharm. Biopharm. 2022, 172, 144-156. [CrossRef] [PubMed]

Marathe, S.; Shadambikar, G.; Mehraj, T.; Sulochana, S.P.; Dudhipala, N.; Majumdar, S. Development of x-Tocopherol Succinate-
Based Nanostructured Lipid Carriers for Delivery of Paclitaxel. Pharmaceutics 2022, 14, 1034. [CrossRef]

Shaker, S.A.; Alshufta, S.M.; Gowayed, M.A.; El-Salamouni, N.S.; Bassam, S.M.; Megahed, M.A.; El-Tahan, R.A. Propolis-Loaded
Nanostructured Lipid Carriers Halt Breast Cancer Progression through MiRNA-223 Related Pathways: An in-Vitro/in-Vivo
Experiment. Sci. Rep. 2023, 13, 15752. [CrossRef]

Sherif, A.Y.; Harisa, G.I.; Shahba, A.A.; Alanazi, EK.; Qamar, W. Optimization of Gefitinib-Loaded Nanostructured Lipid Carrier
as a Biomedical Tool in the Treatment of Metastatic Lung Cancer. Molecules 2023, 28, 448. [CrossRef]

Sadeghzadeh, F; Motavalizadehkakhky, A.; Mehrzad, J.; Zhiani, R.; Homayouni Tabrizi, M. Folic Acid Conjugated-Chitosan
Modified Nanostructured Lipid Carriers as Promising Carriers for Delivery of Umbelliprenin to Cancer Cells: In Vivo and in
Vitro. Eur. Polym. ]. 2023, 186, 111849. [CrossRef]

Imran, M.; Iqubal, M.K; Imtiyaz, K.; Saleem, S.; Mittal, S.; Rizvi, M.M.A_; Ali, J.; Baboota, S. Topical Nanostructured Lipid Carrier
Gel of Quercetin and Resveratrol: Formulation, Optimization, in Vitro and Ex Vivo Study for the Treatment of Skin Cancer. Int. ].
Pharm. 2020, 587, 119705. [CrossRef] [PubMed]


https://doi.org/10.1186/s12951-021-00777-9
https://doi.org/10.3390/coatings10030253
https://doi.org/10.1111/1750-3841.15732
https://www.ncbi.nlm.nih.gov/pubmed/33931881
https://doi.org/10.1007/s11947-023-03199-7
https://doi.org/10.1016/j.foodchem.2019.125328
https://www.ncbi.nlm.nih.gov/pubmed/31404868
https://doi.org/10.3389/fbioe.2020.00879
https://www.ncbi.nlm.nih.gov/pubmed/33178666
https://doi.org/10.4103/1673-5374.293155
https://www.ncbi.nlm.nih.gov/pubmed/32985484
https://doi.org/10.1016/j.chemphyslip.2020.104988
https://www.ncbi.nlm.nih.gov/pubmed/33035545
https://doi.org/10.1016/j.ijpharm.2023.122894
https://www.ncbi.nlm.nih.gov/pubmed/36990168
https://doi.org/10.1016/j.jddst.2019.101374
https://doi.org/10.1038/s41598-020-73218-6
https://doi.org/10.3390/antiox10030436
https://www.ncbi.nlm.nih.gov/pubmed/33809166
https://doi.org/10.3390/pharmaceutics14020240
https://www.ncbi.nlm.nih.gov/pubmed/35213973
https://doi.org/10.3390/cosmetics7020042
https://doi.org/10.3390/cosmetics7010014
https://doi.org/10.1016/j.colsurfb.2024.113875
https://www.ncbi.nlm.nih.gov/pubmed/38547795
https://doi.org/10.3390/ph16081108
https://www.ncbi.nlm.nih.gov/pubmed/37631023
https://doi.org/10.1016/j.colsurfb.2023.113309
https://www.ncbi.nlm.nih.gov/pubmed/37054466
https://doi.org/10.1016/j.ejpb.2022.02.010
https://www.ncbi.nlm.nih.gov/pubmed/35183717
https://doi.org/10.3390/pharmaceutics14051034
https://doi.org/10.1038/s41598-023-42709-7
https://doi.org/10.3390/molecules28010448
https://doi.org/10.1016/j.eurpolymj.2023.111849
https://doi.org/10.1016/j.ijpharm.2020.119705
https://www.ncbi.nlm.nih.gov/pubmed/32738456

Molecules 2024, 29, 3482 80 of 83

594.

595.

596.

597.

598.

599.

600.

601.

602.

603.

604.

605.

606.

607.

608.

609.

610.

611.

612.

613.

614.

615.

616.

Chen, M.; Cui, Y,; Hao, W.; Fan, Y,; Zhang, J.; Liu, Q.; Jiang, M.; Yang, Y.; Wang, Y.; Gao, C. Ligand-Modified Homologous
Targeted Cancer Cell Membrane Biomimetic Nanostructured Lipid Carriers for Glioma Therapy. Drug Deliv. 2021, 28, 2241-2255.
[CrossRef] [PubMed]

Dini, AX.P; Costa, A.F; Favaro, WJ.; Duran, N. Safety Nanocosmetics: Triblock Copolymer Nanostructured Lipid Carriers and
Application on Hair Cosmetics. J. Phys. Conf. Ser. 2021, 1953, 012001. [CrossRef]

Ijaz, M.; Akhtar, N. Fatty Acids Based «-Tocopherol Loaded Nanostructured Lipid Carrier Gel: In Vitro and in Vivo Evaluation
for Moisturizing and Anti-Aging Effects. J. Cosmet. Dermatol. 2020, 19, 3067-3076. [CrossRef] [PubMed]

