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Preface

The significance of nanoparticles in the realms of science and technology is growing, leading to

breakthroughs across diverse fields such as medicine, electronics, energy, and environmental science.

In the medical field, nanoparticles are employed in targeted drug delivery systems, enabling the

direct treatment of diseased cells while reducing harm to healthy ones, thereby enhancing therapeutic

results. In electronics, they facilitate the creation of smaller, more efficient, and more potent devices.

In the energy sector, nanoparticles aid in the development of more effective solar cells and batteries

with improved storage capacities. Furthermore, in environmental applications, they are utilized for

pollution control and water purification, demonstrating their adaptability and usefulness in tackling

some of the world’s most urgent challenges. In this reprint, we meticulously chose contributions that

cover all these crucial aspects of advanced nanoparticle applications.

The aim of this reprint is to capture some of the current trends in nanoparticle research focus

on the correlation between nanoparticle morphology and function. For instance, the asymmetry

of Janus nanoparticles gives them amphiphilic properties and the ability to partition at interfaces,

self-assemble into superstructures, emulsify, or act as unidirectional nanomotors, among other things.

However, there are countless other examples of functionality that stem from the morphological design

of the nanoparticles, such as in nanoparticle catalysis, in drug delivery systems, or for nanoparticles

used as technology facilitators for designing nanostructured materials, interfaces, and composites.

This compilation of articles, bound in the book titled “Morphological Design and Synthesis of

Nanoparticles,” aims to provide a snapshot of the latest developments in the synthetic strategies

of nanoparticles with unique morphologies that grant them special functions, covering a wide range

of applications, from biology to catalysis, optoelectronics, and beyond. This collection of articles

is committed to advancing the synthetic strategies of uniquely shaped nanoparticles, the design

of materials derived from the use of functional nanoparticles, the physicochemical investigation of

phenomena resulting from such nanoparticles, devices incorporating these nanoparticles as active

components, and new applications.

This reprint is addressed to a broad audience that includes chemists, environmental scientists,

and biologist but also students of science curricula interested in the latest developments of

nanoparticles and their potential uses.

The editors express their gratitude to all the authors that contributed their work to this collection

and for the great help and support from the assistant editors and staff of MDPI.

Andrei Honciuc and Mirela Honciuc

Editors
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Morphological Design and Synthesis of Nanoparticles
Mirela Honciuc * and Andrei Honciuc *

“Petru Poni” Institute of Macromolecular Chemistry, Gr. Ghica Voda Alley 41A, 700487 Iasi, Romania
* Correspondence: teodorescu.mirela@icmpp.ro (M.H.); honciuc.andrei@icmpp.ro (A.H.)

Nanoparticles are particles with dimensions measured in nanometers, and exist at
a scale where the physical, chemical, and biological properties of materials can differ
significantly from those at a larger scale. Their unique characteristics are not merely due to
their small size, but also arise from their high surface area to volume ratio, quantum effects,
and the specific arrangements of their atoms.

The importance of nanoparticles in science and technology cannot be overstated, with
numerous advancements being made across a wide array of disciplines, including medicine,
electronics, energy, and environmental science. In medicine, nanoparticles are used for
targeted drug delivery systems, which allow for the direct treatment of diseased cells while
minimizing damage to healthy ones, significantly improving therapeutic outcomes. In
electronics, they enable the development of smaller, more efficient, and more powerful
devices. In the realm of energy, nanoparticles contribute to the creation of more efficient
solar cells and batteries. Moreover, in environmental applications, they are used for
pollution remediation and water purification, showcasing their versatility and utility in
addressing some of the most pressing global challenges. In this Special Issue, we have
carefully selected contributions that address all of these key aspects of the advanced
applications of nanoparticles.

Nanoparticles are at the forefront of biomedical innovations and drug delivery systems. This is
demonstrated by Sysak et al. [1] in their review article, which explores the subject of the
synthesis and characterization of metal nanoparticle–flavonoid conjugates, emphasizing
their potential to enhance bioavailability and target specificity in medical applications. The
combination addresses the limitations of flavonoids, such as poor solubility and rapid
metabolism, by leveraging the unique physicochemical properties of metal nanoparticles.
The discussion spans various synthetic strategies, physicochemical properties like size and
surface charge, and the biological implications of these hybrid materials, particularly their
applications in cancer therapy, immune modulation, and as potent antioxidants. Yet another
contribution from the forefront of nanoparticle applications is the review by Chaves et al. [2]
that highlights the potential use of liposomes, which are soft nanoparticles/biomimetic
particles, as versatile drug delivery vehicles for encapsulating bioactive compounds for
improved stability and efficacy. Liposomes are intricate vesicular structures formed by
one or more phospholipid bilayers separating the exterior aqueous medium from the inte-
rior one, with diameters ranging from 20 nm to several microns. This systematic review
highlights the burgeoning application of liposomes in both cosmetics and food industries,
focusing on the encapsulation of vitamins for enhancing their bio-accessibility and bioavail-
ability, thus bridging the gap between pharmaceutical and food science applications. The
research of Cheraghali et al. [3] further highlights the application potential of nanoparticles
in medicine as MRI contrasting agents by performing an in vitro evaluation of MnZn ferrite
nanoparticles coated with polyethylene glycol (PEG). The hierarchical morphology of these
nanoparticles, resembling dandelion structures, offers an increased specific surface area,
potentially improving the efficacy of contrast enhancement in MRI applications. The study
not only compares the morphological and surface characteristics of these nanoparticles to
those with a normal structure, but also assesses their cytotoxicity and hemocompatibility.
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Improving the synthesis methods to generate biocompatible nanoparticles for use in
wound healing applications is also a field of interest. This is demonstrated by the work of
Selmani et al. [4], which focuses on exploring improved synthetic methods of Au nanopar-
ticles via the Turkevich method. This research explores the potential of Au nanoparticles
to enhance wound healing through their radical scavenging activity, contributing to the
development of innovative treatments.

The use of nanoparticles in optics, electronics, and energy applications is a subject of height-
ened interest for fundamental and applied research. The computational study conducted
by Domenikou et al. [5] explores the enhancement of nonlinear optical properties near
metallic nanoparticles using a polar zinc–phthalocyanine molecule near a gold nanosphere
as a model system. The research underscores the impact of nanoparticle proximity on
optical rectification coefficients under various external field conditions, providing insights
into the design and optimization of photonic materials and devices that exploit the unique
electromagnetic interactions between nanoparticles and molecular systems. The exper-
imental work of Shen et al. [6] introduces a novel approach to enhancing the sintering
performance of silver nanoparticle pastes through surface modification with organic amines.
This method significantly improves the electrical conductivity and mechanical strength of
sintered joints, providing a promising solution for high-performance electronic packag-
ing applications.

High-performance materials are in high demand for energy applications. In this case,
nanoparticles can make enormous contributions, as highlighted by the experimental work
of Biehler et al. [7]. The authors of this work focused on the use of platinum nanoparticles
supported on carbon spheres derived from sugar, a sustainable source, for the efficient
generation of hydrogen—a clean energy carrier.

In addition to bioimaging applications, the design of luminescent materials is also
of paramount importance for civil applications; for example, luminescent nanoparticles
in pigments for road signs, markings, and lines enhance nighttime visibility and traffic
guidance. The study of Cai et al. [8] focuses on improved luminescence persistence by
improving the parameters of the synthesis method.

The application of nanoparticles in environmental applications and sustainability represents
an emerging field with significant advantages over traditional materials. Pauli and Hon-
ciuc [9] explored an innovative approach to water purification: their study describes the
use of Janus nanoparticles supported by wax colloidosomes for the extraction of metal ions
from wastewater. The research highlights the potential of these nanostructured materials
to float on water surfaces, efficiently adsorb and recover ions, and withstand multiple
extraction cycles, offering a novel and sustainable alternative to traditional ion-exchange
technologies. Further, the work of Honciuc et al. [10] proposes the concept of the hydro-
logical mining of Cu(II) ions, with the help of specially designed nanoparticles–hydrogel
polymer–microsphere composites capable of floating on water surfaces. The composite
material combines nanostructured polymer microspheres with a polyvinyl alcohol (PVA)
matrix, demonstrating the ability to adsorb and recover metal ions efficiently. This innova-
tive approach suggests a more environmentally friendly method for extracting valuable
metals from water bodies, reducing the need for energy-intensive pumping and processing.

The realm of nanoparticle applications extends to their potential use in agriculture as
effective antifungal agents. For example, the antifungal properties of synthesized copper
nanoforms against Colletotrichum gloeosporioides, a plant pathogen, are demonstrated
in the experimental study of Vestergaard et al. [11], which reveals the potential of copper
nanoparticles to serve as effective antifungal agents in agriculture. This research examines
the impact of nanoparticle size, distribution, and oxidation state on their antifungal efficacy,
providing valuable insights into the mechanisms of action and suggesting strategies for the
sustainable management of plant diseases.

The use of nanoparticles as advanced catalysts represents the traditional realm of
nanoparticle applications, which is ever-expanding. The work of Shesterkina et al. [12]
demonstrates that bimetallic Pd-Fe/SiO2 catalysts have wide potential practical implica-
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tions as new non-toxic alternative to the Lindlar catalyst for the selective hydrogenation
of triple C≡C bonds in the liquid phase at room temperature. The selective hydrogena-
tion of alkynes is important for the synthesis of pharmaceuticals, vitamins, nutraceuticals,
fragrances, etc.

Creating advanced nanoparticle composites with unique magnetic properties is a widely
pursued application area, as these nanoparticles could be valuable as active components in
miniaturized transformers and reactive electronic components, electromagnetic shielding,
actuators, spintronics, and beyond. The study of Angotzi et al. [13] examines the formation
mechanisms of bi-magnetic core–shell nanoarchitectures, using cobalt ferrite nanoparticles
as seeds to grow a manganese ferrite shell, shedding light on the competitive nucleation
processes and the impact on magnetic properties. The findings contribute to the devel-
opment of materials with tailored magnetic behaviors, offering potential applications in
data storage and medical imaging. Khairani et al. [14] study the solvent influence on the
magnetization and phase of the Fe-Ni alloy nanoparticles. The research provides a detailed
analysis of the phases, magnetization, and oxidation levels of nanoparticles synthesized in
various solvents, offering insights into the control of nanoparticle characteristics through
solvent manipulation.

Further, controlling the morphology, or the shape and structure, of nanoparticles is
crucial for optimizing their properties and functionalities. The morphology determines how
nanoparticles interact with their environment and, by extension, their effectiveness in a
given application. For instance, the shape of a nanoparticle can influence how it is absorbed
by cells, its catalytic activity, and its optical properties. This control over morphology
allows scientists and engineers to tailor nanoparticles for specific purposes, enhancing their
performance and opening up new application possibilities.

Designing nanoparticles with specific morphologies and developing physical synthetic
methods to create them are fundamental aspects of nanotechnology research. The ability
to design nanoparticles deliberately involves understanding the relationship between the
structure of nanoparticles and their properties. This knowledge guides the development of
synthetic methods that are not only capable of producing nanoparticles with the desired
characteristics, but also do so in a reliable, scalable, and environmentally friendly manner
with the help of physical methods. Advancements in synthetic methods are essential for the
practical application of nanoparticles, enabling the mass production of nanomaterials with
controlled properties and ensuring their widespread use in various industries. Hamdan
and Stafford [15] introduce us to a versatile route for the synthesis of metal nanoalloys
using a novel spark discharge method for producing metal nanoalloys in a liquid environ-
ment, exploiting the interface between two immiscible liquids. The technique enables the
synthesis of nanoparticles with controlled composition and embedded in a carbon matrix,
opening up new avenues for the creation of nanoalloys with tailored properties for catalysis,
plasmonics, and energy conversion applications. The electrochemical method is yet another
synthesis method for nanoparticles, as demonstrated by the work of Yuan et al. [16]. This
work reports an innovative electrochemical approach for the synthesis of Nb-doped BaTiO3
nanoparticles and highlights the ability to control dopant concentrations and achieve high
crystallinity under mild conditions. The research emphasizes the significance of alkalinity
in the synthesis process, detailing the impact on crystal grain size, distribution, and the
potential applications of the resulting nanoparticles in electronic materials, showcasing a
novel route for doping and tailoring the properties of nanoceramics. The hydrothermal
synthesis of nanoparticles is represented by the work of Milićević et al. [17] that focuses on
the hydrothermal synthesis of upconversion nanoparticles doped with ytterbium (Yb3+)
and thulium (Tm3+), aiming to optimize their luminescent properties for applications in
bioimaging and security. The study systematically analyzes the effect of dopant concentra-
tions on emission properties, providing insights into the structural and photoluminescent
characteristics of these nanoparticles, and suggesting optimal doping levels for enhanced
near-infrared emission.
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Accompanying the discussion of synthesis and functionalization methods, this Special
Issue also highlights the importance of the development of metrology tools for nanoparti-
cles, especially the development of new methods of measuring the nanoparticle surface
properties. While monitoring the physicochemical transformation of macroscopic surfaces
is trivial, monitoring such changes at the nanoscale is extremely challenging due to the
lack of methods and tools. Among these changes in the physicochemical properties of
nanoparticles are changes in surface wettability from the liquid of nanoparticles, following
a chemical surface modification via physical treatment. Monitoring the change in the
wettability of nanoparticles via the contact angle and surface energy is extremely impor-
tant in predicting the nanoparticles’ behavior in terms of their dispersibility in water and
air, pelleting ability, and interaction with solvents or other molecules, and could predict
their potential risks toward the environment and living organisms. In this context, a new
method for measuring the surface energy of nanoparticles was developed by Honciuc and
Negru [18], namely, the NanoTraPPED method. This research offers a novel approach to
monitoring the surface energy changes of nanoparticles during functionalization reactions.
The study details the application of this method to silica nanoparticles undergoing vari-
ous surface reactions, providing insights into the physicochemical transformations and
the impact of molecular complexity on surface energy. This contribution advances the
understanding of nanoparticle functionalization, offering a valuable tool for characterizing
surface modifications.

These detailed descriptions offer a comprehensive overview of the contributions to the
Special Issue, highlighting the multifaceted nature of nanoparticle research and its potential
to address complex challenges across a wide spectrum of scientific and technological do-
mains.

Funding: This work was supported by a grant from the Ministry of Research, Innovation and Digiti-
zation of Romania, CNCS/CCCDI-UEFISCDI, project number PN-III-P4-PCE-2021-0306 (Contract Nr.
PCE62/2022).

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: Flavonoids are polyphenolic compounds widely occurring throughout the plant kingdom.
They are biologically active and have many medical applications. Flavonoids reveal chemopreventive,
anticarcinogenic, and antioxidant properties, as well as being able to modulate the immune system
response and inhibit inflammation, angiogenesis, and metastasis. Polyphenols are also believed
to reverse multidrug resistance via various mechanisms, induce apoptosis, and activate cell death
signals in tumor cells by modulating cell signaling pathways. The main limitation to the broader
usage of flavonoids is their low solubility, poor absorption, and rapid metabolism. To tackle this, the
combining of flavonoids with nanocarriers could improve their bioavailability and create systems of
wider functionalities. Recently, interest in hybrid materials based on combinations of metal nanopar-
ticles with flavonoids has increased due to their unique physicochemical and biological properties,
including improved selectivity toward target sites. In addition, flavonoids have further utilities, even
in the initial step of preparation of metal nanomaterials. The review offers knowledge on multiple
possibilities of the synthesis of flavonoid-metal nanoparticle conjugates, as well as presents some of
their features such as size, shape, surface charge, and stability. The flavonoid-metal nanoparticles are
also discussed regarding their biological properties and potential medical applications.

Keywords: cancer; flavonoids; metal nanoparticles; polyphenols; reactive oxygen species

1. Introduction

Flavonoids represent a category of polyphenolic compounds found throughout the
plant kingdom that has received much interest due to their numerous biological activities [1].
They have chemopreventive, anticarcinogenic properties, and demonstrate antiprolifer-
ative activity on tumor cells. In addition, they inhibit inflammation, angiogenesis, and
metastasis [2]. Polyphenols are also believed to reverse multidrug resistance via various
mechanisms as well as induce apoptosis and activate cell death signals in tumor cells by
modulating cell signaling pathways, such as activator protein-1, nuclear factor NF-kappa-B
(NF-κB) or mitogen-activated protein kinases [1,3]. Of importance is the modulation of
the immune system response by flavonoids as well as their antioxidant activity, which
manifests itself through the ability of free radical scavenging [2,4]. Despite their promis-
ing health-promoting potential, numerous flavonoids, including (−)-epigallocatechin-3-
O-gallate (EGCG), quercetin (QUR), genistein, apigenin (AP), naringenin, silibinin, and
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kaempferol, reveal low solubility, poor absorption, and rapid metabolism. Therefore, com-
bining flavonoids with nanocarriers could improve their bioavailability and create systems
of wider functionalities [5].

In recent years, nanoparticles have attracted the broad attention of researchers dealing
with various scientific disciplines, mainly due to their interesting physicochemical proper-
ties and potential applicability in medicine. Therefore, interest in combining flavonoids
with metal nanoparticles (NPs) has increased due to the unique physical, chemical, and
biological properties of the resulting connections or hybrid materials. Chemical reduction
of the noble metal precursor is one of the most popular methods of preparation of noble
metal nanoparticles. Metal nanomaterials formulated with active substances of plant origin
can be synthesized using physical, chemical, or biological methods and characterized with
analytical techniques involving microscopic and spectroscopic studies. Other benefits of
NPs are low cost, simple synthesis, and the possibility of controlling both their shapes and
their sizes. It is also interesting that flavonoids themselves are useful for the preparation
of metal nanomaterials, with these being reducing and electrostatic agents for the ‘Green’
synthesis of NPs from their metal salt precursors [6–9]. In metal nanoparticles, features
of metals are exploited, such as optical polarizability, electrical conductivity, chemical
properties, antibacterial effectiveness, and biocompatibility [10].

Metal nanoparticles are becoming more and more widely considered as perspec-
tive pharmaceutical carriers because of their numerous advantages. Metal nanoparticles
have been developed as a superior alternative to conventional cancer therapy treatment
due to theranostic properties that provide both diagnosis and drug delivery designed
to monitor the therapy [11]. Noble metal NPs enable the tracking of nano-complex
therapeutic carriers within the body owing to their unique plasmonic properties, which
makes such therapy more efficient and safer. Regarding non-noble metal NPs, they are
cost-effective, can convert electromagnetic energy into heat (hyperthermia), and possess
magnetic properties [12,13]. Metal nanoparticles present increased stability and half-life in
circulation, as well as appropriate biodistribution [14]. Due to the surface modification and
incorporation of different ligands, they can target specific tissues and cells [4]. Functional-
izing the nanoparticles with flavonoid ligands was found to improve their selectivity and
allow them to reach the target sites [8].

Overall, this review summarizes the current state of flavonoid-metal nanoparticle
conjugates and hybrids, including multiple possibilities for their synthesis and modifying
features such as size, shape, surface charge, and stability (Figure 1). The flavonoid-metal
nanoparticles are also discussed regarding their biological properties and medical applica-
tions, including potential utility as drug delivery vehicles, modulators of cellular responses,
applications in cancer therapy, antibacterial treatment, and tissue engineering.
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2. Physicochemical and Biological Properties of Flavonoids

Flavonoids are secondary plant metabolites, often acting as pigments responsible for the
colors of fruit, flowers, and vegetables. They are characterized by a 2-phenylchromane scaffold
(C6-C3-C6) with a heterocyclic pyran ring (C) fused with the benzene ring (A) and linked to the
phenyl ring (B) (Figure 2). Flavonoid chemical structures have various substituents, including
multiple hydroxyls (-OH), methoxyl (-OCH3), and glycoside groups, along with an oxo group
at position 4 of the C-ring. Flavonoids can be classified into various subclasses based on
the oxidation level, unsaturation and substitution pattern of the C-ring, and the bonding
position of the B-ring to C2/C3/C4 carbons of the C-ring. The subclasses of flavonoids
include flavones, flavonols, flavanones, flavanonols, flavan-3-ols, isoflavones, neoflavonoids,
anthocyanidins, chalcones, dihydrochalcones, and aurones. Flavonoids may exist as aglycones
or as their derivatives. The structural features and configurations of flavonoids determine
their bioavailability, metabolism, biochemical, and pharmacological activities [15].

1 

 

 

Figure 2. A 2-phenylchromane scaffold of flavonoids with a heterocyclic pyran ring (C) fused with
the benzene ring (A) and linked to the phenyl ring (B). Selected subclasses of flavonoids.

Flavonoids exhibit unique physicochemical properties that influence their solubility in
various solvents. Several factors affect their solubility in water, including the presence of a
double bond in the C-ring and the number of hydroxyl (-OH) substituents in the B-ring. The
solubility of flavonoids in 1-octanol is adversely affected by the number of hydroxyl groups,
whereas the solubility in water generally increases with a rise in the number of hydroxyl
groups. The addition of an -OCH3 substituent to the B-ring reduces their solubility in
both solvents. Additionally, the linkage between C2 and C3 plays a significant role in
determining solubility, as the presence of a double bond results in lower solubility in both
water and 1-octanol. An -OH substituent at C3 decreases aqueous solubility but increases
1-octanol solubility when the linkage between C2 and C3 is a double bond. The dissolution
of flavonoids in 1-octanol can be either entropy-driven (chrysin, apigenin, kaempferol,
morin) or enthalpy-determined. Overall, the solubility in water is a critical factor in the
spontaneous transfer of flavonoids from water to 1-octanol [16].

Upon spectroscopic examination, flavonoids display two primary absorbance bands.
Band I, in the range of 320–385 nm, results from the B-ring absorption, while Band II, within
250–285 nm, originates from the A-ring absorption. Any changes introduced to the structure
cause differences in shifts of absorbance bands, e.g., kaempferol at 367 nm, quercetin at
371 nm, and myricetin at 374 nm. Flavanones, featuring a C-ring without a double bond
bear different spectral profiles from other flavonoid subclasses. Typically, the spectra of
flavanones exhibit a major Band II peak within the 270–295 nm range (288 nm for naringenin
or 285 nm for taxifolin) along with a smaller Band I peak (326–327 nm). When a highly
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substituted B-ring is present, Band II often appears as a multitude of peaks. Anthocyanins,
containing cinnamoyl/benzoyl units, display distinct absorbance properties, exhibiting a
bandwidth ranging between 450 and 560 nm and another between 240 and 280 nm, subject
to modification by hydroxyl groups connected to the B-ring [17]. Flavonoid compounds
are sensitive to elevated temperatures encountered during microwave-assisted (MAE) and
ultrasonic-assisted solvent extractions (UAE). These molecules may undergo degradation
when subjected to excessive thermal stress. Many factors contribute to this phenomenon,
including the quantity and positioning of hydroxyl moieties within their structures and
the existence of accompanying substituents such as carbohydrates. The extent to which
glycosidic bonds impede flavonoid stability appears relatively inconsequential compared
to these other influences. Therefore, careful consideration is needed prior to employing
MAE or UAE techniques to prevent undue deterioration of target analytes. Although
conventional heating approaches have been shown to provide comparable extraction
efficacy, they require significantly lengthier durations per unit of mass processed [18].

The composition and arrangement of hydroxyl groups within the A-, B-, and C-rings
contribute to flavonoid antioxidant potential. Hydroxyls on the B-ring, particularly those in
the o-dihydroxy configuration, increase the stability of the radical formed while enhancing
electron delocalization. Pyrogallol groups augment antioxidant capacity, whereas an
additional C2–C3 double bond and oxo-functionality in the pyran ring promotes further
electron delocalization, leading to improved antioxidant performance. Flavonoids with a
single 3-OH group and paired hydroxyls at positions 5 or 8 in the A-ring display favorable
antioxidant characteristics. The glycosylation of flavonoids typically reduces antioxidant
capacity relative to their aglycone forms. The type, location, and structural features of
attached sugars play crucial roles in determining antioxidant efficacy. Modifications such as
esterification, acylation, methylation, sulfation, and other substitutions commonly diminish
antioxidant capacity, with sensitivity towards alterations appearing more prominent in
the B-ring than in other regions. Researchers utilize different experimental methods, each
yielding unique results depending on the specific testing conditions employed, so as to
better understand flavonoids’ antioxidative capabilities [19].

Flavonoid stability varies significantly when subjected to external stimuli such as heat
and light. Studies have demonstrated that flavonoids undergo oxidative transformations
upon exposure to these factors. These reactions lead to diverse outcomes regarding the
preservation of their antioxidant potential. While some flavonoids, such as rutin and
luteolin 7-O-glucoside, show reduced antioxidant capacity following heat treatment, oth-
ers, such as quercetin, display remarkable resilience. Eriodictyol, another representative
flavonoid, exhibits enhanced antioxidant activity upon thermal degradation due to the gen-
eration of novel compounds. Mesquitol appears to be highly responsive to both heat and
light stress, resulting in improved antioxidant activity post-decomposition. Investigations
into the impact of environmental conditions on flavonoids’ antioxidant behavior typically
involve studying their concentrated forms (model solutions). This approach allows for
greater control over experimental variables and facilitates a better understanding of how
heat treatment affects flavonoids [20].

Flavonoids, originally utilized for their dyeing and preservation properties, have
emerged as promising candidates for medicinal chemistry due to their remarkable chemical
diversity and recognized biological properties. Flavonoids exhibit variations in different
aspects of their absorption, metabolism, and bioavailability within living systems. In the
body, these compounds occur in different forms (commonly found as polar conjugates,
glucuronides, and sulfates in plasma) and are attached primarily to serum albumin. Thus,
these factors limit their distribution throughout the body, including entry into the central
nervous system (CNS). During digestion, flavonoids undergo alterations involving changes
such as glucuronidation in the intestine lumen, enterohepatic recirculation, hydroxylation,
and dehydrogenation, predominantly in the liver. Some flavonoids also undergo trans-
formations via bacterial action in the colon. Finally, certain flavonoid metabolites display
considerable pharmacological activity both in vitro and potentially in vivo, yet further
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research remains necessary to fully comprehend how these combinations contribute to
overall health effects [21]. The intricate structural framework of flavonoids permits them to
interact with various biological macromolecules such as proteins [22], DNA [23], RNA [24],
receptors [25], and bacterial cell walls [26], exhibiting diverse biological activities. The
pharmacological versatility of flavonoids has broadened their potential utility in different
fields of medicine, including preventive care and palliative treatment for life-threatening
disorders. Consequently, extensive research endeavors have been focused on unraveling
the underlying mechanisms of flavonoid action, paving the way for novel therapeutic
interventions based on their multifaceted properties.

Flavonoids reveal a range of biological effects, including antioxidant [27–29], anti-
inflammatory [30], antiviral [31], anticancer [1,32], and neuroprotective activities [33,34].
These properties can be attributed to the specific chemical structure and functional groups
present within each flavonoid molecule. For instance, the hydroxyl groups present in
flavonoids can donate hydrogen atoms, leading to the scavenging of free radicals and inhi-
bition of oxidative stress. Moreover, flavonoids can modulate several signaling pathways
by interacting with cell surface receptors and enzymes, ultimately regulating cell growth,
proliferation, and apoptosis. Furthermore, the ability of flavonoids to chelate metal ions
can disrupt the formation of reactive oxygen species and prevent cellular damage.

According to recent studies, flavonoids may have characteristics that aid in wound-
healing processes, which were thoroughly discussed in an excellent review by Zulkefli
et al. [35]. This is due to their ability to reduce inflammation, promote the formation of new
blood vessels, facilitate skin cell renewal, and protect against the damage caused by toxic
chemicals. Flavonoids can influence wound healing by modulating the expression of spe-
cific markers linked with pathways such as Angiopoietin-1/Tie-2 (Ang-1/Tie-2) [36], Focal
Adhesion Kinase (FAK)/Src [37], c-Jun N-Terminal Kinase (JNK) [38], Mitogen-Activated
Protein Kinase/Extracellular Signal-Regulated Kinase (MAPK/ERK) [39], Nuclear Factor
Erythroid 2-Related Factor 2/Antioxidant Response Element (Nrf2/ARE) [40], Nuclear
Factor Kappa B (NF-κB) [41], p38 Mitogen-Activated Kinase (MAPK) [38], Phosphatidyli-
nositol 3-Kinase/Protein Kinase B (PI3K/AKT) [39], Transforming Growth Factor-beta
(TGF-β) [36], Transforming Growth Factor/Suppressor of Mothers against Decapentaplegic
(TGF-β/Smads) [36], and Wnt/β-catenin [42].

In conclusion, the intricate and diverse chemical structure of flavonoids enables them
to interact with a wide range of biological targets, showcasing their potential as a vital
tool in medicinal chemistry. The elucidation of the mechanisms behind flavonoid activity
will aid in developing novel therapeutic interventions, which may prove beneficial in
preventing and treating various diseases.

3. Nanoparticle-Flavonoid Connections

Many studies present connections of flavonoids with metal nanoparticles, mainly Ag,
Au, oxides of Fe, Zn, and Ti, which resulted in materials of interesting physicochemical
and biological properties.

3.1. Silver Nanoparticles

Of great interest are the potential antioxidant, antibacterial, antifungal, antiparasitic,
antiviral, and anticancer properties of silver nanoparticles. To study the perspective medi-
cal applications, silver nanoparticles were functionalized with apigenin, catechin, EGCG,
kaempferol, myricetin, 4′,7-dihydroxyflavone, dihydromyricetin, hesperidin, or quercetin.
In addition, silver@quercetin nanoparticles were researched as a biocompatible and pho-
tostable aggregation-induced emission luminogen for in situ and real-time monitoring of
biomolecules and biological processes. In the biological study, silver nanoparticles with
curcumin and quercetin were analyzed in terms of the potential anti-inflammatory effect.
Additionally, isoorientin-loaded silver nanoparticles were investigated in terms of their
potential toxicity and activity on enzymes related to type II diabetes and obesity (Figure 3).
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3.1.1. Silver Nanoparticles in Therapy of Infectious Diseases

In 2022, Zhao et al. published a study on the synthesis of highly bactericidal silver
nanoparticles coated with different ratios of hesperidin and pectin (HP-AgNPs) through a
microwave-assisted process (Figure 4) [43]. The prepared AgNPs of 11.93–17.34 nm in size
were named according to the ratio of hesperidin to pectin used in the synthesis—P-AgNPs
for 0:1, HP-AgNPs1 for 1:3, HP-AgNPs2 for 3:1, and H-AgNPs for 1:0. The proportion of
both ingredients revealed a tremendous effect on the morphology of the nanomaterials,
as AgNPs prepared with either hesperidin or pectin alone had irregular shapes, while
those made with both showed uniform morphology. HP-AgNPs2 demonstrated the most
potent antibacterial activity, with a minimum inhibitory concentration (MIC) at 66.7 µg/mL
against Escherichia coli. This value was significantly lower than the MIC of P-AgNPs, which
reached around 8 times higher values at 533.3 µg/mL. The MICs of HP-AgNPs1 and
H-AgNPs were also lower than that noted for P-AgNPs, at approximately 266.7 µg/mL
and 133.3 µg/mL, respectively. In the study, the combination of hesperidin and pectin with
AgNPs significantly enhanced the antimicrobial activity of the nanoparticles against E. coli.
The adsorbance of HP-AgNPs2 on the cell wall caused significant morphological changes,
including depression and damage to their cell wall, which induced oxidative stress and
led to bacterial death. The direct contact with bacteria, AgNPs caused cell damage and
cytotoxicity related to the release of Ag+ ions. The fact that the MIC of HP-AgNPs2 was
much lower than that of P-AgNPs, despite the latter releasing 25% more Ag+ after 48 h,
hints at the possibility of the combined action of particles and Ag+ ions contributing to
the enhanced antibacterial effect of HP-AgNPs2. Among the AgNPs tested, HP-AgNPs2
showed the highest increase in the amount of reactive oxygen species (up to 262.6%),
indicating enhanced antibacterial properties.
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In a similar study, ultra-uniform and colloidally stable hesperidin-capped silver
nanoparticles (Ag-Hes NPs) were explored in terms of potential use for the treatment
of infected wounds [44]. To prepare Ag-Hes NPs, AgNO3, and hesperidin solutions were
mixed with silver nanoparticles and stirred at room temperature. The resulting Ag-Hes
NPs were combined with poly(vinyl alcohol)-sodium alginate (PVA-Alg) and electrospun
to form Ag-Hes@H nano hydrogels. A variety of techniques was used to characterize
their physicochemical properties, as well as to observe the expression of related proteins
in cells and detect apoptosis-related proteins. The Ag-Hes NPs were highly uniform and
colloidally stable, with a diameter of around 20 nm and a core-shell structure comprising a
hesperidin shell surrounding a Ag core. The antibacterial activity evaluation showed that
Ag-Hes NPs reveal a higher reduction in turbidity of S. aureus suspension compared to
bare Ag nanoparticles. The viability of S. aureus decreased significantly in the presence
of both Ag and Ag-Hes NPs, with a higher inhibition rate of 94.5% for Ag-Hes compared
to 62% for Ag NPs. This may be ascribed to the uniform size and antioxidant activity
of Ag-Hes NPs, which was confirmed experimentally. Unlike AgNPs, Ag-Hes NPs were
found to be non-toxic as evaluated on human umbilical vein endothelial cells (HUVECs),
possibly due to the protective effect of the hesperidin shell. As mentioned, Ag-Hes NPs
were used to prepare electro-spun nanofibers and a hydrogel (Ag-Hes@H). The latter was
found to significantly enhance the migration of HUVECs cells in a cell scratch assay, as
shown by the significant reduction in the size of the scratch gap and the higher migration
rate compared to control and other treatment groups. Moreover, Ag-Hes@H improved the
closure rate of infected wounds in male rats (97% for the Ag-Hes@H group, and 83% for
the Ag@H group after treatment). The most complete process of re-epithelialization and
the strongest collagen fibers in the wound healing process of rats, as well as an increase
in collagen deposition and proliferation of skin cells at the wound surface, were observed
for the Ag-Hes@H group. In further in-depth tests, an increased expression of bFGF (basic
fibroblast growth factor, a protein involved in skin regeneration) and SIRT1 was noted,
while the expression of NF-κB was decreased. Additionally, the levels of the inflammatory
factors MMP9, TNF-α, and IL-6 were suppressed in the Ag-Hes@H group. The breakdown
of the gel network and the release of silver core and hesperidin molecules upon exposure
to reducing substances in the body may contribute to the inhibitory effects on bacterial
growth and inflammation observed with Ag-Hes@H.

In their study from 2021, Kannanoor et al. investigated silver nanoparticles (Ag-
NPs) conjugated with kaempferol and hydrocortisone to formulate KH-AgNPs, which
showed strong antibacterial properties against various bacterial strains [45]. KH-AgNPs
were synthesized by mixing kaempferol, hydrocortisone, and AgNO3 solutions with sub-
sequent heating. Next, the mixture was enriched with NaBH4, alkalized with NaOH to
pH 12, stirred, cooled, and centrifuged, yielding uniform KH-AgNPs with a diameter
of 10–30 nm and a face-centered cubic crystal structure. KH-AgNPs decreased the bacterial
growth of E. coli with an MIC of 62.5 µg/mL and an MBC of 125 µg/mL. The results of
the ROS assay showed that KH-AgNPs dramatically increased oxidative stress in E. coli
in a concentration-dependent manner, with all KH-AgNP-treated cells producing more
ROS than untreated cells. The authors also investigated the effect of KH-AgNPs on E. coli
biofilms and discovered that KH-AgNPs effectively reduced and dissolved the biofilms
by decreasing the colonization of bacteria on the surface. In a separate test, the effect of
KH-AgNPs on static biofilm formation was tested at different concentrations. It turned out
that treatment with KH-AgNPs for 48 h resulted in a 58% decrease in biofilm formation at
a concentration of 110 µg/mL. Treatment with KH-AgNPs led to an increase in the produc-
tion of free radicals in E. coli cells, resulting in lipid peroxidation, which compromises the
integrity of the bacterial cell membrane.

Scroccarello et al. recently evaluated the antifungal effectiveness of silver nanoparticles
made with several types of PCs with variable antioxidant capabilities, including flavonoids,
such as CT and MY [46]. The AgNPs were synthesized by rapid and simple mixing of
AgNO3 with PCs in an alkaline environment at room temperature; along with CT and
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MY, caffeic (CF) and gallic (GA) acids were employed. AgNPs@PCs were characterized by
UV-vis spectroscopy, DLS, and TEM. The 2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS) assay results revealed that PCs had greater antioxidant activity than Ag-
NPs@PCs, CT was more active than MY, and dihydroxylic PCs were more active than
tri-hydroxylic PCs. The same pattern was observed when AgNPs were generated with
relative PCs, demonstrating that the PCs were preserved in the AgNPs shell even after
purification. The Folin–Ciocalteu reagent did not react with all of the AgNPs@PCs, in-
dicating that the phenols were bound to the AgNPs and that free PCs were not present.
The effect of AgNPs@PCs on Aspergillus niger spore germination was investigated on the
separate isotropic growth and vegetative tube germination phases. AgNPs@CT at the
concentration of 30 mg/L inhibited isotropic growth in the most significant way, reaching
33%, followed by AgNPs@GA and AgNPs@CF with 24% and 23%, respectively, and Ag-
NPs@MY with 17%. At the same concentration, AgNPs@CT revealed the most significant
inhibitory impact on vegetative tube germination at 36%, followed by AgNPs@MY at 25%,
AgNPs@GA at 20%, and AgNPs@CF at 15%. The effect of AgNPs@PCs on the vegetative
growth of A. niger was studied in relation to the mycelial growth inhibition induced by
applying AgNPs@PCs at five concentrations (5–60 mg/L) after 10 days of incubation. All
AgNPs@PCs inhibited mycelial growth significantly, depending on the type of PCs em-
ployed in the synthesis and the concentration evaluated, while free PCs did not influence
mycelial development. AgNPs@PCs inhibitory activity followed the antioxidant activity
trend: AgNPs@CT > AgNPs@CF > AgNPs@MY > AgNPs@GA. The inhibition of hyphal
growth and cell damage/viability was used to assess the efficacy of AgNPs@PCs on the
growth of A. niger, and the effects on A. niger mycelium were studied using SEM and
confocal imaging. AgNPs@PCs attached to and clad around hyphae caused a decrease in
length and quantity as well as an aberrant growth pattern indicative of cell death. Cell
viability experiments revealed that AgNPs@PCs led to significant cell death.