Atapour-Mashhad, H.; Tayarani-Najaran, Z.; Golmohammadzadeh, S. Preparation and Characterization of Novel Nanostructured
Lipid Carriers (NLC) and Solid Lipid Nanoparticles (SLN) Containing Coenzyme Q10 as Potent Antioxidants and Antityrosinase
Agents. Heliyon 2024, 10, e31429. [CrossRef] [PubMed]

Malekmohammadi, M.; Ghanbarzadeh, B.; Hanifian, S.; Samadi Kafil, H.; Gharekhani, M.; Falcone, PM. The Gelatin-Coated
Nanostructured Lipid Carrier (NLC) Containing Salvia Officinalis Extract: Optimization by Combined D-Optimal Design and Its
Application to Improve the Quality Parameters of Beef Burger. Foods 2023, 12, 3737. [CrossRef] [PubMed]

Talesh, A.A.; Amiri, S.; Radi, M.; Hosseinifarahi, M. Effect of Nanocomposite Alginate-Based Edible Coatings Containing
Thymol-Nanoemulsion and/or Thymol-Loaded Nanostructured Lipid Carriers on the Microbial and Physicochemical Properties
of Carrot. Int. J. Biol. Macromol. 2024, 129196. [CrossRef]

Radi, M.; Shadikhah, S.; Sayadi, M.; Kaveh, S.; Amiri, S.; Bagheri, F. Effect of Thymus vulgaris Essential Oil-Loaded Nanostructured
Lipid Carriers in Alginate-Based Edible Coating on the Postharvest Quality of Tangerine Fruit. Food Bioproc. Technol. 2023, 16,
185-198. [CrossRef]

Borhani, E.A.; Amiri, S.; Radi, M. The Effects of Alginate Coatings Containing Thymol in the Forms of Nanoemulsion and
Nanostructured Lipid Carriers on Microbial, Oxidation, and Physicochemical Qualities of Fresh Breast Chicken Meat. Food
Bioproc. Technol. 2024. [CrossRef]

Amin, H.; Osman, S.K.; Mohammed, A.M.; Zayed, G. Gefitinib-Loaded Starch Nanoparticles for Battling Lung Cancer: Optimiza-
tion by Full Factorial Design and in Vitro Cytotoxicity Evaluation. Saudi Pharm. J. 2023, 31, 29-54. [CrossRef] [PubMed]

Alzate, P.; Gerschenson, L.; Flores, S. Ultrasound Application for Production of Nano-Structured Particles from Esterified Starches
to Retain Potassium Sorbate. Carbohydr. Polym. 2020, 247, 116759. [CrossRef]

Ou, A.-T; Zhang, ].-X,; Fang, Y.-F.; Wang, R.; Tang, X.-P.; Zhao, P.-F,; Zhao, Y.-G.; Zhang, M.; Huang, Y.-Z. Disulfiram-Loaded
Lactoferrin Nanoparticles for Treating Inflammatory Diseases. Acta Pharmacol. Sin. 2021, 42, 1913-1920. [CrossRef] [PubMed]
Senapathi, J.; Bommakanti, A.; Mallepalli, S.; Mukhopadhyay, S.; Kondapi, A K. Sulfonate Modified Lactoferrin Nanoparticles as
Drug Carriers with Dual Activity against HIV-1. Colloids Surf. B Biointerfaces 2020, 191, 110979. [CrossRef] [PubMed]

Duarte, L.G.R.; Picone, C.S.F. Antimicrobial Activity of Lactoferrin-Chitosan-Gellan Nanoparticles and Their Influence on
Strawberry Preservation. Food Res. Int. 2022, 159, 111586. [CrossRef]

Ding, S.; Khan, A.L; Cai, X;; Song, Y.; Lyu, Z.; Du, D.; Dutta, P; Lin, Y. Overcoming Blood-Brain Barrier Transport: Advances in
Nanoparticle-Based Drug Delivery Strategies. Mater. Today 2020, 37, 112-125. [CrossRef] [PubMed]

Li, L.; Tan, L.; Zhang, Q.; Cheng, Y.; Liu, Y,; Li, R;; Hou, S. Nose-to-Brain Delivery of Self-Assembled Curcumin-Lactoferrin
Nanoparticles: Characterization, Neuroprotective Effect and in Vivo Pharmacokinetic Study. Front. Bioeng. Biotechnol. 2023,
11, 1168408. [CrossRef]

Teixeira, M.I,; Lopes, C.M.; Gongalves, H.; Catita, J.; Silva, A.M.; Rodrigues, F; Amaral, M.H.; Costa, P.C. Formulation,
Characterization, and Cytotoxicity Evaluation of Lactoferrin Functionalized Lipid Nanoparticles for Riluzole Delivery to the
Brain. Pharmaceutics 2022, 14, 185. [CrossRef]

Liu, Z.; Jiang, M.; Kang, T.; Miao, D.; Gu, G.; Song, Q.; Yao, L.; Hu, Q.; Tu, Y.; Pang, Z.; et al. Lactoferrin-Modified PEG-Co-PCL
Nanoparticles for Enhanced Brain Delivery of NAP Peptide Following Intranasal Administration. Biomaterials 2013, 34, 3870-3881.
[CrossRef]

Sachdeva, B.; Sachdeva, P; Negi, A.; Ghosh, S.; Han, S.; Dewanjee, S.; Jha, S.K.; Bhaskar, R.; Sinha, J.K.; Paiva-Santos, A.C.;
et al. Chitosan Nanoparticles-Based Cancer Drug Delivery: Application and Challenges. Mar. Drugs 2023, 21, 211. [CrossRef]
[PubMed]