In 2021, Saadh and Aldalaen investigated the potential use of EGCG in combination
with silver nanoparticles (AgNPs) and in co-administration with zinc(II) ions as a novel top-
ical therapeutic with multiple effects against H5N1 influenza [47]. AgNPs were conjugated
with EGCG by mixing various concentrations of EGCG solution with an aqueous solution
of AgNO3, followed by the addition of NaBH4. The optimal inhibitory concentration of
EGCG, both free and conjugated, was deduced to be 60 µM, whereas for zinc sulfate, the
optimal concentration concluded 1.5 mg/mL. The combination of EGCG and zinc sulfate
showed considerable antiviral activity against the H5N1 virus in embryonated SPF eggs,
reducing the logEID50/mL value 4.2–5.6 times. Similarly, the combination of EGCG-AgNPs
and zinc sulfate demonstrated exceptional antiviral efficacy, with a 7.1 reduction in the
logEID50/mL value compared with the control group. The MTS proliferation assay with
the use of different combinations of EGCG, zinc sulfate, and EGCG-AgNPs did not reveal
any significant difference between the applied formulations and the control after 72 h.
As a result, at the doses utilized in the study, none of the materials were determined to
be cytotoxic.

The potential for the antileishmanial activity of 47DHF-functionalized gold and silver
nanoparticles (Au-47DHF and Ag-47DHF) was studied by Sasidharan and Saudagar [48].
Nanoparticles Ag-47DHF were synthesized by adding 47DHF in varying ratios to solutions
of AgNO3 and NaOH. They ranged in size from 10 to 30 nm, with an average size of
25.1 nm, and exhibited a zeta potential of 40 mV. The Ag-47DHF nanoparticles had drug
loading (DL) efficiencies of 64.13% and revealed cumulative drug release of 14.55% at
pH 7.4 and 51.29% at pH 5.8, with a burst in the first 10 h, followed by a slow release.
Ag-47DHF was more effective against axenic amastigotes than promastigotes, with the
IC50 values against promastigotes at 0.8483 µg/mL, and against axenic amastigotes at
0.262 µg/mL. A 50% cytotoxic concentration (CC50) value at 4.95 µg/mL of Ag-47DHF
was noted in macrophages. Ag-47DHF with IC50 values at 0.215 µg/mL demonstrated
antileishmanial action and targeted intracellular amastigotes. In addition, the infectivity
index of 30 and the selectivity index (SI) of 24 were noted for Ag-47DHF. Compared to

13



Nanomaterials 2023, 13, 1531

the infected control, the nanoparticle-administered macrophages generated reduced nitrite
concentrations, indicating a decrease in parasite burden. The quantity of ROS (the key
trigger of apoptosis induction for 47DHF) formed by Ag-47DHF nanoparticles was higher
than that in control H2O2.

3.1.2. Silver Nanoparticles in Anticancer Therapy

Zarei et al. compared the biological potential of sodium citrate-based (SC-SNPs) and
AP-based (AP-SNPs) silver nanoparticles in vitro and in vivo [49]. Either sodium citrate
(SC) or AP was dissolved in water, filtered, and added to a AgNO3 solution to create
corresponding SNP colloids. The nanoparticles were subjected to UV-vis spectroscopy,
field emission scanning electron microscopy (FESEM), and particle size analysis, which
revealed for both types of nanoparticles homogeneous dispersions, stable zeta potentials,
and pseudospherical forms. SNPs were tested for anticancer effects against the MCF-
7 breast cancer cell line. Both nanoparticles suppressed MCF-7 cell growth in a dose-
dependent manner, although the pro-apoptotic activity of AP-SNPs was the most significant.
The morphological alterations seen in cancer cells treated with nanoparticles included
cell shrinkage, plasma membrane blebbing, detachment, and destruction. Caspase-3, a
fundamental apoptotic-related biomarker, was up-regulated 3.17-fold with AP-SNPs and
1.75-fold with SC-SNPs treatment of MCF-7 when compared to the untreated reference. In
the research on mice, SC-SNPs substantially elevated liver enzymes alkaline phosphatase,
aspartate transaminase, and alanine transaminase at 50 mg/kg/day, whereas AP-SNPs
also significantly increased the same enzymes at 100 mg/kg/day. AP-SNPs cytoprotected
mouse hepatocytes and dramatically decreased lipid peroxidation in the mouse liver. In
addition, as compared to SC-SNPs, they boosted the expression of the antioxidant enzymes
SOD and GPx in the liver of mice. The histopathology results revealed no significant
cellular damage in the livers of mice treated for 30 days with either kind of nanoparticle.

Anwer et al. explored silver nanoparticles labeled with myricetin as a possible treat-
ment for colorectal cancer [50]. The synthesis was carried out via microwave assisted
(AgNPs-mw) or aging (AgNPs-aging) processes. The AgNPs-mw revealed a higher maxi-
mum absorbance than AgNPs-aging, indicating that the bioreduction process was faster
for AgNPs-mw. TEM results showed that the synthesized nanoparticles had a spherical
shape with a size range of 12–20 nm and a crystallite size of approximately 18 and 17 nm
for AgNPs-mw and AgNPs-aging, respectively. The mean particle size, as determined by
DLS analysis, was approximately 61 nm. The functional groups of the nanoparticles were
identified using FTIR spectra, which showed shifts in the peaks for O-H, C-O, and NAH vi-
brations, indicating reduction resulting from the synthesis process. Myricetin was found to
be effective in decreasing the viability of human colorectal cancer cells (HCT116) in a dose-
dependent manner when tested in a cell viability assay with the IC50 value for myricetin
at 106.87 µg/mL, while the IC50 value for silver nanoparticles labeled with myricetin
(mAgNPs) was 34.04 µg/mL. mAgNPs showed some cytotoxicity towards HCT116 cells
at concentrations below 200 µg/mL, although they were biocompatible with normal cells
(HEK-293) up to a concentration of 400 µg/mL. There was no significant effect on the
viability of healthy cells when treated with myricetin or mAgNPs. The researchers also
conducted gene expression and pathway enrichment analysis using a colorectal cancer
gene expression dataset and found several genes differentially expressed in healthy versus
primary adenocarcinoma cells, healthy versus adjacent cells, and adjacent versus primary
adenocarcinoma cells. They also noted that certain pathways were activated in each of
these comparisons.

3.1.3. Silver Nanoparticles in Multimodal Action Materials

In 2021, Li et al. synthesized and characterized silver nanoparticles (AgNPs) function-
alized by DMY with strong antioxidant, antibacterial, and anticancer properties, making
them potential candidates for use as antimicrobial materials in the food and pharmaceutical
industries [51]. To formulate the desired nanoparticles, the solutions of DMY and AgNO3
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were mixed and heated, leading to a grass-green suspension with black DMY-AgNPs. The
nanoparticles were mainly spherical in shape and 114.76 nm in size; their zeta potential
indicated high stability and dispersibility in water. The presence of characteristic functional
groups in the FTIR spectra as well as the detection of C, O, and Ag elements in the XPS
full-spectrum scan pattern, confirmed the superficial DMY. According to the XRD pattern,
DMY-AgNPs had a face-centered cubic lattice structure of silver corresponding to the Miller
index of (111) as the main orientation. The DPPH method was used to investigate the
ability of DMY-AgNPs to scavenge free radicals, which was found to be comparable to or
better than butylated hydroxytoluene or free DMY, with a scavenging rate of 56–92% at
concentrations of 0.01–0.1 mg/mL. DMY-AgNPs inhibited E. coli and Salmonella well, with
MICs of 10−6 g/L and 10−4 g/L, respectively. The antibacterial activity of DMY-AgNPs was
shown to be superior and significant to that of DMY and tetracycline, with the inhibition
rate increasing with sample concentration. MTT tests were used to assess the anticancer
potential of DMY-AgNPs. When compared to DMY, the nanoparticles had a considerably
stronger inhibitory impact on HeLa cells and a superior and consistent inhibitory effect on
HepG2 cells. Both DMY and DMY-AgNPs inhibited MDA-MB-231 cells quite well, with
the latter demonstrating exceptional inhibition (81.44%) at high concentrations.

Silver@quercetin nanoparticles (Ag@QCNPs) were prepared by adding quercetin
(QUR) to an ammoniacal silver nitrate solution, resulting in the development of a biocom-
patible and photostable AIEgen for in situ and real-time monitoring of biomolecules and
biological processes [52]. According to the TEM imaging, the nanoparticles were composed
of a 35-nm silver core and a QUR shell. The silver core revealed well-organized crystal
grains. The fluorescence emission of Ag@QCNPs in different THF/water ratios shifted
from 480 nm to 550 nm as the water content increased, with a decrease in fluorescence
intensity of less than 10% after irradiation with strong UV light showing resistance to
photobleaching. The particle size and fluorescence intensity of Ag@QCNPs were found
to be adjustable by varying the amount of QUR used in their preparation, as raising the
amount of QUR resulted in an increase in fluorescence intensity and QUR shell thickness.
Ag@QCNPs exhibited both aggregation-induced luminescence and the distinct plasma
scattering of silver nanoparticles. Ag@QCNPs showed minimal cytotoxicity in HT-29 cells
(>95% cell viability). During 60-min co-incubations at 100 µg/mL, the cytoplasm of HeLa
cells retained Ag@QCNPs, as confirmed by CLSM images. In the course of in vivo com-
puterized tomography imaging study in mice bearing S180 sarcoma cells, the researchers
noted that the Ag@QCNPs accumulated at the highest level (128.6 HU) in the tumor site
2 h after injection before slowly declining over the following 10 h.

In the 2022 paper, Kumawat et al. reported on the synthesis of silver nanoparticles
double functionalized with curcumin and, among others, quercetin (Cur-AgQUR) to produce
a potential anti-inflammatory agent (Figure 5) [53]. The formulation and modification
process involved heating and stirring aqueous solutions of curcumin and AgNO3, followed
by dialysis to remove unreacted molecules and ions. The emerged Cur-Ag was subjected
to further surface functionalization with quercetin to produce Cur-AgQUR, which was
subsequently dialyzed. The functionalization was achieved through binding interactions
mediated by the unique properties of the functionalizing molecules. In quercetin, the
reduced form of the polyphenol electrostatically stabilized the metal nanoparticles and
attached to the surface of Cur-Ag nanoparticles to form Cur-AgQUR nanoparticles. The
success of the functionalization was indicated by a change in color intensity and the
excitation of metal nanoparticle surface plasmon vibrations. The stability and surface charge
of these nanoparticles were evaluated using UV-vis spectroscopy, TEM, zeta potential, and
DLS measurements. The results showed that Cur-AgQUR was stable, monodisperse, and
had a negative surface charge. The surface functionalization of these nanoparticles resulted
in an increase in their hydrodynamic size but did not affect their stability or surface charge.
The Cur-AgQUR nanoparticles were then tested for their potential biological properties,
including radical scavenging capacity (RSC), haemocompatibility, and anti-inflammatory
effects. The results showed that Cur-AgQUR had the highest RSC among other tested probes

15



Nanomaterials 2023, 13, 1531

(including bare Cur-Ag, conjugates with isoniazid and tyrosine). The haemocompatibility
of the nanoparticles was also found to be good, as the percentage of hemolysis was less
than 5% in all tested concentrations. In terms of their anti-inflammatory effects, Cur-
AgQUR inhibited the secretion of pro-inflammatory cytokines from macrophages stimulated
by lipopolysaccharide (LPS). The researchers also conducted cell viability studies using
the MTT assay on mouse macrophages and found that the nanoparticles demonstrated
good cell viability at all evaluated doses, with the Cur-AgQUR nanoparticles showing the
highest viability. In addition, the researchers used the 2′,7′-dichlorofluorescin diacetate
assay to assess the potential toxicity of nanoparticles on different organelles via reactive
oxygen species (ROS) production and showed that Cur-AgQUR significantly reduced ROS
in macrophages. As far as the anti-inflammatory effects of nanoparticles were concerned, it
turned out that they significantly reduced the production of pro-inflammatory cytokines
in macrophages. The expression of pro-inflammatory cytokines (such as TNF-α, IL-6, and
IL-1β) was raised when treated with LPS. However, when co-treated with nanoparticles,
the expression of TNF-αwas significantly reduced, which, obviously, could be attributed
to the presence of curcumin or quercetin biomolecules on Cur-AgQUR. Silver nanoparticles
are known for antibacterial, antifungal, and immunomodulatory activities. Curcumin
reveals anti-inflammatory effects due to its structure, which influences transcription factors,
cytokines, and protein kinases and inhibits the synthesis of inflammatory molecules such
as TNF-α. QUR also inhibits the production of TNF-α and nitric oxide (NO) in murine
macrophages. Thus, summing up, double-functionalized nanoparticles can down-regulate
pro-inflammatory genes while their biomedical potential can be improved by choosing
proper biomolecules and nanoparticles.

Nanomaterials 2023, 13, 1531 12 of 50 
 

 

curcumin or quercetin biomolecules on Cur-AgQUR. Silver nanoparticles are known for 
antibacterial, antifungal, and immunomodulatory activities. Curcumin reveals anti-
inflammatory effects due to its structure, which influences transcription factors, cytokines, 
and protein kinases and inhibits the synthesis of inflammatory molecules such as TNF-α. 
QUR also inhibits the production of TNF-α and nitric oxide (NO) in murine macrophages. 
Thus, summing up, double-functionalized nanoparticles can down-regulate pro-
inflammatory genes while their biomedical potential can be improved by choosing proper 
biomolecules and nanoparticles. 

 
Figure 5. Silver nanoparticles functionalized with curcumin and quercetin and its action. 

In their study from 2021, Wang et al. explored the production and characterization of 
isoorientin-loaded silver nanoparticles (AgNPs-Iso) as well as their stability and possible 
therapeutic uses [54]. A green synthesis approach was employed to create AgNPs from 
corn starch. The addition of SC increased AgNP production, as evidenced by the 
distinctive surface plasmon resonance peak at 403 nm and the color shift from white to 
brown. Following that, AgNPs were combined with isoorientin (Iso) and centrifuged to 
produce AgNPs-Iso precipitate with 76.60% loading efficiency, as confirmed by 
spectrophotometry. AgNPs had a mean size of 65 nm, while AgNPs-Iso had a size of 117 
nm. For the characterization of nanoparticles, TEM was used to examine the morphology, 
whereas FTIR spectroscopy was used to evaluate the functional groups on the surface of 
nanoparticles. Stability testing revealed that AgNPs and AgNPs-Iso were stable in pH 5–
9 and 0–0.30 M NaCl solutions. At lower pH values and higher concentrations of NaCl, 
aggregation was observed. In the simulated gastrointestinal tract, AgNPs-Iso was shown 
to be more stable than AgNPs. Moreover, the more stable nanoparticles displayed no 
changes in Iso retention even after 1 h of UV irradiation. The hemolysis study revealed 
that while AgNPs and AgNPs-Iso concentrations were reduced, the number of 
erythrocytes with complete morphology grew, and the erythrocyte hemolysis ratio 
decreased. The hemolysis ratio of AgNPs-Iso (29%) was much lower than that of AgNPs 
(about 60%) when the nanoparticles were studied at a concentration of 60 µg/mL. 
Observations of erythrocyte morphology using an inverted microscope revealed that the 
AgNPs-Iso nanoparticles are safer than unloaded ones. According to the MTT experiment, 
AgNPs-Iso had minimal cytotoxicity in HL-7702 human liver cells, suggesting that 
AgNPs-Iso might mitigate moderate cytotoxicity produced by AgNPs. AgNPs-Iso also 
inhibited alpha-glucosidase and pancreatic lipase, implicated in the development of type 
II diabetes and obesity, respectively. These data imply that AgNPs-Iso might constitute a 
promising therapeutic agent for these disorders. 

  

Figure 5. Silver nanoparticles functionalized with curcumin and quercetin and its action.

In their study from 2021, Wang et al. explored the production and characterization
of isoorientin-loaded silver nanoparticles (AgNPs-Iso) as well as their stability and pos-
sible therapeutic uses [54]. A green synthesis approach was employed to create AgNPs
from corn starch. The addition of SC increased AgNP production, as evidenced by the
distinctive surface plasmon resonance peak at 403 nm and the color shift from white to
brown. Following that, AgNPs were combined with isoorientin (Iso) and centrifuged to
produce AgNPs-Iso precipitate with 76.60% loading efficiency, as confirmed by spectropho-
tometry. AgNPs had a mean size of 65 nm, while AgNPs-Iso had a size of 117 nm. For
the characterization of nanoparticles, TEM was used to examine the morphology, whereas
FTIR spectroscopy was used to evaluate the functional groups on the surface of nanopar-
ticles. Stability testing revealed that AgNPs and AgNPs-Iso were stable in pH 5–9 and
0–0.30 M NaCl solutions. At lower pH values and higher concentrations of NaCl, aggrega-
tion was observed. In the simulated gastrointestinal tract, AgNPs-Iso was shown to be more
stable than AgNPs. Moreover, the more stable nanoparticles displayed no changes in Iso
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retention even after 1 h of UV irradiation. The hemolysis study revealed that while AgNPs
and AgNPs-Iso concentrations were reduced, the number of erythrocytes with complete
morphology grew, and the erythrocyte hemolysis ratio decreased. The hemolysis ratio of
AgNPs-Iso (29%) was much lower than that of AgNPs (about 60%) when the nanoparticles
were studied at a concentration of 60 µg/mL. Observations of erythrocyte morphology
using an inverted microscope revealed that the AgNPs-Iso nanoparticles are safer than
unloaded ones. According to the MTT experiment, AgNPs-Iso had minimal cytotoxicity in
HL-7702 human liver cells, suggesting that AgNPs-Iso might mitigate moderate cytotoxicity
produced by AgNPs. AgNPs-Iso also inhibited alpha-glucosidase and pancreatic lipase,
implicated in the development of type II diabetes and obesity, respectively. These data
imply that AgNPs-Iso might constitute a promising therapeutic agent for these disorders.