Amin, H.; Amin, M.A.; Osman, S.K.; Mohammed, A.M.; Zayed, G. Chitosan Nanoparticles as a Smart Nanocarrier for Gefitinib
for Tackling Lung Cancer: Design of Experiment and in Vitro Cytotoxicity Study. Int. . Biol. Macromol. 2023, 246, 125638.
[CrossRef] [PubMed]

Chen, Q.; Jia, C.; Xu, Y,; Jiang, Z.; Hu, T.; Li, C.; Cheng, X. Dual-PH Responsive Chitosan Nanoparticles for Improving in Vivo
Drugs Delivery and Chemoresistance in Breast Cancer. Carbohydr. Polym. 2022, 290, 119518. [CrossRef] [PubMed]

Schick, J.; Ritchie, R.P; Restini, C. Breast Cancer Therapeutics and Biomarkers: Past, Present, and Future Approaches. Breast
Cancer 2021, 15, 1178223421995854. [CrossRef] [PubMed]

Kumar, R. Lipid-Based Nanoparticles for Drug-Delivery Systems. In Nanocarriers for Drug Delivery: Nanoscience and Nanotechnology
in Drug Delivery; Elsevier: Amsterdam, The Netherlands, 2019; pp. 249-284. [CrossRef]

Shariare, M.H.; Rahman, M.; Lubna, S.R;; Roy, R.S.; Abedin, J.; Marzan, A.L.; Altamimi, M.A.; Ahamad, S.R.; Ahmad, A.; Alanazi,
FK; et al. Liposomal Drug Delivery of Aphanamixis Polystachya Leaf Extracts and Its Neurobehavioral Activity in Mice Model.
Sci. Rep. 2020, 10, 6938. [CrossRef] [PubMed]


https://doi.org/10.1080/10717544.2021.1992038
https://www.ncbi.nlm.nih.gov/pubmed/34668811
https://doi.org/10.1088/1742-6596/1953/1/012001
https://doi.org/10.1111/jocd.13346
https://www.ncbi.nlm.nih.gov/pubmed/32129554
https://doi.org/10.1016/j.heliyon.2024.e31429
https://www.ncbi.nlm.nih.gov/pubmed/38882272
https://doi.org/10.3390/foods12203737
https://www.ncbi.nlm.nih.gov/pubmed/37893630
https://doi.org/10.1016/j.ijbiomac.2023.129196
https://doi.org/10.1007/s11947-022-02914-0
https://doi.org/10.1007/s11947-024-03417-w
https://doi.org/10.1016/j.jsps.2022.11.004
https://www.ncbi.nlm.nih.gov/pubmed/36685309
https://doi.org/10.1016/j.carbpol.2020.116759
https://doi.org/10.1038/s41401-021-00770-w
https://www.ncbi.nlm.nih.gov/pubmed/34561552
https://doi.org/10.1016/j.colsurfb.2020.110979
https://www.ncbi.nlm.nih.gov/pubmed/32276212
https://doi.org/10.1016/j.foodres.2022.111586
https://doi.org/10.1016/j.mattod.2020.02.001
https://www.ncbi.nlm.nih.gov/pubmed/33093794
https://doi.org/10.3389/fbioe.2023.1168408
https://doi.org/10.3390/pharmaceutics14010185
https://doi.org/10.1016/j.biomaterials.2013.02.003
https://doi.org/10.3390/md21040211
https://www.ncbi.nlm.nih.gov/pubmed/37103352
https://doi.org/10.1016/j.ijbiomac.2023.125638
https://www.ncbi.nlm.nih.gov/pubmed/37392910
https://doi.org/10.1016/j.carbpol.2022.119518
https://www.ncbi.nlm.nih.gov/pubmed/35550759
https://doi.org/10.1177/1178223421995854
https://www.ncbi.nlm.nih.gov/pubmed/33994789
https://doi.org/10.1016/B978-0-12-814033-8.00008-4
https://doi.org/10.1038/s41598-020-63894-9
https://www.ncbi.nlm.nih.gov/pubmed/32332809

Molecules 2024, 29, 3482 81 of 83

617.

618.

619.

620.

621.

622.

623.

624.

625.

626.

627.

628.

629.

630.

631.

632.

633.

634.

635.

636.

637.

638.

639.

640.

641.

Bhagwat, G.S.; Athawale, R.B.; Gude, R.P,; Md, S.; Alhakamy, N.A.; Fahmy, U.A.; Kesharwani, P. Formulation and Development
of Transferrin Targeted Solid Lipid Nanoparticles for Breast Cancer Therapy. Front. Pharmacol. 2020, 11, 614290. [CrossRef]
[PubMed]

Shehata, M.K,; Ismail, A.A.; Kamel, M.A. Nose to Brain Delivery of Astaxanthin-Loaded Nanostructured Lipid Carriers in Rat
Model of Alzheimer’s Disease: Preparation, in Vitro and in Vivo Evaluation. Int. |. Nanomed. 2023, 18, 1631-1658. [CrossRef]
Naik, J.B.; Pardeshi, S.R.; Patil, R.P;; Patil, P.B.; Mujumdar, A. Mucoadhesive Micro-/Nano Carriers in Ophthalmic Drug Delivery:
An Overview. Bionanoscience 2020, 10, 564-582. [CrossRef]