To sum up
Pros

• The loading of AgNPs with flavonoids induces the biocompatibility of nanoparti-cles and
reduces their toxicity.

• The connections of silver nanoparticles with particular flavonoids revealed a wide spectrum
of potential antioxidant, antibacterial, antifungal, antiparasitic, antivi-ral, and anticancer
properties.

Cons
• Functionalization of nanoparticles with hesperidin was found to cause stability problems, as

the zeta potentials of the nanoparticles were closer to neutral [43]. Some of the nanoparticles
reveal strong positive zeta potentials, which may cause toxicity [55].

• The nanoparticles discussed in the presented studies were of relatively small size, <20 nm,
which is a poor indicator for biocompatibility [56].

AgNPs conjugated with flavonoids exerted satisfying antibacterial [43–45] and an-
tifungal activity [46]. Moreover, when in co-administration with zinc(II) ions they ex-
hibit antiviral activity [47]; furthermore, when combined with gold, antiparasitic activity
was observed [48]. Silver@quercetin nanoparticles were proposed as luminogens for
the monitoring of biomolecules [52] due to their ability to accumulate in the tumor site,
whereas silver@myricetin [50] might be useful in the treatment of human colorectal cancer.
Double-functionalized AgNPs with curcumin and quercetin seem to offer a promising
anti-inflammatory nanocure [53]. AP-based silver nanoparticles revealed cytoprotective
activity on mouse hepatocytes and increased the expression of liver antioxidant enzymes
SOD and GPx [49]. Isoorientin-loaded silver nanoparticles (AgNPs-Iso) appeared to inhibit
enzymes implicated in the development of type II diabetes and obesity [54], whereas silver
nanoparticles (AgNPs) functionalized by DMY demonstrated antioxidant, antibacterial,
and anticancer properties [51]. The summary of the data related to connections of silver
nanoparticles with flavonoids, which were presented in this section, is included in Table 1.

Table 1. The summary of the data presented in Section 3.1.

Flavonoid/
Compound Size of NPs Synthesis Method Activity Target Ref.

Hesperidin, Pectin 11.93–17.34 nm microwave-assisted
reduction MIC 66.7 µg/mL E. coli [43]

Hesperidin ~20 nm chemical reduction of
AgNO3

inhibition rate of 94.5% S. aureus [44]
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Table 1. Cont.

Flavonoid/
Compound Size of NPs Synthesis Method Activity Target Ref.

Kaempferol,
Hydrocortisone 10–30 nm chemical reduction of

AgNO3 with NaBH4
MIC 62.5 µg/mL E. coli [45]

Catechin
Myricetin

5 nm (AgNPs@MY)
and 8 nm

(AgNPs@CT)

chemical reduction of
AgNO3 in alkaline

environment

33% of growth inhibition
at conc. 30 mg/L of

AgNPs@CT
Aspergillus niger [46]

EGCG Not specified chemical reduction of
AgNO3 with NaBH4

7.1 reduction in the
logEID50/mL value H5N1 influenza [47]

4′,7-
Dihydroxyflavone 25.1 nm chemical reduction of

AgNO3

0.8483 µg/mL
0.262 µg/mL

promastigotes
amastigotes [48]

Apigenin 93.94 nm chemical reduction of
AgNO3

MIC 0.06–3.75 mg/mL

Gram-positive
and

Gram-negative
bacteria

[49]

Myricetin 12–20 nm (TEM) microwave-assisted
reduction and aging IC50 34.04 µg/mL

Human
colorectal cancer
cells (HCT116)

[50]

Dihydromyricetin 114.76 nm solvothermal method

MIC 10−6 g/L (E. coli)
and 10−4 g/L (Salmonella)

Cell viability = approx.
18.5%

E. coli and
Salmonella

MDA-MB-231
breast cancer

cells

[51]

Quercetin 35 nm chemical reduction of
AgNO3

Cancer cells imaging HeLa cells [52]

Curcumin, Quercetin 32.71 nm
(hydrodynamic size)

chemical reduction of
AgNO3

Anti-inflammatory
activity

Mouse
macrophages [53]

Isoorientin 117 nm green synthesis approach
from corn starch Not specified HL-7702 human

liver cells [54]

3.2. Gold Nanoparticles

Gold nanoparticles (AuNPs), similarly to AgNPs, have been eagerly studied since
their discovery. This is mainly due to the ease of their preparation, simple surface function-
alization, and a wide array of potential uses, such as, but not exclusively, in the medical
sciences [57]. Additional application of flavonoid compounds improves the biological
effects exerted by gold metallic particles, providing potential therapeutics with a range
of properties (Figure 6). Of great interest are the potential antibacterial, antioxidant, an-
tiparasitic, antiangiogenic, and anticancer properties of such nanoparticles. In this regard,
the nanoparticles were functionalized with chrysin, kaempferol, quercetin, epigallocate-
chin gallate, procyanidins, 4′,7-dihydroxyflavone, metal-phenolic networks, and green tea
polyphenols. In addition, a gold nanocluster was applied for the sensitive and selective
detection of dopamine, whereas hesperidin isolated from orange peel was used in the syn-
thesis of gold nanoparticles, which was applied both as an antioxidant and a photocatalyst
for the treatment of industrial wastewater.
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3.2.1. Gold Nanoparticles in Therapy of Infectious Diseases

In 2021, Alhadrami et al. composed gold nanoparticles (GNPs) coated with chrysin
(CHY), kaempferol, and QUR, to boost their antibacterial action against Gram-negative
bacteria [58]. GNPs were made by combining an aqueous tetrachloroauric acid (HAuCl4)
solution with an aqueous GSH solution, adjusting the pH to 8 with NaOH, and then adding
NaBH4 until a ruby-red hue emerged. After centrifugation, the freshly formed GSH-GNPs
were incubated with various flavonoids, allowing them to attach to the carboxylate groups
of GSH and overlay the GSH-coated GNPs. The binding effectiveness of flavonoids to GSH-
coated GNPs was 80%, 71%, and 41% for quercetin, kaempferol, and CHY, respectively,
indicating a correlation between the level of hydroxylation of flavonoids and their binding
efficiencies. Flavonoids were effectively coated on the GNPs, which was confirmed by
UV-vis spectroscopic evaluations with characteristic changes in their plasmon resonance
absorption band, FTIR spectra, as well as powder XRD patterns with characteristic peaks
for Au, GSH, and flavonoids. GNPs revealed an average particle size of 4.1–35 nm, with a
monodisperse, homogenous spherical, and hexagonal prism-like form. EDX proved the
presence of Au in various percentages in each sample, up to 24.71% in GNP-quercetin, and
the presence of C and O in adequate proportions to corroborate the loading of flavonoids.
In the in vitro evaluations, GNP-quercetin was the most effective against all Gram-negative
bacteria tested, with particularly strong action against E. coli, P. aeruginosa, and P. vulgaris
(MIC 30 µg/mL) and K. pneumonia (MIC 60 µg/mL). GNP-kaempferol showed a strong
antibacterial effect against E. coli and P. vulgaris (MICs of 60 and 30 µg/mL, respectively),
but not against P. aeruginosa and K. pneumonia (MICs of 240 and 120 µg/mL, respectively).
GNP-CHY inhibited E. coli well (MIC 60 µg/mL) but was less effective against the other
microorganisms tested (MIC > 240 µg/mL). GNP-quercetin conjugate was chosen for the
study of the antibacterial action. The TEM pictures evidently demonstrated disrupted
membranes and the presence of GNP-quercetin nanoparticles inside E. coli and P. aeruginosa
cells. Such an effect was not noted for uncoated GNPs. When flavonoids were docked to the
binding site of DNA gyrase, they acquired greater docking scores with the subunit Gyr-B
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than with Gyr-A. Quercetin was the most potent (IC50 0.89 µM), and CHY was the least
potent (IC50 3.91 µM), which indicates that the degree of hydroxylation of the flavonoids
appears to be associated with their inhibitory activity on Gyr-B. In silico experiments were
performed to understand better the antibacterial activity of flavonoids. The authors built
a model of a 5 nm GNP coupled to GSH molecules and docked each flavonoid against
it. According to the study, quercetin and kaempferol presented more stable interactions
with GSH than CHY. The authors also investigated the effect of each flavonoid on the
bacterial outer membrane, discovering a strong correlation between the flavonoids’ growth
inhibitory action and the local increase in membrane fluidity. Overall, quercetin was found
to be the most effective of the three flavonoids studied.

In another study, Zhang et al. managed to functionalize gold nanorods (GNRs)
with metal-phenolic networks (MPNs), rendering photothermal bactericidal nanoparti-
cles (GNRs@MPNs) (Figure 7) [59]. As phenolic motifs, epigallocatechin gallate (EGCG),
procyanidins (OPC), and tannic acid (TA) were chosen. To generate starting nanorods,
the authors employed the seed-mediated growth method delineated by Nikoobakht and
El-Sayed [60] as well as the conformed procedure of Fu et al. [61]. According to the tech-
nique, the solutions of HAuCl4 and cetyltrimethylammonium bromide (CTAB) were stirred
together and then injected with ice-cold sodium borohydride (NaBH4) solution to provide
the brownish seed solution that further was subjected to incubation. The growth mixture
was prepared on the basis of a CTAB-sodium oleate binary surfactant mixture with AgNO3
and consecutive addition of HAuCl4. The resulting solution was adjusted with HCl to
an appropriate pH level, injected with the ascorbic acid solution, combined with a small
amount of the seed solution, and then incubated to undergo centrifugal purification of
GNRs later. The obtained supernatant was concentrated and incubated in polyphenolic
solutions to replace capped CTAB. To encapsulate MPNs, obtained GNRs were mixed with
ultrapure water, sequentially injected with polyphenol solution of a specific kind (EGCG,
OPC, or TA) and with iron chloride hexahydrate (FeCl3·6H2O) solution, then combined
with Tris-HCl buffer (pH 8). The forthcoming centrifugation and redispersion with water re-
sulted in monolayered GNRs@MPNs (GNRs@MPN1)–GNRs@Fe-EGCG1, GNRs@Fe-OPC1,
and GNRs@Fe-TA1 for each particular polyphenolic substrate. Later, the encapsulation
process was repeated on GNRs@MPN1 as a precursor leading to GNRs@MPN2/3/4. The
808 nm laser thermography of new assemblies revealed a good synergy between GNRs and
MPNs components in terms of temperature increment compared to GNRs alone, which
could be reflected in the following manner: @Fe-OPC > @Fe-TA > @Fe-EGCG > GNRs.
The in vitro antibacterial studies were conducted with and without NIR irradiation on
S. aureus and E. coli O157:H7 cultures involving unclad GNRs as well as their three-layered
polyphenolic compositions. The 808 nm light solely could not induce any apparent damage
to bacterial samples. Treatment with bare GNRs caused negligible suppression to S. aureus
(about 6.4% according to fluorescence imaging) and moderate detriment to E. coli O157:H7
(16.23%). However, the NIR laser application increased the antibacterial rate of GNRs
to 30.07% and 69.8%, respectively. The irradiated @Fe-OPC3, @Fe-TA3, and @Fe-EGCG3
expressed 98.6%, 88.6%, and 85.4% respective suppression towards S. aureus, along with
99.8%, 90.5%, and 85.07% suppression in the case of E. coli O157:H7. What is interesting,
the authors studied the antibacterial behavior of goldless MPNs towards S. aureus colonies,
revealing the suppressing activity of 52.1%, 40.5%, and 33.2% for OPC-MPN, TA-MPN,
and EGCG-MPN respectively. Further, a mice model with methicillin-resistant S. aureus
(MRSA)-infected wounds was utilized, allowing for the investigation of the effectiveness of
GNRs@MPNs in a more realistic and relevant setting. Treatment of an artificially inflicted
wound with @Fe-OPC3 resulted in a slower healing process, with a 32.6% reduction in
wound area after 8 days, mostly due to the chemical sterilization properties. However, the
use of GNRs and NIR irradiation led to the formation of a scab and a 46.5% reduction in
the wound area, indicating that the GNRs had a moderate ability to convert light into heat,
which aided in the healing process. Treatment with NIR-irradiated @Fe-OPC3 significantly
accelerated wound healing, resulting in an 88.24% reduction in the wound area after 8 days.
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This bactericidal outcome likely occurred due to the synergistic photothermal effect of @Fe-
OPC3. A plate counting assay also showed a significant reduction in the presence of MRSA
bacteria in the wound tissue after treatment with irradiated @Fe-OPC3. The H&E staining
histological analysis was used to study the effects of GNRs and @Fe-OPC3 on bacteria and
wound healing. GNRs without NIR irradiation revealed weaker performance in wound
healing, while NIR-irradiated GNRs partially regenerated epidermis tissue. In contrast,
@Fe-OPC3 treated with NIR irradiation was successful in promoting the generation of
intact epidermal layers in wound tissue, demonstrating the distinguishable photothermal
potential for both antibacterial activity and wound healing as a promising candidate for
use in these applications. The biosafety of GNRs@MPNs was extensively tested both
in vitro and in vivo. The cytotoxicity was assessed on 3T3 cells, and the nanostructure
appeared not to cause a significant decrease in cellular viability at concentrations of up to
100 ppm, indicating its non-toxic nature. According to blood compatibility evaluations
with murine red blood cells, GNRs had high hemolysis at 89.79%, indicating poor blood
compatibility. @Fe-EGCG3 and @Fe-OPC3 had a low hemolysis ratio of approximately
0% and 1.50%, respectively, while @Fe-TA3 did not present satisfactory blood compati-
bility at all. Moreover, no significant changes were observed during mice body weight
assessment after the injection of GNRs@MPNs (with and without NIR), indicating their
favorable biosafety. H&E staining on main organ tissues (including heart, liver, spleen,
lung, and kidney) showed that GNRs caused toxic effects, while GNRs@MPNs had no
notable abnormalities or damage and were safe for wound healing, even when irradiated.
These results demonstrated the effectiveness and biocompatibility of GNRs@MPNs as
bactericidal agents.
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Figure 7. Metal-phenolic networks rendering photothermal bactericidal nanoparticles (GNRs@MPNs)
with phenolic fragments such as epigallocatechin gallate, procyanidins, and tannic acid.

In 2021, Das et al. developed quercetin-conjugated gold nanoparticles (QuAunps) as a
promising agent of antibacterial and antioxidant features [62]. To obtain nanoparticles, a
chloroauric acid solution was mixed with a Tween 80 solution, then mixed with a cyclomixer
and combined with a methanolic QUR solution. The mixture was then sonicated, and the
progress of the reaction was monitored using UV spectrophotometry. The nano-gold was
then separated by centrifugation, washed, and stored for further use. The characterization
of the nanomaterial was performed using DLS (a hydrodynamic diameter of 62 nm),
HRTEM (spherical shapes with a narrow particle size distribution and an average size of
30 nm), energy dispersive X-ray (EDX), and FTIR. The antioxidant activities of QuAunps
were investigated using the measurement of the ability to inhibit oxidation of brilliant
cresyl blue. QuAunps presented a concentration-dependent activity manifested by 42%
and 67% antioxidant activities at 8 µg/mL and 45.8 µg/mL, respectively. Antibacterial
assays showed that QuAunps had a lower MIC (7.6 µg/mL) against E. coli than free QUR
(24.7 µg/mL) and control citrate-capped Aunps (50.8 µg/mL). The authors also examined
the cytotoxicity of QuAunps, QUR, and ciprofloxacin (a control drug) in Vero cells and
concluded that QuAunps had the highest biocompatibility with a CC50 value at 956.8 µM.
The MBC of QuAunps was 10.5 g/mL. On agar plates treated with QuAunps, bacterial
growth was noted below the MBC after 24 h, but not at or above the MBC. In addition,
the dye uptake efficiency of QuAunps was measured at 48.37%, which was significantly
higher than those noted for the ciprofloxacin group (19.39%) and the bacterial control group
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(7.33%). Dye inclusion assays showed that QuAunps damaged the bacterial membrane,
resulting in increased dye uptake. The TEM micrographs were applied for the study of
QuAunps interaction with the bacterial surface.

The potential of selected functionalized gold nanoparticles has also been studied
against selected parasites. In the previous chapter, the antileishmanial activity of 47DHF-
functionalized silver nanoparticles (Ag-47DHF) was discussed [48]. In the same paper, the
authors also studied the potential of Au-47DHF nanoparticles, which were synthesized
by adding 47DHF in varying ratios to HAuCl4·3H2O solutions while stirring the mixture
at a constant temperature and allowing the reaction to continue for 10 min after the color
change had occurred. The Au-47DHF nanoparticles were oval and spherical in form, with
a zeta potential of 60 mV, and had a size range of 6–7 nm, with an average size of 5.8 nm.
UV spectroscopy, the high-resolution transmission electron microscope (HRTEM) pictures,
DLS investigations, selected area electron diffraction (SAED) patterns, and FTIR analy-
ses confirmed the structures of both nanoparticles. The nanoparticles had drug loading
(DL) efficiencies of 80.79% and 64.13%, respectively. The release of 47DHF from the gold
nanoparticles was gradual; at pH 7.4 and 5.8, its cumulative drug release was 14.95% and
57.97%, respectively. Au-47DHF was very effective against both developmental stages of
the parasite with IC50 values against promastigotes and axenic amastigotes at 0.1226 µg/mL
and 0.115 µg/mL, respectively. With IC50 values of 0.121 µg/mL, Au-47DHF demonstrated
antileishmanial action and targeted intracellular amastigotes. When compared to the
infected control, the nanoparticle-administered macrophages generated reduced nitrite
concentrations, indicating a decrease in parasite burden. The quantity of ROS (the key
trigger of apoptosis induction for 47DHF) formed in Au-47DHF was more than that noted
in control H2O2. In another study related to the antiparasitic action of gold nanoparticles,
Raj et al. developed and tested novel chrysin-gold nanoparticles (CHY-AuNPs) and studied
their potential against leishmaniasis [63]. CHY-AuNPs were synthesized by mixing CHY
and HAuCl4·3H2O solution in a 1:2 ratio. The synthesis of nanoparticles was optimized
through parameters such as temperature, pH, and concentration of metal ions, resulting
in smaller and more stable nanoparticles as indicated by UV spectra. An acidic pH and
high temperature were found to be favorable for the synthesis of CHY-AuNPs. Biosorption,
mediated by the hydroxyl group of CHY, occurred at the surface of the nanoparticles due
to the interaction between positively charged functional groups and anionic gold ions. The
characterization of nanoparticles was performed using UV-vis, and HRTEM micrographs
(an average size of 20 nm and a spherical or oval shape), whereas the high crystallinity was
confirmed by the clear dotted lattice fringes observed in selected area diffraction SAED
patterns. The nanoformulation was found to have a high DL efficiency of approximately
91% for CHY. During the drug release study, it was found that a higher percentage of the
drug was released in neutral pH conditions (40–90%) compared to acidic pH (0.9–30%).
When tested for oral efficiency, the release of the drug was minimal in highly acidic condi-
tions, but increased significantly at pH 6.8 and 7.4, with approximately 30% and 80% of the
drug released, respectively. The in vitro antileishmanial activity of CHY and CHY-AuNPs
was assessed by measuring the reduction in L. donovani burden in infected macrophages
after 48 h of treatment. The results showed that CHY-AuNPs were more effective in the
reduction in the parasite viability with an IC50 value of 0.8 µg/mL, compared to CHY
with an IC50 value of 2.19 µg/mL. This suggests that the enhanced efficacy of the drug
conjugated with AuNPs may result from targeted delivery.

3.2.2. Gold Nanoparticles in Anticancer Therapy

In a recent work from 2022, Cunha et al. reported the improvement of the EGCG’s
efficacy through its conjugation with gold nanoparticles (AuNPs), which led to two nanosys-
tems based on AuNPs [64]. The chitosan (CHI) mediated nanoparticles (EGCG-ChAuNPs)
were synthesized by mixing an aqueous solution of chloroauric acid with CHI and heat-
ing until a red suspension was obtained and subsequent conjugation with EGCG via
carbodiimide-mediated cross-linking (EDC/NHSS). Meanwhile, to prepare the cysteamine-
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mediated nanoparticles (EGCG-CystAuNPs), the Turkevich method was employed, fol-
lowed by subsequent functionalization with cysteamine. The resulting CystAuNPs were
conjugated with EGCG through EDC/NHSS coupling and stabilized by tween 80. The
obtained nanoparticles were characterized using techniques such as UV-vis spectroscopy,
DLS, zeta potential study, TEM, and Attenuated Total Reflectance Fourier Transform In-
frared spectroscopy (ATR-FTIR). The nanoparticles turned out to exert antioxidant and
cytotoxic effects in pancreatic cancer cells, with EGCG-ChAuNPs and EGCG-CystAuNPs
inducing 50% cell growth inhibition at EGCG concentrations of 2.2 and 3.7 µM, respectively.
The EGCG alone required a concentration of 23 µM to achieve the same level of cytotoxicity.
Caspase-3 activity assay also showed that the conjugation of EGCG with AuNPs enhanced
apoptosis in the cancer cells compared to EGCG alone. The authors concluded that AuNP
complexes could be used as delivery carriers to increase EGCG antioxidant activity in
cancer tissues. In the study from 2021, Panda et al. examined the antiangiogenic properties
of green tea polyphenols (GTP) combined with gold nanoparticles (GTP-AuNPs) [65]. The
nanoparticles were prepared by adding a solution of EGCG or (−)-epicatechin gallate
(ECG) to HAuCl4 in deionized water and stirring. The obtained red mixture was then
centrifuged, washed with DI water, and stored for future use. AFM, UV-vis spectroscopy,
and DLS were used to characterize the size, shape, and stability of GTP-AuNPs, which
appeared to be influenced by the solubility of the polyphenols in the aqueous medium,
with ECG-AuNPs revealing a larger diameter due to the formation of agglomerates and
EGCG-AuNPs being more stable due to their higher solubility. Unlike the wild angiogenin
(Ang), the protein used in this study had a 6His-tag at the N-terminal, increasing the count
of amino acid residues to 144 (from 123) and the molecular weight to 16 kDa (from 14 kDa).
Using an agarose gel-based assay, the inhibitory efficacy of ECG and EGCG against the
ribonucleolytic activity of Ang was investigated, and it was discovered that EGCG was a
significantly more potent inhibitor than ECG, with a relatively higher band intensity. The
binding of ECG and EGCG was similar to binding to ribonuclease A, and both flavonoids
decreased Ang catalytic activity through interaction with Lys 40 but did not directly alter
the ribonucleolytic site. ECG and EGCG bound to Ang noncompetitively, with the gallate
moiety (ring D) playing an essential role. The docking results were supported by the in vitro
and in vivo effects of ECG and EGCG on Ang, indicating that the polyphenols inhibit Ang
via an allosteric manner of inhibition. Kinetic experiments showed that all polyphenols
bound to an allosteric site on Ang in a noncompetitive manner, whereas capped AuNPs
demonstrated competitive binding with very low inhibition constants (Ki~4 µg/mL). Fluo-
rescence quenching tests and binding constant estimates further confirmed the capacity
of GTP-AuNPs to bind to the active site on Ang. The GTP-AuNPs also suppressed the
in vivo angiogenic response in the chick chorioallantoic membrane (CAM) experiment.
These findings show that ECG- and EGCG-capped AuNPs possess better antiangiogenic
properties than their free analogs.

3.2.3. Other Types of Gold Nanoparticles Activity

In 2022, Liu et al. developed a nanoprobe using a CT-functionalized gold nanocluster
(C-Au NC) for sensitive and selective detection of dopamine (DA) [66]. To synthesize
C-Au NCs, glutathione (GSH)-Au NCs were first prepared by mixing hydrochloride gold
and GSH in ultrapure water, heating the mixture, and purifying the resulting GSH-Au
NCs through ethanol precipitation. Catechin was then modified with the chemical linker
4-((2,5-dioxopyrrolidin-1-yloxy)carbonyl) phenylboronic acid (BE) to create a BE-CT com-
plex. This complex was mixed with GSH-Au NCs solution and phosphate buffer (PB),
and the mixture was stirred at room temperature for 12 h. The resulting C-Au NCs were
obtained through ultrafiltration and stored at 4 ◦C for further testing and analysis. Char-
acterization techniques, including UV-vis absorption spectra, FTIR, XPS, steady-state and
time-resolved fluorescence, DLS, and HRTEM, were used to confirm the successful synthe-
sis of the C-Au NCs. The resulting C-Au NCs were monodisperse with a spherical size of
1.7 nm and a hydrodynamic diameter of 3.6 nm. The surface functionalization of CT did not
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significantly affect the maximum emission wavelength or fluorescence lifetime of the Au
NCs but did lead to an increase in the hydrodynamic diameter. The DA detection mecha-
nism was based on the formation of azamonardine (proved by electrospray ionization-mass
spectrometry spectra) via the selective chemical reaction between resorcinol fragment of
CT and DA, which leads to enhanced fluorescence emission. The chemical linker used to
construct the C-Au NC nanoprobe did not affect the CT-DA reaction, as demonstrated by
the fluorescence emission spectra of CT-DA and BE-CT-DA solutions. The optimal pH
for the reaction between CT and DA to generate azamonardine compound was found to
be 9. The surface CT density of C-Au NCs affected the DA sensing performance, with the
reaction kinetics increasing with a higher GSH/BE-CT ratio. The reaction rate was slower
than previous reports due to the low reactant concentrations used in this work, as well as
the hindering effect of the surface GSH ligand. To ensure the completion of the reaction, the
chosen conditions for constructing the ratiometric DA sensing platform were a GSH/BE-CT
ratio of 15, pH 9, and a reaction time of 1 h. The sensitivity of the nanoprobes was evaluated
by recording the fluorescence emission spectra after adding different concentrations of DA.
The test showed a good linear relationship with the DA concentration in the range of 0
to 500 nM, with a detection limit of 1.0 nM. The reproducibility of the nanoprobes was
also tested, resulting in a low relative standard deviation of 2.5%. The accuracy of the DA
detection was verified through HPLC characterization with a UV detector. The selectivity
of the nanoprobes was evaluated in the presence of various interferents and found to only
enhance the I461/I560 ratio in the presence of DA. The practicality of the platform for DA
detection was demonstrated through testing in urine and cell lysate samples. C-Au NC
was not able to detect DA in urine samples but had satisfactory recoveries and low relative
standard deviation values when tested by a standard addition method. When tested in cell
lysate samples, the platform showed good accuracy, as indicated by favorable recoveries
and low relative standard deviation values. According to the results, the platform seems
adequate for detecting DA in complex biological media.

In another study, Pradhan et al. investigated the potential of hesperidin isolated from
orange peels in the synthesis of gold nanoparticles and their use as both an antioxidant and
a photocatalyst for the treatment of industrial wastewater [67]. The synthesis of hesperidin
gold nanoparticles was achieved by implementing isolated and recrystallized hesperidin
into the gold structure using the chemical reduction method with trisodium citrate as a
reducing and stabilizing agent while optimizing the conditions. The nanoparticles were
characterized by HRTEM, SAED, and FTIR. The photocatalytic activity of hesperidin gold
nanoparticles was evaluated on organic dyes and pollutants using sodium borohydride
as a reducing agent. The tested chemicals were methyl orange (MO), methylene blue
(MB), bromocresol green (BCG), and 4-nitrophenol (4NP). Hes-Au NPs were found to be
efficient in degrading these substances in the presence of visible light, with more than
90% degradation observed in all cases. The authors declared that the optimal volume of
Hes-Au NPs for degradation of these dyes was 1 mL for MO, MB, and 4NP, and 1.2 mL
for BCG, which allowed to degrade of these substances at a level of 88%, 95%, 90%, and
98%, respectively. The optimal concentration of NaBH4 was 3 mM for 4NP and 5 mM
for the dyes, and the kinetics of the degradation followed first-order kinetics. The dyes
degraded the most at 1 mM/0.1 mL, whereas 4NP degraded the most at 2 mM/0.1 mL.
In the DPPH and ABTS radical scavenging studies, Hes-Au NPs demonstrated strong
antioxidant activity, with IC50 values of 37.16 µg/mL for DPPH and 53.57 µg/mL for ABTS.
The antioxidant activity of Hes-Au NPs increased with concentration, showing inhibition
in the range of 34.8–79% for DPPH and 13.8–74% for ABTS at concentrations ranging from
20 to 100 µg/mL, which is lower than that of referential ascorbic acid with respect to both
cases. The nanoparticles outperformed ascorbic acid during the hydroxyl radical scavenging
analysis, demonstrating an increase in the scavenging of hydroxyl free radicals from 7.3%
to 54% in the range of 20–100 µg/mL (30–52.1% for ascorbic acid). The IC50 value in this
experiment concluded at 94 µg/mL. Scroccarello et al. developed an adhesive film made
of nanostructured Ag/Au and functionalized with CT for reagentless H2O2 and glucose
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detection (Figure 8) [68]. The film (PDA@Au-CT@Ag) was created on an enzyme-linked
immunosorbent assay (ELISA) polystyrene microplate using a layer-by-layer decoration
method that included DA polymerization (to form a PDA layer), the addition of gold
nanoparticles (AuNPs), the functionalization of the AuNPs with CT as a reducing agent,
and the formation of a silver network by adding AgNO3 and NaOH. The resulting film had
a reproducible LSPR peak intensity at 405 nm due to the creation of a nano-Ag network
and a shoulder at 500–520 nm due to the gold component. The existence of Ag and Au was
confirmed by energy-dispersive X-ray (EDX) analysis, which yielded a ratio of 1.15. During
the storing assessment, the most promising results were achieved when the films were
preserved for one month in MeOH:H2O (80:20) and in sodium citrate (10 mM), resulting
in 96.5% and 94.2% retention of the original LSPR signal, respectively. In contrast, the
PDA@AuNPs film without Ag can be stored at ambient temperature in the dark for one
year without significantly changing the LSPR maximum. It was discovered that when
PDA@Au-CT@Ag was exposed to H2O2, its LSPR absorbance changed with the most severe
etching occurring at ambient temperature (25 ◦C), pH 7, within the first 40 min of H2O2
contact as validated per SEM and EDX. The resultant film was subsequently utilized to
quantitatively detect H2O2 in the range of 1–200 µM, with a detection limit of 0.2 µM. Using
GOx as an enzyme, the suggested nanocomposite film was tested for its capacity toward
the detection of glucose. The film was discovered to be capable of detecting glucose in the
range of 2–250 µM, with a detection limit of 0.4 µM, in a repeatable manner and with a
nice linear response. The experiment was performed in a single step and was unaffected by
the presence of the enzyme, in contrast to approaches using colloidal dispersions, which
frequently require additional stages or enzyme removal procedures to prevent aggregation,
precipitation, and enzyme inhibition. The suggested PDA@Au-CT@Ag-based assay was
utilized to detect H2O2 and glucose in several commercial soft drinks, with no substantial
signal loss due to any of the evaluated interferents. The assay was shown to be repeatable
and accurate, with recoveries ranging from 84–111% for H2O2 and 83–105% for glucose.

To sum up
Pros

• Gold nanoparticles can be easily prepared and functionalized, and they present significant potential for
medical sciences, including antibacterial, antioxidant, an-tiparasitic, antiangiogenic potential, and
anticancer properties.

• The functionalization of gold nanoparticles with flavonoid compounds improves their biological effects.
These effects were presented for gold nanoparticles func-tionalized with chrysin, kaempferol, quercetin,
epigallocatechin gallate, procya-nidins, 4′,7-dihydroxyflavone, metal-phenolic networks, and green tea
polyphe-nols. Due to the photothermal effect, flavonoid-AuNP conjugates reveal significant potential for
both antibacterial activity and wound healing.

• Depending on the conjugation between proper flavonoid and gold nanoparticles, diverse applicability of
fabricated systems can be obtained—from antibacterial agents to biosensors. A gold nanocluster was
also applied for sensitive and selec-tive detection of dopamine, whereas hesperidin isolated from orange
peels was used in the synthesis of gold nanoparticles, which was applied both as an antiox-idant and a
photocatalyst for the treatment of industrial wastewater.

• Despite using structurally diverse flavonoids, no influence on the maximum emis-sion wavelength or
fluorescence lifetime of the gold nanoparticles was observed.

Cons
• Limited information is known about the long-term toxicity of gold nanoparticles. Some organic

functionalizations, such as citrate, might increase toxicity rather than decrease it [69]. Therefore, the
toxicity of conjugates should be carefully evaluated.

• The strong positive potential of some reported herein nanoparticles might raise safety issues, as the
feature was correlated with membrane damage [55].

• In contrast to spherical nanoparticles, gold nanorods are reported to disturb pro-tein structures and
reveal reduced mobility - they remain at the injection site, where they might cause damage [69].

• The competitiveness of the currently developed systems is unclear as there is a lack of studies
undertaking this topic.

• The glucose sensors based on flavonoids [68] still require optimization for better functioning, as
commercially used systems are more advantageous [70].
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Gold nanoparticles have also been often functionalized with flavonoid compounds
to improve their properties and broaden their applications. Gold nanorods with metal-
phenolic networks (containing EGCG, procyanidins (OPC), and tannic acid (TA)) [59] used
with NIR-irradiation significantly accelerated the infected wound healing and proved
their bactericidal effectiveness. Similarly, quercetin-conjugated nano-gold particles exerted
antibacterial and antioxidant activity [62] as well as gold nanoparticles, after coating with
CHY, kaempferol, and quercetin, boosted their antibacterial action against Gram-negative
bacteria [58]. Novel CHY-gold nanoparticles [63] were able to combat leishmaniasis, prob-
ably as a result of targeted delivery, whereas GNRs combined with RSV [71] revealed
promising but less effective than antileishmanial amphotericin B activity, potentially due
to the ROS generation. The CHI- and cysteine-mediated nanoparticles [64] conjugated
with EGCG (EGCG-ChAuNPs and EGCG-CystAuNPs) induced cell growth inhibition of
pancreatic cancer cells and as delivery carriers increased EGCG antioxidant activity in
cancer tissues. Similarly, the delivery of RVS to PANC-1 cancer cells of PDAC was improved
by attaching it to gold nanoparticles (GNPs) [72]. Moreover, GTP combined with gold
nanoparticles exerted the antiangiogenic properties of (GTP-AuNPs) [65], useful in cancer
treatment. C-Au NC can also be used for the detection of DA [66] in complex biological
media. Interestingly, gold nanoparticles combined with hesperidin showed antioxidant and
photocatalytic potential for the treatment of industrial wastewater [67]. A film composed
of nanostructured Ag/Au functionalized with CT can be useful for reagentless H2O2 and
glucose detection. The summary of the data related to connections of gold nanoparticles
with flavonoids, which were presented in this section, is included in Table 2.

Table 2. The summary of the data presented in Section 3.2.

Flavonoid/
Compound Size of NPs Synthesis Method MIC/ID50 Action Ref.

4′,7-
Dihydroxyflavone 8 nm chemical reduction of

HAuCl4
IC50prom 0.1226 µg/mL
IC50ama 0.115 µg/mL

promastigotes
amastigotes [48]

Chrysin, kaempferol,
and quercetin 4.1–35 nm

chemical reduction of
HAuCl4 with NaBH4 in the

presence of glutathione

MIC 30 µg/mL for
quercetin-AuNPs

E. coli, P. aeruginosa,
and P. vulgaris [58]

EGCG, procyanidins,
tannic acid Not specified seed-mediated growth

method

98.6% S. aureus growth
suppresion and 99.8% E.
coli growth suppression
for procyanidine-AuNPs

S. aureus and E. coli [59]

Quercetin 30 nm (HRTEM) reduction of HAuCl4 by
sonication MIC 7.6 µg/mL E. coli [62]

Chrysin 20 nm
chemical reduction of

HAuCl4 in the acidic pH
and high temperature

IC50 0.8 µg/mL L. donovani [63]

EGCG 125 ± 13 nm

chemical reduction of
HAuCl4 following with
carbodiimide-mediated
cross-linking of EGCG

50% cell growth
inhibition at EGCG

concentrations of 2.2 µM

Pancreatic cancer
cells [64]
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Table 2. Cont.

Flavonoid/
Compound Size of NPs Synthesis Method MIC/ID50 Action Ref.

EGCG, ECG Not specified chemical reduction of
HAuCl4

Not specified E. coli [65]

Catechin modified
with linker 1.7 nm

chemical reduction of
HAuCl4 in the presence of

glutathione
Not applicable

Fluorescent
nanoprobe for

detection of
dopamine

[66]

Hesperidin 18–32 nm chemical reduction method
with trisodium citrate

degradation rate > 90%
(methyl orange,
methylene blue,

bromocresol green,
4-nitrophenol);

IC50 37.16 µg/mL

Photocatalyst for the
treatment of

industrial
wastewater;

antioxidant activity

[67]

Catechin Ag/Au NPs
Not specified

chemical reduction of
HAuCl4 and AgNO3 by

NaOH
detection limit of 0.4 µM glucose detection [68]

3.3. Metal Oxide Nanoparticles

Many studies present connections of flavonoids with metal oxide nanoparticles, mainly
zinc oxide, ceria, iron oxide-based, titanium-based, CuO/ZnO, and titanium oxide-gold
nanocomposites, which resulted in materials of interesting physicochemical and biological
properties (Figure 9). Of great interest are the potential antibacterial, antifungal, antiviral,
and anticancer properties of metal oxide nanoparticles as well as their applications as drug
delivery platforms for improved osseointegration in orthopedic implants. In this regard,
metal oxide nanoparticles were functionalized with quercetin, eupatorin, silibinin, EGCG,
baicalin, luteolin, chrysin, morin, icariin hesperetin 7-rutinoside, flavanone-7-O-glucoside
to study their prospective medical applications.
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Figure 9. Spectrum of flavonoid-metal oxide nanoparticle conjugates and hybrids with their most
striking biological features.