Garavand, F.; Cacciotti, I.; Vahedikia, N.; Rehman, A.; Tarhan, O.; Akbari-Alavijeh, S.; Shaddel, R.; Rashidinejad, A.; Nejatian, M.;
Jafarzadeh, S.; et al. A Comprehensive Review on the Nanocomposites Loaded with Chitosan Nanoparticles for Food Packaging.
Crit. Rev. Food Sci. Nutr. 2022, 62, 1383-1416. [CrossRef]

Piryaei, M.; Azimi, S. Preparation and Evaluation of Smart Food Packaging Films with Anthocyanin Sardasht Black Grape Based
on Astragalus Gummifer and Chitosan Nanoparticles. Int. . Biol. Macromol. 2024, 254, 127974. [CrossRef]

Amaregouda, Y.; Kamanna, K. Carboxymethyl Cellulose/Starch-Based Films Incorporating Chitosan Nanoparticles for Multi-
functional Food Packaging. Cellulose 2024, 31, 2413-2427. [CrossRef]

Wrona, M.; Cran, M.J.; Nerin, C.; Bigger, S.W. Development and Characterisation of HPMC Films Containing PLA Nanoparticles
Loaded with Green Tea Extract for Food Packaging Applications. Carbohydr. Polym. 2017, 156, 108-117. [CrossRef] [PubMed]
Mulla, M.Z.; Rahman, M.R.T.; Marcos, B.; Tiwari, B.; Pathania, S. Poly Lactic Acid (PLA) Nanocomposites: Effect of Inorganic
Nanoparticles Reinforcement on Its Performance and Food Packaging Applications. Molecules 2021, 26, 1967. [CrossRef] [PubMed]
Sepulveda, J.; Villegas, C.; Torres, A.; Vargas, E.; Rodriguez, F; Baltazar, S.; Prada, A.; Rojas, A.; Romero, ].; Faba, S.; et al. Effect of
Functionalized Silica Nanoparticles on the Mass Transfer Process in Active PLA Nanocomposite Films Obtained by Supercritical
Impregnation for Sustainable Food Packaging. J. Supercrit. Fluids 2020, 161, 104844. [CrossRef]

Laein, S.S.; Mohajer, E; Khanzadi, A.; Gheybi, F.; Azizzadeh, M.; Noori, S.M.A.; Mollaei, F; Hashemi, M. Effect of Alginate
Coating Activated by Solid Lipid Nanoparticles Containing Zataria Multiflora Essential Oil on Chicken Fillet’s Preservation. Food
Chem. 2024, 446, 138816. [CrossRef] [PubMed]

Katopodi, A.; Detsi, A. Solid Lipid Nanoparticles and Nanostructured Lipid Carriers of Natural Products as Promising Systems
for Their Bioactivity Enhancement: The Case of Essential Oils and Flavonoids. Colloids Surf. A Physicochem. Eng. Asp. 2021,
630, 127529. [CrossRef]

Duarte, L.G.R.; Ferreira, N.C.A.; Fiocco, A.C.T.R.; Picone, C.S.F. Lactoferrin-Chitosan-TPP Nanoparticles: Antibacterial Action
and Extension of Strawberry Shelf-Life. Food Bioproc. Technol. 2023, 16, 135-148. [CrossRef]

Ghosh, T.; Mondal, K.; Katiyar, V. Lipid Nanoparticles for Edible Food Packaging. In Materials Horizons: From Nature to
Nanomaterials; Springer: Singapore, 2021; pp. 191-213. [CrossRef]

Vakili-Ghartavol, M.; Arouiee, H.; Golmohammadzadeh, S.; Naseri, M.; Bandian, L. Edible Coatings Based on Solid Lipid
Nanoparticles Containing Essential Oil to Improve Antimicrobial Activity, Shelf-Life, and Quality of Strawberries. J. Stored Prod.
Res. 2024, 106, 102262. [CrossRef]

Li, S.; Chen, J.; Liu, Y.; Zheng, Q.; Tan, W.; Feng, X; Feng, K.; Hu, W. Application of Cinnamaldehyde Solid Lipid Nanoparticles in
Strawberry Preservation. Horticulturae 2023, 9, 607. [CrossRef]

Al-Moghazy, M.; El-sayed, H.S.; Salama, H.H.; Nada, A.A. Edible Packaging Coating of Encapsulated Thyme Essential Oil in
Liposomal Chitosan Emulsions to Improve the Shelf Life of Karish Cheese. Food Biosci. 2021, 43, 101230. [CrossRef]

Chen, P; Ference, C.; Sun, X,; Lin, Y,; Tan, L.; Zhong, T. Antimicrobial Efficacy of Liposome-Encapsulated Citral and Its Effect on
the Shelf Life of Shatangju Mandarin. J. Food Prot. 2020, 83, 1315-1322. [CrossRef] [PubMed]

Assali, M.; Zaid, A.N. Features, Applications, and Sustainability of Lipid Nanoparticles in Cosmeceuticals. Saudi Pharm. ]. 2022,
30, 53-65. [CrossRef] [PubMed]

Plyduang, T.; Atipairin, A.; Yoon, A.S.; Sermkaew, N.; Sakdiset, P.; Sawatdee, S. Formula Development of Red Palm (Elaeis
guineensis) Fruit Extract Loaded with Solid Lipid Nanoparticles Containing Creams and Its Anti-Aging Efficacy in Healthy
Volunteers. Cosmetics 2022, 9, 3. [CrossRef]

Sukhanova, A.; Bozrova, S.; Sokolov, P.; Berestovoy, M.; Karaulov, A.; Nabiev, I. Dependence of Nanoparticle Toxicity on Their
Physical and Chemical Properties. Nanoscale Res. Lett. 2018, 13, 44. [CrossRef] [PubMed]

Shin, S.W.; Song, I.H.; Um, S.H. Role of Physicochemical Properties in Nanoparticle Toxicity. Nanomaterials 2015, 5, 1351-1365.
[CrossRef] [PubMed]

Ferdous, Z.; Nemmar, A. Health Impact of Silver Nanoparticles: A Review of the Biodistribution and Toxicity Following Various
Routes of Exposure. Int. . Mol. Sci. 2020, 21, 2375. [CrossRef] [PubMed]

Asharani, P.V.; Wu, Y.L.; Gong, Z.; Valiyaveettil, S. Toxicity of Silver Nanoparticles in Zebrafish Models. Nanotechnology 2008,
19, 255102. [CrossRef] [PubMed]

Olugbodi, J.O.; Lawal, B.; Bako, G.; Onikanni, A.S.; Abolenin, S.M.; Mohammud, S.S.; Ataya, ES.; Batiha, G.E.S. Effect of
Sub-Dermal Exposure of Silver Nanoparticles on Hepatic, Renal and Cardiac Functions Accompanying Oxidative Damage in
Male Wistar Rats. Sci. Rep. 2023, 13, 10539. [CrossRef] [PubMed]

Chen, Y.S.; Hung, Y.C; Liau, I.; Huang, G.S. Assessment of the in Vivo Toxicity of Gold Nanoparticles. Nanoscale Res. Lett. 2009, 4,
858-864. [CrossRef]


https://doi.org/10.3389/fphar.2020.614290
https://www.ncbi.nlm.nih.gov/pubmed/33329007
https://doi.org/10.2147/IJN.S402447
https://doi.org/10.1007/s12668-020-00752-y
https://doi.org/10.1080/10408398.2020.1843133
https://doi.org/10.1016/j.ijbiomac.2023.127974
https://doi.org/10.1007/s10570-024-05753-8
https://doi.org/10.1016/j.carbpol.2016.08.094
https://www.ncbi.nlm.nih.gov/pubmed/27842804
https://doi.org/10.3390/molecules26071967
https://www.ncbi.nlm.nih.gov/pubmed/33807351
https://doi.org/10.1016/j.supflu.2020.104844
https://doi.org/10.1016/j.foodchem.2024.138816
https://www.ncbi.nlm.nih.gov/pubmed/38422646
https://doi.org/10.1016/j.colsurfa.2021.127529
https://doi.org/10.1007/s11947-022-02927-9
https://doi.org/10.1007/978-981-33-6169-0_7
https://doi.org/10.1016/j.jspr.2024.102262
https://doi.org/10.3390/horticulturae9050607
https://doi.org/10.1016/j.fbio.2021.101230
https://doi.org/10.4315/JFP-20-115
https://www.ncbi.nlm.nih.gov/pubmed/32294203
https://doi.org/10.1016/j.jsps.2021.12.018
https://www.ncbi.nlm.nih.gov/pubmed/35241963
https://doi.org/10.3390/cosmetics9010003
https://doi.org/10.1186/s11671-018-2457-x
https://www.ncbi.nlm.nih.gov/pubmed/29417375
https://doi.org/10.3390/nano5031351
https://www.ncbi.nlm.nih.gov/pubmed/28347068
https://doi.org/10.3390/ijms21072375
https://www.ncbi.nlm.nih.gov/pubmed/32235542
https://doi.org/10.1088/0957-4484/19/25/255102
https://www.ncbi.nlm.nih.gov/pubmed/21828644
https://doi.org/10.1038/s41598-023-37178-x
https://www.ncbi.nlm.nih.gov/pubmed/37386048
https://doi.org/10.1007/s11671-009-9334-6

Molecules 2024, 29, 3482 82 of 83

642.

643.

644.

645.

646.

647.

648.

649.

650.

651.

652.

653.

654.

655.

656.

657.

658.

659.

660.

661.

662.

663.

664.

665.

666.

Tiwari, D.K,; Jin, T.; Behari, ]. Dose-Dependent in-Vivo Toxicity Assessment of Silver Nanoparticle in Wistar Rats. Toxicol. Mech.
Methods 2011, 21, 13-24. [CrossRef]

Ali, S.A.; Rizk, M.Z.; Hamed, M.A.; Aboul-Ela, E.I; El-Rigal, N.S.; Aly, H.F.; Abdel-Hamid, A.H.Z. Assessment of Titanium
Dioxide Nanoparticles Toxicity via Oral Exposure in Mice: Effect of Dose and Particle Size. Biomarkers 2019, 24, 492—-498. [CrossRef]
[PubMed]

Mohammad, F.; Bwatanglang, I.B.; Al-Lohedan, H.A.; Shaik, J.P.; Al-Tilasi, H.H.; Soleiman, A.A. Influence of Surface Coating
towards the Controlled Toxicity of ZnO Nanoparticles In Vitro. Coatings 2023, 13, 172. [CrossRef]

Malhotra, N.; Lee, ].S.; Liman, R.A.D.; Ruallo, ].M.S.; Villaflore, O.B.; Ger, T.R.; Hsiao, C. Der Potential Toxicity of Iron Oxide
Magnetic Nanoparticles: A Review. Molecules 2020, 25, 3159. [CrossRef] [PubMed]

Donmez Giingtines, C.; Seker, $.; Elcin, A.E.; Elgin, YM. A Comparative Study on the in Vitro Cytotoxic Responses of Two
Mammalian Cell Types to Fullerenes, Carbon Nanotubes and Iron Oxide Nanoparticles. Drug Chem. Toxicol. 2017, 40, 215-227.
[CrossRef] [PubMed]