3.3.1. Iron Oxide-Based Nanoparticles

In 2022, Askar et al. reported the preparation of quercetin-conjugated magnetite
nanoparticles (QMNPs) that exhibited salient antitumor abilities toward breast cancer
during the in vitro and in vivo studies [73]. QMNPs derived from iron(II) sulfate solution
that was enzymatically converted into iron(II,III) oxide (Fe3O4) cores of about 11 nm in
diameter under treatment by extracellular bio extract from Aspergillus oryzae fungus. The
obtained MNPs were clad with quercetin, resulting in nanospheres having a diameter of
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40 nm (Figure 10). The particles were characterized with the use of UV-vis spectroscopy,
FTIR spectroscopy, TEM, and XRD analysis, confirming the positive experimental outcome.
In vitro studies were conducted in respect of the ability of QMNPs to inhibit the growth
of cancer cell lines MCF-7, HePG-2, and A-459 showing effective inhibition after the 24-h
incubation period with IC50 values in nanomolar ranges. The authors also described the
radiosensitization effect of new particles on the example of MCF-7 cells, demoing the cell
decline by 91.2%, compared with the survived cell count after exposure to 6 Gy gamma-ray
irradiation (the optimal irradiation dose was estimated experimentally) or 11 nM/mL of
QMNPs alone. During the in vivo studies, it was concluded that QMNPs significantly
enhanced lateral radiotherapy of the N-methyl-N-nitrosourea-induced breast cancer in
white albino rats through upregulation of pro-apoptotic proteins and downregulation of
antiapoptotic proteins of the mitochondrial apoptotic pathway, while preserving nontoxic
nature towards hematological, hepatic, and renal markers.
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In 2021, Ahmadi et al. developed a nanocomposite of Fe2O3, CHI, and montmorillonite
(MMT) for the encapsulation of QUR as a less harmful alternative to chemical antitumor
agents [74]. To obtain the desired Fe2O3/CS/MMT@QUR, the solution of Fe(NO3)3·9H2O
and NH3·H2O was autoclaved for 10 h to obtain pure Fe2O3 nanoparticles, which were
then mixed with CHI and MMT to be subsequently loaded with QUR. The resulting nanos-
tructure was then crosslinked with glutaraldehyde before being added to a solution of
paraffin oil and Span 80. After stabilization with PVA, the nanocarrier was centrifuged
from the aqueous solution. According to the XRD study, the Fe2O3 component exhibited
an inverse spinel structure with an average size of 11.79 nm, and the FTIR study indi-
cated the existence of Fe2O3, QUR, MMT, and CHI in the nanocomposite. As defined by
FESEM, Fe2O3/CS/MMT@QUR had an average size of 148.2 nm, which corresponded
to the hydrodynamic radius determined by DLS analysis (161.3 nm). Vibrating sample
magnetometry analysis demonstrated the decline in magnetization value after the magnetic
nanoparticles were coated with CHI. The NCs exhibited high EE (94%) and pH-sensitive
QUR release, with a higher release rate in a slightly acidic environment (pH 5.4). The
Weibull model accurately described the drug release data, indicating that the interaction
between the carrier and the drug influences the loading and release processes. The NCs also
exhibited a regulated release profile, with rapid initial release followed by sustained release.
In vitro cytotoxicity tests on MCF-7 cancer cells showed that Fe2O3/CS/MMT@QUR had
lower toxicity compared to free QUR by about 22% due to controllable drug release. As
was determined by flow cytometry, the percentages of viable MCF-7 breast cells treated
with Fe2O3/CS/MMT were not substantially different from those in the control group,
portraying the carrier as biocompatible and non-toxic. Apoptosis studies for cancer cell
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lines showed lower viability in the free QUR group, indicating a better function of the
QUR-loaded Fe2O3/CS/MMT nanocomposite, confirming the cytotoxicity experiment, and
implying consistency with the release profile. Furthermore, under the presence of Fe2O3,
total apoptotic cells increased by 31.25% as compared to CS/MMT@QUR. In another study,
Garfias evaluated the potential of using polyelectrolyte-coated iron oxide nanoparticles as
quercetin drug carriers for targeted chemotherapy in ovarian cancer [75]. The synthesis of
iron oxide nanoparticles (Fe2O3) was performed through co-precipitation in an aqueous
solution. These nanoparticles were then coated with alternating layers of polyelectrolytes
through a layer-by-layer technique. This was performed by adding a volume of an anionic
polyelectrolyte solution—poly(styrene sulfonate) (PSS) or sodium carboxymethylcellulose
(CMC)—to a suspension of the Fe2O3 nanoparticles in water, followed by washing and then
adding a volume of a cationic polyelectrolyte solution—poly(allylamine hydrochloride)
(PAH) or CHI—containing quercetin. This process was repeated to create multiple layers
on Fe2O3 so that quercetin was included in the even layer numbers along with cationic
components. The samples were labeled based on the type of polyelectrolyte systems used
(synthetic PSS/PAH or natural CMC/CHI, referred to as P or C), the number of layers, and
the presence or absence of quercetin in the layers, with QUR indicating the presence of
quercetin. The size, structure, and surface properties of the nanoparticles were analyzed
using various techniques including DLS, TEM, XRD, FTIR spectroscopy, and vibrating
sample magnetometry. The nanoparticles were found to have a mean size of 8.7 nm and a
crystallite size of 10.4 nm. Zeta potential measurements and the pH at which the isoelectric
point occurred indicated that the polyelectrolytes and quercetin were effectively coated
onto the nanoparticles. The nanoparticles showed no cytotoxicity on their own, but when
quercetin was included, there was a statistically significant reduction in the viability of
human ovarian carcinoma cells. The authors found that the layer-by-layer technique was
effective for encapsulating quercetin, with 64.7% efficiency using synthetic polyelectrolytes
and 87.7% using natural polyelectrolytes. The authors also observed that the release of
quercetin from Fe2O3 was pH-dependent, with faster release at basic pH and slower release
at acidic or neutral pH. Based on the above-mentioned findings, the proposed nanoformu-
lations were proposed for use as targeted drug delivery vehicles for cancer chemotherapy.
In 2021, Tousi et al. conducted a study aimed to investigate methoxy poly(ethylene glycol)
(mPEG)-b-PLGA coated iron oxide nanoparticles as a carrier of eupatorin in the treatment of
prostate cancer [76]. The synthesis started with magnetic nanoparticles (Fe3O4) fabrication
and functionalization with oleic acid. After that, eupatorin-loaded Fe3O4@mPEG-b-PLGA
nanoparticles were generated utilizing a nano-precipitation approach that involved com-
bining Fe3O4-oleic acid nanoparticles with eupatorin and mPEG-b-PLGA in acetone and
stirring the mixture for 10 min. The formulation was then dropwise added to deionized
water before being freeze-dried to remove the water. The same method was used to make
control samples of Fe3O4@mPEG-b-PLGA nanoparticles without eupatorin. DLS technique
showed that the average particle size was 58.5 nm with a PDI of 0.167. An SAED pattern in-
dicated that the nanoparticles had a consistent spherical form and were thoroughly coated
with mPEG-b-PLGA. In the in vitro drug release studies, nanoparticles revealed the rapid
initial release of eupatorin (30% over the first 24 h), followed by sustained release over
200 h. The drug content and EE of the nanoparticles were 8.28% and 90.99%, respectively.
Eupatorin-loaded Fe3O4@mPEG-b-PLGA nanoparticles were produced and examined for
their capacity to transport eupatorin in a sustained manner to human prostate cancer cell
lines DU-145 and LNCaP. The nanoparticles were shown to be efficient in lowering the
growth rate of cancer cells in a dose-dependent manner with IC50 values of 100 mM and
75 mM for DU-145 and LNCaP, respectively. These values were lower than the IC50 values
for free eupatorin, showing that the nanoparticles were able to increase the therapeutic ben-
efits of eupatorin. The nanoparticles also caused apoptosis in the cancer cells. The authors
also applied flow cytometry to study the effect of free eupatorin and nano-eupatorin on
the distribution of cells in different cell cycle stages in DU-145 and LNCaP human prostate
cancer cell lines. Free eupatorin produced cell arrest during the G2-M interphase, but
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nano-eupatorin increased the percentage of cells in the sub-G1 phase, evidencing DNA
destruction and apoptosis. The annexin V-PI test revealed that free eupatorin enhanced the
number of necrotic and late apoptotic cells in both cell lines. While nano-eupatorin showed
similar effects on DU-145 cells, it greatly decreased the number of necrotic cells. There
was no significant difference in necrosis or late apoptosis rates in LNCaP cells with either
treatment; however, nano-eupatorin was more successful in increasing the proportion
of cells undergoing early apoptosis. The annexin V-PI test revealed that nano-eupatorin
could considerably lower the rate of necrosis in DU-145 cells while increasing the rate of
early apoptosis in LNCaP cells. Nano-eupatorin was considerably more effective, raising
the Bax/Bcl-2 ratio in DU-145 and LNCaP to 13.5 and 20.5, respectively. Furthermore,
nano-eupatorin enhanced cleaved caspase-3 levels, although no significant change was
seen in free eupatorin-treated cells compared to the control group.

In their study from 2021, Takke and Shende used iron oxide nanoparticles to create
biocompatible nanopolymeric carriers of PLGA-encapsulated silibinin (SLB-MPNPs) for
sustained release in kidney cancer cells [77]. The first synthetic stage involved the addition
of H2O2 to FeCl2 solution to form a black precipitate, which was separated, washed, and
dried to create iron oxide nanoparticles (MNPs). SLB-MPNPs were then created utilizing a
two-fold emulsion process that combined PLGA dissolved in acetone, MNPs, and dissolved
SLB in ethanol. The resulting primary emulsion was sonicated with aqueous PVA, and the
NPs were purified using centrifugation and drying. The PLGA concentration in the SLB-
MPNP formulations ranged from 50 to 200 mg, and blank MPNPs were also created. Blank
MNPs were measured for particle size and zeta potential and found to have an average
particle size of 206.4 nm and zeta potential of −21.1 mV, indicating a stable formulation.
SLB-MPNPs M3 (particles composed of 150 mg of PLGA), with a particle size of 285.9 nm
and a zeta potential of −14.71 mV, were picked for further investigation. As the PLGA
concentration grew, the % EE of the formulations increased from 72.16% to 88.20%. MNPs
revealed a greater saturation magnetization (36.35 emu/g) than SLB-MPNPs (12.78 emu/g).
The in vitro release analysis of SLB from SLB-MPNPs in PBS at pH 7.4 revealed roughly 48%
release after 24 h, with the overall volume of SLB released reaching 65.21% over 2 days. The
nanoparticles with the highest encapsulation (200 mg PLGA) demonstrated a delayed and
consistent release of 98.04% over 15 days due to drug diffusion from the PLGA core. On A-
498 human kidney cancer cells, SLB-MPNPs demonstrated stronger cytotoxicity than plain
SLB at all tested doses, with an IC50 of 3 µg/mL compared to an IC50 of 5 µg/mL for SLB.
During the in vivo acute toxicity research, no abnormalities or behavioral changes were
detected in the mice, and no tremors, convulsions, salivation, diarrhea, or lethargy were
observed. Body mass, food consumption, and water intake did not change significantly
between the experimental and control groups, and hematological, biochemical, and organ
weight characteristics did not differ significantly either. Histopathological examinations
revealed no evidence of tissue injury. For stability testing, the SLB-MPNP formulations
were kept at 4 ◦C preserved from light. The test held for 0, 1, 2, and 3 months revealed no
significant alterations, signifying that the formulations remained stable.

In 2021, Qin et al. managed to successfully synthesize photothermally active iron-
polyphenol nanoparticles with tunable size and ion content using different polyphenols as
a ligand, including EGCG, epicatechin (EC), and proanthocyanidin (PAC) among tested
substances [78]. The nanoparticles were synthesized through a sol-gel process that involved
dissolving PVP in a mixture of water, ethanol, and ammonia, with the subsequent addition
of a specific polyphenol, formaldehyde, FeSO4, and eventual autoclaving. Finally, the
products underwent dialysis and were isolated through freeze-drying. The DLS investiga-
tion revealed that the nanoparticles had hydrodynamic diameters of 21 nm for Fe-EGCG,
27 nm for Fe-EC, and 30 nm for Fe-PAC. All of the nanoparticles were highly dispersed in
water and demonstrated good photothermal conversion efficiency varying from 35.2% to
43.6% when irradiated at 808 nm for 10 min. The zeta potentials were noticed to negatively
depend on the amount of PVP polymer present. The iron content appeared to impact the
photothermal performance of nanoparticles, with higher iron content resulting in better
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performance, reaching the best results at an iron content of 85.7 mg/g, whereas higher
amounts prompted agglomeration of the nanoparticles caused by excess iron acting as
a cross-linker. Furthermore, as the size of the nanoparticles decreased, the temperature
increased, most likely due to the higher absorption and scattering ratios of smaller particles,
resulting in a more efficient light-to-heat conversion. The photothermal performance of
colloidal solutions was also affected by both concentration and power density, with higher
values leading to increased temperature increases after applying laser while retaining high
photostability after multiple cycles of irradiation. Iron-polyphenol colloidal nanoparticles
exhibited low cytotoxicity but effectively killed cancer Hela cells under MTT assay through
photothermal therapy in vitro when irradiated with lasers. These results were confirmed
by in vivo animal studies, which showed a significant increase in the temperature at the
tumor site with effective inhibition of the cancer growth in mice after nanoparticles were
injected intravenously and exposed to laser NIR irradiation. In terms of biodistribution,
the iron content was measured in various organs at different time points after injection of
colloidal solution, showing effective accumulation in the tumor due to enhanced perme-
ability and retention effects. The in vivo toxicity of colloidal nanoparticles was assessed
using hematological and histochemical analyses, which revealed that the nanoparticles
were safe for mice at the current experimental dosage. The hematological analysis found
that the white blood cell count was decreased in the colloidal solution group but recovered
after 3 days. Histochemical study of multiple organs revealed no evidence of inflammation
or injury.