Al Alalag, M.A.; Al-Hadedee, L.T.; Alrubeii, A.M.S. Effect of Iron Oxide Nanoparticles Prepared by Chemical Method on the
Kidneys, Liver and Brain of Male Mice. IOP Conf. Ser. Earth Environ. Sci. 2023, 1252, 012132. [CrossRef]

Abakumov, M.A ; Semkina, A.S.; Skorikov, A.S.; Vishnevskiy, D.A.; Ivanova, A.V.; Mironova, E.; Davydova, G.A.; Majouga,
A.G.; Chekhonin, V.P. Toxicity of Iron Oxide Nanoparticles: Size and Coating Effects. J. Biochem. Mol. Toxicol. 2018, 32, €22225.
[CrossRef] [PubMed]

Madannejad, R.; Shoaie, N.; Jahanpeyma, E; Darvishi, M.H.; Azimzadeh, M.; Javadi, H. Toxicity of Carbon-Based Nanomaterials:
Reviewing Recent Reports in Medical and Biological Systems. Chem. Biol. Interact. 2019, 307, 206-222. [CrossRef] [PubMed]
Chiticaru, E.A.; Ionita, M. Graphene Toxicity and Future Perspectives in Healthcare and Biomedicine. FlatChem 2022, 35, 100417.
[CrossRef]

Jia, PP; Sun, T,; Junaid, M.; Yang, L.; Ma, Y.B.; Cui, Z.S.; Wei, D.P; Shi, H.F,; Pei, D.S. Nanotoxicity of Different Sizes of Graphene
(G) and Graphene Oxide (GO) in Vitro and in Vivo. Environ. Pollut. 2019, 247, 595-606. [CrossRef]

Ghosh, S.; Chatterjee, K. Poly(Ethylene Glycol) Functionalized Graphene Oxide in Tissue Engineering: A Review on Recent
Advances. Int. J. Nanomed. 2020, 15, 5991-6006. [CrossRef]

Kazempour, M.; Namazi, H.; Akbarzadeh, A.; Kabiri, R. Synthesis and Characterization of PEG-Functionalized Graphene Oxide
as an Effective PH-Sensitive Drug Carrier. Artif. Cells Nanomed. Biotechnol. 2019, 47, 90-94. [CrossRef] [PubMed]

Isakovic, A.; Markovic, Z.; Todorovic-Marcovic, B.; Nikolic, N.; Vranjes-Djuric, S.; Mirkovic, M.; Dramicanin, M.; Harhaji, L.;
Raicevic, N.; Nikolic, Z.; et al. Distinct Cytotoxic Mechanisms of Pristine versus Hydroxylated Fullerene. Toxicol. Sci. 2006, 91,
173-183. [CrossRef]

Tkaczyk, A.; Bownik, A.; Dudka, J.; Kowal, K,; Slaska, B. Daphnia Magna Model in the Toxicity Assessment of Pharmaceuticals:
A Review. Sci. Total Environ. 2021, 763, 143038. [CrossRef] [PubMed]

Lovern, S5.B.; Klaper, R. Daphnia Magna Mortality When Exposed to Titanium Dioxide and Fullerene (Cgp) Nanoparticles. Environ.
Toxicol. Chem. 2006, 25, 1132-1137. [CrossRef] [PubMed]

Wang, P; Huang, B.; Chen, Z.; Lv, X,; Qian, W.; Zhu, X; Li, B.; Wang, Z.; Cai, Z. Behavioural and Chronic Toxicity of Fullerene to
Daphnia Magna: Mechanisms Revealed by Transcriptomic Analysis. Environ. Pollut. 2019, 255, 113181. [CrossRef]

Lv, X;; Huang, B.; Zhu, X,; Jiang, Y.; Chen, B; Tao, Y.; Zhou, J.; Cai, Z. Mechanisms Underlying the Acute Toxicity of Fullerene to
Daphnia Magna: Energy Acquisition Restriction and Oxidative Stress. Water Res. 2017, 123, 696-703. [CrossRef]
Pesado-Gémez, C.; Serrano-Garcia, J.S.; Amaya-Florez, A.; Pesado-Gémez, G.; Soto-Contreras, A.; Morales-Morales, D.; Colorado-
Peralta, R. Fullerenes: Historical Background, Novel Biological Activities versus Possible Health Risks. Coord. Chem. Rev. 2024,
501, 215550. [CrossRef]

Aschberger, K.; Johnston, H.]J.; Stone, V.; Aitken, R.].; Tran, C.L.; Hankin, S.M.; Peters, S.A K.; Christensen, EM. Review of
Fullerene Toxicity and Exposure—Appraisal of a Human Health Risk Assessment, Based on Open Literature. Regul. Toxicol.
Pharmacol. 2010, 58, 455-473. [CrossRef]

Pikula, K.; Johari, S.A.; Santos-Oliveira, R.; Golokhvast, K. The Comparative Toxic Impact Assessment of Carbon Nanotubes,
Fullerene, Graphene, and Graphene Oxide on Marine Microalgae Porphyridium Purpureum. Toxics 2023, 11, 491. [CrossRef]
Pikula, K.; Johari, S.A.; Santos-Oliveira, R.; Golokhvast, K. Toxicity and Biotransformation of Carbon-Based Nanomaterials in
Marine Microalgae Heterosigma Akashiwo. Int. . Mol. Sci. 2023, 24, 10020. [CrossRef]

Zhang, J.; Li, X.; Cheng, W.; Li, Y.; Shi, T.; Jiang, Y.; Wang, T.; Wang, H.; Ren, D.; Zhang, R.; et al. Chronic Carbon Black
Nanoparticles Exposure Increases Lung Cancer Risk by Affecting the Cell Cycle via Circulatory Inflammation. Environ. Pollut.
2022, 305, 119293. [CrossRef] [PubMed]

Boland, S.; Hussain, S.; Baeza-Squiban, A. Carbon Black and Titanium Dioxide Nanoparticles Induce Distinct Molecular
Mechanisms of Toxicity. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2014, 6, 641-652. [CrossRef] [PubMed]

Vesterdal, L.K.; Mikkelsen, L.; Folkmann, ]J.K.; Sheykhzade, M.; Cao, Y.; Roursgaard, M.; Loft, S.; Meller, P. Carbon Black
Nanoparticles and Vascular Dysfunction in Cultured Endothelial Cells and Artery Segments. Toxicol. Lett. 2012, 214, 19-26.
[CrossRef] [PubMed]

Ma, ].; Guo, A,; Wang, S.; Man, S.; Zhang, Y.; Liu, S.; Liu, Y. From the Lung to the Knee Joint: Toxicity Evaluation of Carbon Black
Nanoparticles on Macrophages and Chondrocytes. J. Hazard. Mater. 2018, 353, 329-339. [CrossRef] [PubMed]


https://doi.org/10.3109/15376516.2010.529184
https://doi.org/10.1080/1354750X.2019.1620336
https://www.ncbi.nlm.nih.gov/pubmed/31099265
https://doi.org/10.3390/coatings13010172
https://doi.org/10.3390/molecules25143159
https://www.ncbi.nlm.nih.gov/pubmed/32664325
https://doi.org/10.1080/01480545.2016.1199563
https://www.ncbi.nlm.nih.gov/pubmed/27424666
https://doi.org/10.1088/1755-1315/1252/1/012132
https://doi.org/10.1002/jbt.22225
https://www.ncbi.nlm.nih.gov/pubmed/30290022
https://doi.org/10.1016/j.cbi.2019.04.036
https://www.ncbi.nlm.nih.gov/pubmed/31054282
https://doi.org/10.1016/j.flatc.2022.100417
https://doi.org/10.1016/j.envpol.2019.01.072
https://doi.org/10.2147/IJN.S249717
https://doi.org/10.1080/21691401.2018.1543196
https://www.ncbi.nlm.nih.gov/pubmed/30663418
https://doi.org/10.1093/toxsci/kfj127
https://doi.org/10.1016/j.scitotenv.2020.143038
https://www.ncbi.nlm.nih.gov/pubmed/33127157
https://doi.org/10.1897/05-278R.1
https://www.ncbi.nlm.nih.gov/pubmed/16629153
https://doi.org/10.1016/j.envpol.2019.113181
https://doi.org/10.1016/j.watres.2017.07.023
https://doi.org/10.1016/j.ccr.2023.215550
https://doi.org/10.1016/j.yrtph.2010.08.017
https://doi.org/10.3390/toxics11060491
https://doi.org/10.3390/ijms241210020
https://doi.org/10.1016/j.envpol.2022.119293
https://www.ncbi.nlm.nih.gov/pubmed/35421554
https://doi.org/10.1002/wnan.1302
https://www.ncbi.nlm.nih.gov/pubmed/25266826
https://doi.org/10.1016/j.toxlet.2012.07.022
https://www.ncbi.nlm.nih.gov/pubmed/22885096
https://doi.org/10.1016/j.jhazmat.2018.04.025
https://www.ncbi.nlm.nih.gov/pubmed/29680691

Molecules 2024, 29, 3482 83 of 83

667.

668.

669.

670.

671.

672.

673.

674.

675.

676.

677.

678.

679.
680.

681.

Sun, Y.; Zhang, M.; Bhandari, B.; Yang, C. Recent Development of Carbon Quantum Dots: Biological Toxicity, Antibacterial
Properties and Application in Foods. Food Rev. Int. 2022, 38, 1513-1532. [CrossRef]

Chen, J.; Sun, D.; Cui, H; Rao, C.; Li, L.; Guo, S.; Yang, S.; Zhang, Y.; Cao, X. Toxic Effects of Carbon Quantum Dots on the
Gut-Liver Axis and Gut Microbiota in the Common Carp Cyprinus Carpio. Environ. Sci. Nano 2022, 9, 173-188. [CrossRef]

Yao, K.; Lv, X,; Zheng, G.; Chen, Z; Jiang, Y.; Zhu, X.; Wang, Z.; Cai, Z. Effects of Carbon Quantum Dots on Aquatic Environments:
Comparison of Toxicity to Organisms at Different Trophic Levels. Environ. Sci. Technol. 2018, 52, 14445-14451. [CrossRef]
[PubMed]

Qiang, S.; Zhang, L.; Li, Z,; Liang, J.; Li, P.; Song, J.; Guo, K.; Wang, Z.; Fan, Q. New Insights into the Cellular Toxicity of Carbon
Quantum Dots to Escherichia coli. Antioxidants 2022, 11, 2475. [CrossRef] [PubMed]

Singh, V.; Kashyap, S.; Yadav, U.; Srivastava, A.; Singh, A.V,; Singh, RK.; Singh, S.K.; Saxena, P.S. Nitrogen Doped Carbon
Quantum Dots Demonstrate No Toxicity under in Vitro Conditions in a Cervical Cell Line and in Vivo in Swiss Albino Mice.
Toxicol. Res. 2019, 8, 395-406. [CrossRef]