The study of Sadegha et al. aimed to investigate the potential use of super-paramagnetic
iron oxide nanoparticles (SPIONs), coated with mesoporous silica (mSiO2) and loaded
with curcumin (CUR) and silymarin (SIL), as a theranostic asset for breast cancer treatment
(Figure 11) [11]. SPIONs were synthesized via a reverse microemulsion method. Next, the
resulting nanoparticles were coated with mSiO2 using CTAB and tetraethyl orthosilicate to
create mesoporous silica-coated SPIONs (mSiO2@ SPIONs), which were then suspended in
solutions of CUR and SIL to incorporate the cargo molecules. The average hydrodynamic
diameter of SPIONs was 25.50 nm. Following coating with mSiO2, the size grew to 57.00 nm
but did not alter appreciably after additional processing to remove CTAB. The PDI fell
considerably from bare SPIONs to coated and CTAB-free SPIONs. The size and PDI of the
SPIONs did not alter much with polyphenols addition. The amount of CTAB employed
in the coating process influenced SPION size, with higher levels resulting in bigger sizes.
The best quantity of CTAB for adequate size and monodispersity was determined to be
25 mg. As validated by DLS measurements, SEM pictures of the produced NPs revealed
that they were spherical and moderately monodispersed, with a size of 60–80 nm. CUR had
the highest DL at 0.5 and 1.25 mg/mL, whereas SIL had the highest DL at 1.25 mg/mL. At
0.25 mg/mL, both polyphenols revealed the maximum EE (above 90%). CUR/SIL-loaded
mSiO2@SPIONs released different amounts of CUR and SIL at different pH values. The
MTT experiment on MCF-7 cells revealed that the IC50 for the combination of CUR and
SIL was lower than that noted for the individual substances. Magnetic resonance imaging
(MRI) revealed that the NPs exhibited a high T2-weighted contrast and might be employed
in the in vitro diagnosis of early-stage breast cancer.
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This kind of potential application of nanoparticles was also presented in another study.
Shubhra et al. developed a smart drug delivery system (DDS) marked ICGOx@IO-Dox-
EGCG-PPP NPs for multimodal synergistic cancer therapy using magnetic photothermal
agents synthesized from iron oxide (IO) nanoparticles with covalently attached indocyanine
green (ICG) and glucose oxidase (GOx), coencapsulated with doxorubicin and EGCG inside
PLGA nanoparticles, and modified with arginylglycylaspartic acid (RGD) peptides for
dual targeting [79]. To make IO NPs, FeCl2 and FeCl3 were coprecipitated with NH4OH at
room temperature under vigorous stirring to yield Fe3O4 NPs, which were subsequently
oxidized with NaClO under sonication to produce more stable γ-Fe2O3 NPs. To stabilize
the system even more, citric acid was applied to IO NPs, and massive aggregates were
centrifuged from the resultant colloid. Next, to make ICGOx@IO NPs, ICG, and GOx were
co-loaded onto the surface of IO NPs. Using a multiple emulsion solvent evaporation
process, these NPs were subsequently encased in a PEG–PLGA matrix with Dox and EGCG
to form ICGOx@IO-Dox-EGCG-PP NPs. To make ICGOx@IO-Dox-EGCG-PPP NPs, the
PLGA NPs in this formulation were tagged with RGD peptide. The hydrodynamic size
of the nanoparticles was 209 nm, and their strongly negative zeta potential contributed
to their excellent dispersibility and stability. The size distribution was single-point, indi-
cating that the NPs did not aggregate. The nanoparticles were characterized using SEM,
TEM (NPs were spherical, with most having a size of 150–180 nm), and FTIR. The satura-
tion magnetization of the ICGOx@IO-Dox-EGCG-PPP NPs was 11.8 emu/g, which was
considered sufficient for magnetic targeting. ICGOx@IO-Dox-EGCG-PPP NPs exhibited
photothermal properties when irradiated with 808 nm laser light. Irradiation showed an
acute increase in temperature to 53.9 ◦C, while the control samples without ICG showed no
significant temperature increase. When external magnets were used for magnetic targeting,
the temperature rise reached 55 ◦C and simultaneously increased the enzymatic activity
of GOx. A biphasic release profile was observed for both Dox and EGCG, with an initial
rapid release followed by a gradual, sustained release, with a larger rate at pH 5.5 than at
pH 7.4, possibly due to enhanced drug solubility at the lower pH and hydrolysis of the
PLGA polymer at the acidic pH. At pH 7.4, laser irradiation combined with a magnetic
field increased drug release, with up to 73% of Dox and 65% of EGCG released after 48 h.
After 5 min of laser irradiation, the PLGA NPs reached the glass transition temperature
range of PLGA, promoting drug release as the physical state of PLGA transformed from
firm to soft rubbery. Confocal microscopy and flow cytometry were used to investigate the
cellular uptake, demonstrating that NPs may successfully transport drugs to B16F10 cells
even in the absence of a magnetic field or peptide targeting. When cells were treated with
dual-targeted NPs (i.e., with magnet), the highest fluorescence was witnessed, proving that
the combination of peptide and magnetic targeting was most successful at delivering the
NPs to cells. Single targeting using a peptide or a magnetic field increased cellular uptake
over non-targeted ICGOx@IO-Dox-EGCG-PP NPs. Since the magnetic field can only enable
NP connection with cells, cell-penetrating peptides directly facilitate NP entrance into cells.
The flow cytometry data were supported by a quantitative evaluation of cellular uptake
using ICP-MS. DDS was more effective for the reduction in the viability of cancer B16F10
cells than either Dox or EGCG alone, and dual targeting with laser exposure was the most
effective for the reduction in the cell viability by 90%. The DDS did not show significant
cytotoxicity to non-cancerous HEK293 cells and rendered apoptosis in cancer cells treated
with it. ICGOx@IO-Dox-EGCG-PPP NPs were also more effective at declining cell viability
in the presence of glucose, possibly due to the enzymatic H2O2 formation by GOx, and also
elevated ROS production. When subjected to both a magnetic field and laser irradiation
in vivo, DDS proved efficient at reducing tumor volume and extending mice longevity
up to complete tumor eradication, while specimens given free Dox had a lower survival
rate, which might be attributed to the negative effects of free Dox. When compared to the
control and free Dox groups, the DDS boosted intratumoral H2O2 concentration and the
production of apoptosis-related cytokines in tumor tissues. The NPs accumulative potential
in tumor tissues could be expressed in the following order: ICGOx@IO-Dox-EGCG-PPP
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(+magnet + laser) > ICGOx@IO-Dox-EGCG-PPP (+magnet) > ICGOx@IO-Dox-EGCG-PPP >
ICGOx@IO-Dox-EGCG-PP (+magnet) > ICGOx@IO-Dox-EGCG-PP. The researchers discov-
ered that free Dox induced large increases in creatine kinase MB and LDH levels in mouse
plasma, signaling cardiac damage, but DDS did not present such an effect. Doxol, a harmful
metabolite of Dox, was also found in substantially lower concentrations in the hearts of
mice treated with the ICGOx@IO-Dox-EGCG-PPP NPs, which coincided with histological
heart tissue damage examinations. Iron concentrations in cardiac tissue were the lowest
in mice given the dual-targeted DDS, indicating effective tumor targeting. These findings
imply that the introduction of EGCG in the nanoformulations reduced Dox cardiotoxicity
by suppressing the activity of carbonyl reductase 1, involved in the synthesis of Doxol. In
2022, Rahmati et al. published a study on the use of QUR-loaded magnetic nano-micelles
(QMNMs) as a multifunctional drug delivery platform [80]. QMNMs were prepared using
modified oil-in-water emulsion methods. QUR, magnetic nanoparticles (MNPs) of Fe3O4,
and a methoxy poly(ethylene glycol)-block-poly(ε-caprolactone) (mPEG-PCL) copolymer
were dissolved in chloroform and added to an aqueous solution containing PVA. The mix-
ture was stirred and homogenized, then allowed to evaporate. The resulting nanoparticles
were collected, washed, and dried. The DL and EE of quercetin in the QMNMs were 17.1%
and 95.9%, respectively. The stability of the micelles was confirmed by the low critical
micelle concentration of 50 mg/L. The characterization of nanoparticles was performed
using UV-vis spectrophotometry, DLS measurements (a monodisperse distribution with
a polydispersity index of 0.269 and an average hydrodynamic size of 85 nm), and TEM
images (semi-spherical shape and an average size of 10–15 nm). The physical stability of
QMNMs was assessed by monitoring their particle size over a 90-day period using DLS
analysis, and it was found that there were no significant changes in the average size. The
successful incorporation of magnetic nanoparticles into QMNMs was confirmed through
energy-dispersive X-ray spectroscopy analysis and XRD patterns. The magnetic properties
of both MNPs and QMNMs were compared, with the latter showing a reduced saturation
magnetization of 12.2 emu/g due to the coating of the nanoparticles with an mPEG-PCL
layer. However, both materials displayed superparamagnetic behavior with no remanent
magnetization or coercivity at relatively low fields. The observations of drug release from
QMNMs represented their sensitivity to pH changes. In general, a burst QUR release
occurred in the first 12 h, followed by a sustained release for the next 5 days. At pH 5.3,
28% of the loaded drug was released after 12 h and 55% after 140 h. At pH 7.4, 15% of the
drug was released after 12 h and 28% after 140 h. The levels of reduced GSH in isolated rat
mitochondria were not reduced in any of the tested groups, signing that oxidation of thiol
groups in mitochondrial permeability transition pores did not occur. This suggests that
pure QUR, QMNMs, and MNPs did not cause mitochondrial dysfunction in rats. These
results were confirmed by lipid peroxydation (LPO) assay.

In the study from 2022, Hou et al. synthesized a clickable azido derivative of baicalin
(BCL-N3) for the functionalization of alkyne-modified Fe3O4@SiO2 core-shell magnetic
nanoparticles (MNPs) to create baicalin affinity nanoparticles (BCL-N3@MNPs) able to
identify proteins that interact with baicalin (Figure 12) [81]. Baicalin was modified by
attaching an azide group to its carboxyl via a PEG chain. The resulting BCL-N3 was then
conjugated with MNPs via an azido-alkynyl click reaction. The study examined whether
BCL-N3 preserves the biological activity of BCL in human liver microsomes (HLMs) by
comparing its inhibitory activity on human carboxylesterase 1 (hCE1). Although both
BCL and BCL-N3 had similar IC50 values, BCL-N3 showed a more potent inhibitory effect
at higher concentrations. However, when baicalin was functionalized onto MNPs, its
inhibitory activity on hCE1 was even higher at the same concentration as BCL and BCL-
N3. Researchers optimized the capture efficiency of BCL-N3@MNPs on target proteins
of baicalin by comparing the number of proteins seized from protein extracts of human
embryonic kidney (HEK293) cells. The results showed that 100 nm BCL-N3@MNPs had
higher capture efficiency and that non-specific protein absorption on BCL-N3@MNPs could
be reduced by washing the probes. Therefore, the two-hour incubation and washes were
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defined as optimal conditions that led to the capture efficiency of 19.69 µg/mg for BCL-
N3@MNPs (versus 4.71 µg/mg for MNPs). A total of 14 proteins were identified from
extracts of HEK293 cells through mass spectrometry as interacting with baicalin, including
enzymes, transcription regulators, a transporter, a kinase, a translation regulator, and other
proteins. The interactions may be related to baicalin’s various pharmacological activities,
such as anti-inflammatory and anti-infection effects, and its potential as an anticancer agent.
Additionally, baicalin was found to interact with actin-related proteins, which may play
a role in its ability to inhibit cancer cell motility, and with peroxiredoxin IV, which may
contribute to its antioxidant activity.

To sum up
Pros

• Connections of flavonoids with iron oxide-based nanoparticles resulted in materi-als of interesting
physicochemical and anticancer potential, as well as prospective applications as drug delivery platforms.

• Iron oxide-based nanoparticles were functionalized with quercetin, eupatorin, silibinin, EGCG, and
baicalin to study their prospective medical applications.

• Several types of polymers, e.g., PLGA, PEG, PCL, CMC, and PVP, as well as meso-porous silica, were
used for surface functionalization of iron oxide-based nano-particles, which increased the stability of
flavonoid-nanoparticle conjugates and impacted the controlled release of organic molecules.

• The surface functionalization of iron oxide nanoparticles with the use of quercetin reduced their toxicity
to healthy cells.

• Iron oxide-based nanoparticles, especially super-paramagnetic iron oxide nano-particles (SPIONs)
loaded with curcumin and silymarin, demonstrated potential as theranostic agents for
anticancer treatment.

Cons
• For most of the nanoparticles directed against cancers, the MIC/ID50 values were not specified.
• There are no comparative studies of standard cancer therapy with and without the particular DDS.
• There is a lack of information about the selectivity index of the synthesized NPs, which is an important

parameter allowing us to assess their effectiveness.
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Iron oxide nanoparticles have been produced and formulated with flavonoids for ap-
plications in the treatment of ovarian cancer [75] after coating with mesoporous silica [11]
or in the form of nanocomposite of Fe2O3, CHI, and montmorillonite (MMT) in breast can-
cer [74]. Methoxy poly(ethylene glycol) (mPEG)-b-PLGA-coated iron oxide nanoparticles
seem to be suitable carriers of flavonoid compounds in the treatment of prostate cancer [76],
whereas iron oxide NPs can serve as carriers of PLGA-encapsulated silibinin for sustained
release in kidney cancer cells [77]. Iron oxide nanoparticles are also components of drug
delivery systems applied in multimodal synergistic cancer therapy [79] and formulations
used for the identification of selected proteins [81]. The summary of the data related to
connections of iron-based nanoparticles with flavonoids, which were presented in the
section, was included in Table 3.
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Table 3. The summary of the data presented in Section 3.3.1.

Flavonoid
Type Type of NPs Size of NPs Synthesis Method MIC/ID50 Action Ref.

Curcumin,
silymarin SPIONs 57 nm

reverse
microemulsion

method
Not specified MCF-7 cells [11]

Quercetin Fe3O4 40 nm enzymatic
reduction of FeSO4

Cell viability ≤ 9% MCF-7 cells [73]

Quercetin Fe2O3 148.2 nm
chemical reduction
of Fe(NO3)3·9H2O

by NH3·H2O
Not specified MCF-7 cancer

cells [74]

Quercetin Fe3O4 8.7 nm
co-precipitation in

an aqueous
solution

Not specified Human ovarian
carcinoma cells [75]

Eupatorin Fe3O4 58.5 nm nano-precipitation
approach

IC50 100 mM and
75 mM

Human
prostate cancer

cell lines
DU-145 and

LNCaP

[76]

Silibinin Fe3O4 285.9 nm
co-precipitation of

FeCl2 in the
presence of H2O2

IC50 3 µg/mL
A-498 human
kidney cancer

cells
[77]

EGCG,
epicatechin,

proanthocyani-
din

Fe

21 nm for
Fe-EGCG,
27 nm for

Fe-EC, and
30 nm for
Fe-PAC

sol-gel process Not specified HeLa cells [78]

EGCG Fe3O4 150–180 nm
co-precipitation of
FeCl2 and FeCl3

with NH4OH

Cell viability ≤
10% B16F10 cells [79]

Quercetin Fe3O4 10–15 nm co-precipitation
method

non-toxic for
isolated rat

mitochondria

multifunctional
drug delivery

platform
[80]

Baicalin Fe3O4 100 nm

Commercially
available

Fe3O4@SiO2
nanoparticles were

used

protein capture
efficiency of
19.69 µg/mg

Human
embryonic

kidney cells
(HEK293)

[81]

3.3.2. Zinc(II) Oxide-Based Nanoparticles

In a study conducted in 2021, Kollur et al. evaluated the potential anticancer ac-
tivity of luteolin-functionalized zinc oxide nanoparticles (L-ZnONPs) [82]. L-ZnONPs
were made by mixing an aqueous solution of Zn(OAc)2 and luteolin, sifting the resulting
white precipitate, washing it with ethanol to remove impurities, and calcining the result.
Luteolin’s 2′- and 3′-hydroxyls were employed to clad the ZnO nanostructures through the
oxidation process with the zinc ions. The obtained nanostructures were characterized using
XRD, SEM (nanospheres between 12 and 25 nm in size), and TEM (hexagonal structure
with a dimension of roughly 17 nm). L-ZnONPs considerably outperformed individual
treatments of luteolin and ZnO in cytotoxicity experiments on MCF-7 cells under hypoxic
conditions, lowering the number of viable cells to 15% at a concentration of 40 µM (the
IC50 value of free L was previously reported as 43 µM for MCF-7 cells). Based on the in
silico protein validation, all the proteins chosen for this study (1Q4O, 2FK9, 2LAV, 3PP0,
4RIW, 5YZ0) expressed high levels of favored and allowed residues, allowing them for
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further molecular interactions. Based on increasing binding affinity, six docked poses
for L-ZnONP against a specific protein were achieved, and the results were visualized to
investigate interactions between the ligand and protein. The further computations allowed
the prediction that L-ZnONPs interact with 1Q4O, 3PP0, and 2LAV proteins via hydrogen
bonds with binding affinities of −9.7, −8.3, and −10.1, respectively. The other proteins
created less hydrogen bonding with L-ZnONPs. The best docked L-ZnONP poses with the
selected proteins featured conserved salt bridges and numerous bonded and non-bonded
interactions. L-ZnONPs were assumed to limit MCF-7 cell proliferation via molecular
interactions with the human polo-like kinase 1 protein. In another study, Ramalingam et al.
investigated ZnO nanoparticles functionalized with quercetin (ZnO@Quercetin) with re-
spect to their anticancer efficacy towards human ovarian cancer cells [83]. ZnO@Quercetin
nanoparticles were created by dissolving quercetin in a zinc nitrate solution, refluxing the
combination, and then adding KOH. The same approach was used to create a control group
of ZnO but without the inclusion of quercetin. QUR was also physically combined with
ZnO to generate a different sample in which the two were linked by static contacts, van
der Waals forces, or Lewis acid-base interactions. According to SEM and EDS analyses, the
produced nanoparticles were evenly dispersed, agglomerated, and devoid of contaminants.
Elemental mapping using scanning augur microscopy (SAM) revealed a homogeneous
distribution of carbon, zinc, and oxygen in the functionalized ZnO@Quercetin, showing
that functionalization was effective. The ZnO nanoparticles produced in this work were dis-
covered to be monocrystalline hexagons with a size range of 12–18 nm and a lattice spacing
of 0.21 nm, hinting on the wurtzite type XRD examination revealed the typical peaks of ZnO
nanoparticles, while Raman spectroscopy validated the nanoparticles’ structural purity.
The surface functionalization of QUR with ZnO nanoparticles did not alter the diffraction
peaks or lattice planes substantially, showing that the surface functionalization was ef-
fective. Functionalization improved the electrochemical performance and surface area of
ZnO nanoparticles, as demonstrated by cyclic voltammetry and Brunauer–Emmett–Teller
analyses. The functionalized nanoparticles outperformed the non-functionalized ones in
terms of redox behavior, conductivity, and surface area. ZnO@Quercetin showed increased
concentration-dependent cytotoxicity against human ovarian cancer cells, with a lower
concentration of ZnO@Quercetin resulting in increased cytotoxicity (an IC50 was about
10 µg/mL), compared to ZnO or QUR alone. This toxicity was expressed in significant
morphological alterations induced in cancer cells, including reduced density, detaching,
clumping, and floating. The functionalization of quercetin on the surface of ZnO nanoparti-
cles proved to be more effective at causing cancer cells to lose their structural integrity. ZnO
nanoparticles were discovered to promote the formation of ROS in cancer cell mitochon-
dria, as seen by weak fluorescence emission in a DHE staining experiment and verified by
spectrofluorimetry analysis. QUR boosted ROS creation as well, albeit to a lower amount
than ZnO@Quercetin, which had significant fluorescence emission and the highest ROS
generation as compared to control cells. The ZnO@Quercetin also demonstrated substantial
anticancer efficacy through the permeabilization and ROS production in the mitochondrial
membrane, regulating key proteins involved in the intrinsic apoptotic cascade, thus predis-
posing apoptosis in human ovarian cancer cells. When QUR and ZnO nanoparticles were
combined, the number of apoptotic cells increased much more than when each component
was used alone. The dual staining experiment discovered that both ZnO and QUR therapy
produced early death in the cells yet showed poorer performance in comparison to the
ZnO@Quercetin formulation. Mahalanobish et al. described in their study from 2022 the
development of a zinc oxide nanoparticle-based drug delivery medium for the targeted
delivery of a natural bioactive compound - CHY, to lung cancer cells [84]. To achieve final
ZnO-PBA-CHY formulations, zinc oxide nanoparticles (ZnO NPs) and amine-conjugated
ZnO NPs (NH2-ZnO) were synthesized first through a series of chemical reactions and
mixing steps. BE was activated and then combined with the NH2-ZNPs to create the
ZnO-PBA nanocarrier. Chrysin was loaded onto ZnO-PBA by adding it to the nanocarrier
and stirring the mixture. The resulting drug loading content and EE were measured at
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30.56% and 44%, respectively. The stability of the nanoconjugate remained relatively con-
stant in a solution with 10% FBS. The results of UV-vis spectra in a dialysis bag experiment
showed that the nanoconjugates partially dissolved, releasing almost 59% of the CHY after
48 h at pH 5.0, while only 14% and 9% were released at pH 6.0 and 7.4, respectively. The
synthesized nanohybrids were shown to emit blue 4′,6-diamidino-2-phenylindole (DAPI)
and green (FITC) fluorescence when viewed under a fluorescent microscope, implying their
potential use as a bio-imaging agent. The intake of ZnO and ZnO-PBA nanoparticles in
A549 cells was studied using fluorescence-activated cell sorting analysis, which showed
that the ZnO-PBA nanoparticles had greater intake efficacy in the cells compared to the
ZnO nanoparticles. This increased intake is thought to be due to the interaction of the PBA-
tagged nanoparticles with overexpressed sialic acid receptors on the surface of the cancer
cells. The cytotoxicity of ZnO-PBA-CHY was examined on A549 and L132 cell lines using
the MTT assay, showing dose-dependent cytotoxicity in the A549 cells at doses ranging
from 16.3 to 130.8 µg/mL (an equivalent to 5–40 µg/mL of free CHY). The nanohybrids
had a greater cytotoxic impact on A549 cells compared to free CHY or ZnO-PBA and did
not show significant cytotoxicity in the normal alveolar epithelial L132 cells. The apoptotic
effect of the nanohybrids on A549 cells increased the value of apoptotic cells from 6.54% in
the control to 12.44%, 22.52%, and 55.62% after treatment with free CHY, ZnO-PBA, and
ZnO-PBA-CHY, respectively. Additionally, the nanohybrid successfully stopped the cell
cycle in the G0/G1 phase. These findings imply that the nanohybrid triggers the innate cell
death mechanisms, causing cellular apoptosis and cell cycle arrest. Finally, by reducing
MMP-2 expression and VE-cadherin expression, the nanoparticles inhibited the migration
and invasion of A549 cells.