Zhang, S.; Pei, X,; Xue, Y.; Xiong, ].; Wang, J. Bio-Safety Assessment of Carbon Quantum Dots, N-Doped and Folic Acid Modified
Carbon Quantum Dots: A Systemic Comparison. Chin. Chem. Lett. 2020, 31, 1654-1659. [CrossRef]

McClements, D.J.; Xiao, H. Is Nano Safe in Foods? Establishing the Factors Impacting the Gastrointestinal Fate and Toxicity of
Organic and Inorganic Food-Grade Nanoparticles. NPJ Sci. Food 2017, 1, 6. [CrossRef] [PubMed]

Rizeq, B.R.; Younes, N.N.; Rasool, K.; Nasrallah, G.K. Synthesis, Bioapplications, and Toxicity Evaluation of Chitosan-Based
Nanoparticles. Int. J. Mol. Sci. 2019, 20, 5776. [CrossRef]

Zoe, L.H,; David, S.R.; Rajabalaya, R. Chitosan Nanoparticle Toxicity: A Comprehensive Literature Review of in Vivo and in Vitro
Assessments for Medical Applications. Toxicol. Rep. 2023, 11, 83-106. [CrossRef] [PubMed]

Silva, A.H.; Locatelli, C.; Filippin-Monteiro, FE.B.; Zanetti-Ramos, B.G.; Conte, A.; Creczynski-Pasa, T.B. Solid Lipid Nanoparticles
Induced Hematological Changes and Inflammatory Response in Mice. Nanotoxicology 2014, 8, 212-219. [CrossRef] [PubMed]
Huang, YW.; Cambre, M.; Lee, H.J. The Toxicity of Nanoparticles Depends on Multiple Molecular and Physicochemical
Mechanisms. Int. ]. Mol. Sci. 2017, 18, 2702. [CrossRef] [PubMed]

Fang, F; Li, M.; Zhang, |.; Lee, C.S. Different Strategies for Organic Nanoparticle Preparation in Biomedicine. ACS Mater. Lett.
2020, 2, 531-549. [CrossRef]

Wang, Z.L. Characterization of Nanophase Materials; Wiley-VCH: Weinheim, Germany, 2000; ISBN 3527298371.

Hoshyar, N.; Gray, S.; Han, H.; Bao, G. The Effect of Nanoparticle Size on in Vivo Pharmacokinetics and Cellular Interaction.
Nanomedicine 2016, 11, 673-692. [CrossRef]

Mukherjee, B.; Dey, N.S.; Maji, R.; Bhowmik, P,; Das, P.J.; Paul, P. Current Status and Future Scope for Nanomaterials in Drug
Delivery. In Application of Nanotechnology in Drug Delivery; IntechOpen: Rijeka, Croatia, 2014. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1080/87559129.2020.1818255
https://doi.org/10.1039/D1EN00651G
https://doi.org/10.1021/acs.est.8b04235
https://www.ncbi.nlm.nih.gov/pubmed/30486644
https://doi.org/10.3390/antiox11122475
https://www.ncbi.nlm.nih.gov/pubmed/36552683
https://doi.org/10.1039/C8TX00260F
https://doi.org/10.1016/j.cclet.2019.09.018
https://doi.org/10.1038/s41538-017-0005-1
https://www.ncbi.nlm.nih.gov/pubmed/31304248
https://doi.org/10.3390/ijms20225776
https://doi.org/10.1016/j.toxrep.2023.06.012
https://www.ncbi.nlm.nih.gov/pubmed/38187113
https://doi.org/10.3109/17435390.2013.782076
https://www.ncbi.nlm.nih.gov/pubmed/23451884
https://doi.org/10.3390/ijms18122702
https://www.ncbi.nlm.nih.gov/pubmed/29236059
https://doi.org/10.1021/acsmaterialslett.0c00078
https://doi.org/10.2217/nnm.16.5
https://doi.org/10.5772/58450

	Introduction 
	Classification of NPs 
	Inorganic NPs 
	Magnetic NPs 
	Ceramic NPs 
	Semiconductor NPs 

	Carbon-Based NPs 
	Graphene 
	Fullerenes 
	Carbon Black NPs 
	Carbon Quantum Dots 

	Organic NPs 
	Polymeric NPs 
	Lipid-Based NPs 
	Carbohydrate NPs 


	Applications of Nanoparticles Based on Their Classification 
	Inorganic NP Applications 
	Antibacterial Application of Inorganic Nanoparticles 
	Inorganic Nanoparticles in Drug Delivery Systems 
	Inorganic Nanoparticles in Food Packaging and Preservation 
	Inorganic Nanoparticles in Cosmetics 

	Carbon-Based NP Applications 
	Carbon-Based NPs in Tissue Engineering 
	Carbon-Based NPs in Antitumor and Cancer Research 
	Carbon-Based NPs’ Antioxidant Activity and Cosmetic Applications 
	Carbon-Based NPs’ Anti-Inflammatory Activity 
	Carbon-Based NPs in Diabetes 
	Carbon-Based NPs in Drug Delivery Systems 
	Carbon-Based NPs in Antibacterial Research 
	Carbon-Based NPs in Industrial Applications 

	Organic NP Applications 
	Organic NPs in Wound Healing Applications 
	Organic NPs in Diabetic Research 
	Organic NPs in Drug Delivery Systems 
	Organic NPs in Food Packaging and Food Preservation Applications 
	Organic NPs in Cosmetics 


	Toxicity 
	Conclusions 
	References