In another study, a quercetin-functionalized CuO/ZnO nanocomposite (CuO/ZnO@Q)
was studied in terms of photocatalytic and biocidal activity [85]. CuO/ZnO@Q was formu-
lated by mixing copper acetate and QUR solution, then adding QUR and zinc acetate. The
resultant mixture was washed and centrifuged before being dried (yielding CuO/ZnO@Q)
and calcined to provide pristine CuO/ZnO for comparative studies. The pure CuO/ZnO
XRD pattern revealed the existence of both ZnO and CuO phases, with peaks matching to
polycrystalline hexagonal wurtzite structure of ZnO and the monoclinic secondary phase
of CuO. The CuO/ZnO@Q pattern was X-ray amorphous, most likely due to the bounded
QUR. The FTIR spectrum of CuO/ZnO@Q nanocomposite indicated the majority of the
quercetin peaks but with a modest drop in intensity and change in position, indicating
surface functionalization. After 600 ◦C sintering, the FTIR spectrum revealed no peaks
that might be ascribed to QUR, but rather the existence of metal–oxygen bonds typical
of CuO and ZnO. The nanocomposite was characterized using TEM, EDX, and UV-vis
spectroscopy. The photoluminescence (PL) spectra of CuO/ZnO revealed an emission peak
at 434 nm, which was ascribed to excitonic band-to-band radiative emission. PL intensity
of CuO/ZnO@Q declined, suggesting efficient suppression of charge carrier recombination
and higher separation of electron and hole pairs. When exposed to UV light, the excited elec-
trons from RhB and QUR molecules were transported to the CuO/ZnO conduction band,
allowing for more effective charge carrier separation and oxidation of the dye molecules.
After 75 min of UV irradiation, CuO/ZnO@Q demonstrated nearly full degradation of
RhB (99.91%), whereas pure CuO/ZnO reached only 70.78%. CuO/ZnO@Q caused 99.98%
degradation after 90 min, whereas pure CuO/ZnO decomposed the dye to 96.5% over the
same period. By improving the capacity of CuO/ZnO@Q to absorb UV light at 256 nm and
365 nm, QUR can boost its photocatalytic activity. The UV absorption spectra showed that
the degradation of RhB was enhanced in the presence of QUR. The rate of dye degradation
rises when the catalyst concentration (CuO/ZnO@Q or CuO/ZnO) increases from 20 mg/L
to 30 mg/L (the optimal catalyst concentration). When the concentration was raised to
40 mg/L, however, the solution became turbid, and the rate of degradation decreased.
The rate of dye degradation grows as the dye concentration increases from 20 mg/L to
30 mg/L (the optimal dye concentration). However, the degradation rate decreases when
the dye concentration approaches 40 mg/L. The recyclability of the CuO/ZnO@Q was
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demonstrated through five cycles of 75 min long degradation reaction, decomposing RhB
with 99.9%, 97.4%, 95.7%, 95.12%, and 94.6% efficacy in the first to fifth cycles, respec-
tively. This demonstrates just a little decrease in dye degradation % throughout the five
cycles, proving the stability and recyclability of the produced NCs. During the biocidal
evaluations, CuO/ZnO@Q inhibited bacterial strains (Escherichia coli, Staphylococcus aureus,
Shigella, and Bacillus subtilis) better than CuO/ZnO. The functionalized nanoformulations
also revealed substantial antifungal activity against Aspergillus niger and Candida albicans,
unlike CuO/ZnO. The presence of QUR biomolecules hindered the development of the
tested bacteria considerably well.

In 2021, Nisar et al. released a study on quercetin-loaded zinc oxide nanoparticles
(quercetin@ZnO NPs) as a promising candidate for use in antiphotoaging therapeutics
(Figure 13) [86]. To create quercetin@ZnO NPs, quercetin was combined and homoge-
nized with acetone before being diluted in various ratios with as-prepared ZnO NPs. To
remove superfluous water, the mixture was ultrasonicated and centrifuged, yielding pure
quercetin@ZnO NPs. SEM imaging revealed that quercetin was successfully loaded onto
ZnO NPs in the form of flower clusters. The best quercetin/ZnO ratio was determined
to be 1:10, and when quercetin concentration grew in different quercetin/ZnO NP ratios,
the ZnO structure changed and became less prominent. The optimal quercetin/ZnO mass
ratio was discovered to be 10:1, providing the adsorption rate of 90.61% and the loading
capacity of 29.35%, potentially allowing for maximum drug penetration. It was noticed
that UVA radiation boosted drug release, with 88.71% of quercetin released after 8 h of
exposure to a 150 kJ/m2 UVA dose. Only 10.29% of quercetin was released from NPs held
in the dark over the same time, revealing the stimulatory effect of UVA irradiation on drug
release from NPs, most likely due to hydrophobic/hydrophilic transitions. The ability of
quercetin to bind iron was demonstrated using cyclic voltammogram studies, and this was
confirmed by spectrophotometry through testing different Fe(NO3)3 concentrations. These
findings imply that quercetin can lower ROS generation while also protecting against UV
damage. During the test on UVA-exposed HaCaT cells, quercetin@ZnO NPs influenced
the reduction of ROS levels and inflammatory factors. These findings suggested that
quercetin@ZnO NPs could be employed to minimize the harmful effects of UVA on the
skin, such as photoaging. In a cytotoxicity assay, HaCaT cells were exposed to an optimal
value of 150 kJ/m2 UVA, resulting in approximately 80% cell viability after 24 h. When the
cells were treated with different concentrations of quercetin@ZnO NPs at 8 and 24 h after
UVA exposure, no cytotoxicity was observed, and the cells showed proliferative behavior,
indicating excellent biocompatibility.
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In a related study, Salaheldin et al. investigated the potential use of three in-
novative (−)-epigallocatechin-3-gallate (EGCG) nanoformulations as natural chemo-
preventive agents against ultraviolet beam (UVB) radiation-induced DNA damage in
keratinocytes [88]. In this study, one of the examined nanosystems was EGCG-CHI/
zinc oxide (ZnO)-poly(lactic-co-glycolic acid) (PLGA), which was referred to as Nano 1
(Figure 14). To assemble it, firstly, ZnO nanoparticles were produced via co-precipitation,
in which zinc nitrate hexahydrates and sodium hydroxide were combined under stirring.
The resulting white precipitate of zinc hydroxide nanoparticles was washed and heated
to create a white powder of ZnO nanoparticles. Then, PLGA was dissolved in water with
ZnO nanoparticles added to form a ZnO-PLGA suspension. EGCG-CHI was made by
mixing ascorbic acid, CHI, and EGCG, to which the ZnO-PLGA suspension was added.
The solution was then sonicated and allowed to stir. The resulting EGCG-CHI/ZnO-PLGA
was purified through dialysis. Dynamic Light Scattering (DLS) and Electrophoretic Light
Scattering (ELS) techniques performed on Nano 1 revealed an average size distribution
of 152 nm and Zeta potential of +10 mV. Its EGCG encapsulation efficiency (EE) was 99%,
with a loading ratio of 8.4%. Nanoformulation 1 demonstrated slow EGCG release in
phosphate-buffered saline (PBS), with a release rate of around 7% even after 24 h. However,
in fetal bovine serum (FBS), the release of EGCG from Nano 1 was faster, with a maximum
release rate of around 65% in the first hour, followed by a decrease to approximately 40% for
the rest of the 24-h period. The stability of nanoformulations was confirmed in this study
through the lack of significant change in EGCG concentration during the study period, as
well as the stable physical properties, including homogeneity, precipitation, aggregation,
and color change. The absorption of UVB radiation by the skin is known to result in the
formation of cyclobutane pyrimidine dimers (CPDs) and 6-4 photoproducts (6-4PPs), as
well as an increase in the levels of various cytokines and chemokines. To study these effects,
the researchers conducted tests on human-immortalized HaCaT keratinocytes. Pretreat-
ment with EGCG and its nanoformulation 1 did not effectively prevent the formation of
UVB-induced CPDs or 6-4PPs and did not exhibit significant protective abilities during
chemokine/cytokine quantification in the course of in vitro studies. During the in vivo
studies, the preventive abilities of nanoformulations were tested on UVB-exposed SKH-1
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hairless mice. In terms of protection against UVB-induced DNA damage, nanoformulations
showed a 20–45% reduction of UVB-generated CPDs and a 20–48% reduction of 6-4PPs.
During the topical application of EGCG and its nanoformulations, the concentration of
EGCG in the epidermis was higher for the free EGCG treatment compared to Nano 1.
However, the concentration of EGCG in the dermis and hypodermis was higher for Nano 1
treatment compared to the free EGCG treatment. This suggests that the EGCG-CHI/ZnO-
PLGA system has higher skin permeability and stability compared to the free EGCG, which
may contribute to their protective effect against UVB-induced skin damage.
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Another application of zinc oxide nanoparticles was proposed by Ahmed et al., who
investigated the potential of luteolin/zinc oxide nanoparticles (Lut/ZnO NPs) to improve
insulin resistance and treat non-alcoholic fatty liver disease (NAFLD) in a diabetic rat
model [87]. To prepare Lut/ZnO NPs, luteolin was dissolved in water and then combined
with zinc acetate and sodium hydroxide under heat and stirring. The solution was washed
and exposed to a dose of 10 KGy before being sealed. The properties of the resulting
Lut/ZnO nanodispersions were characterized, unveiling a hexagonal shape with a mean
size of approximately 172.6 nm as per DLS results (17 nm according to TEM) composed of
single crystalline phase of hexagonal ZnO with a mean particle size of 174.7 nm confirmed
by the XRD pattern. UV-vis spectroscopy also showed the presence of luteolin with
absorbance maxima at 340 and 390 nm. The LD50 test on female rats determined that
the safe dose for intraperitoneal injection of Lut/ZnO NPs was 12 mg/kg body weight.
The nanodispersions were categorized as safe and effective at reducing blood glucose,
insulin levels, and insulin resistance in rats with high-fat diet (HFD)-induced obesity
and type 2 diabetes mellitus. The Luteolin/ZnO nano-dispersions also increased the
expression of proteins involved in the insulin signaling pathway in the liver, including
IRS, PI3K, and AKT, as well as reduced the expression of FoxO1 and its downstream
target G6Pase. They were also effective at reducing the expression of SREBP1c, a protein
involved in the regulation of lipid and cholesterol metabolism. Lut/ZnO NPs were shown
to improve hyperlipidemia in NAFLD and type 2 diabetes mellitus (T2DM) through
reducing levels of total cholesterol and triglycerides in both serum and liver tissues, as well
as decreasing levels of free fatty acids and increasing levels of high-density lipoprotein
cholesterol. It was considered that the antihyperlipidemic effect of Lut/ZnO NPs may
indirectly improve insulin resistance by reducing the accumulation of fatty acids and
triglycerides in the liver. The nanoparticles reduced lipid peroxidation and improved the
antioxidant status in the livers of rats fed HFD and those with T2DM. These effects were
indicated by decreases in the levels of MDA and oxidized glutathione as well as increases
in the levels of reduced GSH and the expression of heme oxygenase-1. These findings
imply that Lut/ZnO NPs may have a protective effect against oxidative stress in the livers
of these rats. They also significantly improved liver function in rats with HFD and T2DM,
as indicated by a reduction in the activities of liver enzymes—alanine transaminase and
aspartate transaminases, manifesting a possible protective effect on the liver. As per a
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histopathological examination, treatment significantly improved liver damage in rats with
HFD and T2DM, as indicated by a reduction in the presence of fatty deposits, necrosis, and
hyperplasia of Kupffer cells in the liver tissue, along with an improvement in the regular
arrangement of hepatic cords and a decrease in intracellular micro-vesicular steatosis and
dilated hepatic sinusoids.

3.3.3. Titanium-Based Nanoparticles

In the work of Zhu et al., the authors investigated the use of strontium, and ICA-
loaded TiO2 nanotube coatings to promote the osseointegration and early implant loading
of titanium implants in ovariectomized rats (Figure 15) [89]. The preparation included the
formation of TiO2 nanotubes on titanium plates (Ti) by anodizing oxidation, consecutive
thermal Sr coating, and the introduction of ICA onto the coating via chemical deposition.
For analysis, the plates were separated into four groups. At different magnifications,
SEM images of the surface morphology displayed that the Ti group had a smooth surface
with some mechanical scrapes, the TiO2 group consisted of “honeycomb” nanotubes with
ruptures on the surface, while TiO2 + Sr and TiO2 + Sr + ICA groups were irregular
and different in size nanotubes with thickened walls and reduced tube holes. The EDS
investigation confirmed the suggested composition for all groups. XRD investigation
revealed the formation of pure Ti and anatase phases of TiO2 in all four groups, as well
as the rutile phase of TiO2 in TiO2-bearing groups. In Sr-containing groups, the SrTiO3
was also detected. When compared to the Ti group, the TiO2-bearing groups showed
higher surface roughness and hydrophilicity, and Sr2+ was released swiftly in the first week,
followed by a constant release until day 30, whereas ICA had a burst release in the first 12 h
and low thereafter. When compared to the Ti group, the TiO2-containing groups enhanced
MC3T3-E1 cell adhesion, proliferation, alkaline phosphatase activity, mineralization, and
osteogenic gene expression, with the TiO2 + Sr + ICA group having the highest results.
In vivo tests back up these findings, revealing that the TiO2 + Sr + ICA group had the
greatest bone-to-implant contact, bone density, and bone strength when compared to the
other groups.
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In their study from 2022, León-Gutiérrez et al. investigated the use of flavonoids,
such as hesperetin 7-rutinoside (H7R) and flavanone-7-O-glucoside (F7G) adsorbed onto
functionalized titanium dioxide nanoparticles (FTNP) as a potential antiviral against coro-
naviruses HCoV 229E and SARS-CoV-2 [90]. TiO2 nanoparticles (NPs) were prepared
through adsorption and functionalized by adding various solutions containing functional
groups to the NP suspension. The resulting functionalized NPs were characterized using
XRD and TEM, which showed that they had an anatase structure with an average grain
size of 2 nm. Organic extracts rich in H7R, F7G, and residual terpenes were then adsorbed
onto the surface of the functionalized NPs through an impregnation process by stirring a
suspension of the NPs in an aqueous solution of the extracts. Molecular docking studies
were conducted to investigate how flavonoids or terpenes may interfere with the coupling
between the SARS-CoV-2 spike protein and the human angiotensin-converting enzyme
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2 (ACE-2) receptor. The study indicated that H7R and F7G had a high binding affinity
to different sites on the spike protein with low-affinity energy values. Flavonoids were
found to bind to specific regions of the spike protein, including the bottom and top of the
S1 domain, near the binding site with ACE-2. The researchers hypothesized that these
compounds might disrupt the interactions between the spike protein and ACE-2 or inhibit
the necessary movement of the top region of the spike protein, potentially hindering the
correct exposition of the binding site with ACE-2 and preventing COVID-19 infection.
Molecular dynamics simulations were conducted under three conditions: free protein,
protein/H7R, and protein/F7G, and lasted for 100 ns. An analysis of root mean square
deviation (RMSD) and root mean square fluctuation (RMSF) showed that certain regions
of the spike protein, including the amino and carboxyl-terminal regions and a loop in the
middle section, had more movement than others. Cluster analysis was used to identify
representative structures for each simulation, and the middle structures of these clusters
were analyzed for protein–ligand interactions. The results showed that certain amino acids
found in the docking analysis remained in close molecular interaction with the ligands
throughout the simulations, constituting the binding site for H7R and F7G. These inter-
actions included hydrogen bonds, with H7R forming more hydrogen bonds than F7G.
The effects of FTNPs on the infectivity of CHoV-229E and SARS-CoV-2 were investigated
in vitro. The incubation of CHoV-229E-infected MRC-5 cells and SARS-CoV-2-infected
VERO.E6 cells with FTNP significantly reduced infection and viral replication. When FTNP
was pre-incubated with SARS-CoV-2 before being added to VERO.E6 cells, there was a clear
dose-dependent reduction in viral infectivity, while the pre-incubation with CHoV-229E
could essentially eliminate any sign of infection in MRC-5 cells already under 1:2 dilu-
tion. FTNP also significantly increased the metabolic activity of SARS-CoV-2-infected
cells, implying enhanced cell viability. To confirm the mechanism behind the protective
effects of FTNPs against SARS-CoV-2 infection, the authors conducted a luciferase assay in
co-transfected CHO-K1 cells and found that FTNPs significantly inhibited cell fusion. An
increase in affinity between FTNPs and SARS-CoV-2 spikes was observed in dose-response
studies, suggesting that FTNPs interfere with ACE-2 receptor-SARS-CoV-2 interactions.

Unnikrishnan et al. developed a method for synthesizing photocatalytic titanium
oxide–gold nanocomposites (TiOx–Au NCs) with polycatechin shell [91]. To achieve these
structures, HAuCl4, CT, and TiCl3 were combined at room temperature, framing tar-
get TiOx–Au nanocomposites (NCs). To make various NCs, the molar ratios of Ti3+ to
Au3+ in the reaction mixture differed: 1:1, 5:1, 50:1, and 100:1. The resultant NCs were
centrifuged and rinsed with ultrapure water. A similar procedure was used to create
polycatechin-coated Au nanoparticles (Au@PC NPs) without the use of TiCl3 (the 0:1 refer-
ence). The generated nanoparticles displayed a variety of morphologies, ranging from a
deformed sphere (TiOx–Au NCs(1:1)) to a sphere with tiny projections (TiOx–Au NCs(5:1)) or
a star-like structure (TiOx–Au NCs(50:1)) and eventually to an urchin-like shape (TiOx–Au
NCs(100:1)) when the Ti3+/Au3+ ratio increased. The light absorption characteristics of these
TiOx–Au NCs altered considerably as the Ti3+ concentration increased. Au@PC NPs ex-
hibited absorption at ~285 nm and ~410 nm, conditioned by the oxidized polycatechin
shell, as well as the strong surface plasmon resonance (SPR) absorption at ~580 nm, which
faded in favor of increased absorption at a longer wavelength with an increase in the Ti3+

presence. The TiOx–Au NCs series exhibited high light absorption in the NIR region due to
a rise in the number of spikes with varying diameters and lengths as the Ti3+/Au3+ ratio
increased. The photocatalytic capabilities of TiOx–Au NCs were investigated by evalu-
ating the degradation of dyes methylene blue, rhodamine B (RhB), and malachite green
under the illumination of a Xe Arc lamp. The dye degradation was examined between
commercial TiO2 nanoparticles P25, Au@PC NPs, and all TiOx–Au NCs. TiOx–Au NCs
had stronger photocatalytic activity than P25, most likely due to their localized surface
plasmon resonance (LSPR) characteristics and polymer supramolecular “host–guest” chem-
istry (CT). The photocatalytic effectiveness rose for the series of NCs from TiOx–Au NCs
(1:1) to TiOx–Au NCs(50:1), and subsequently dropped for all three dyes at the greater Ti3+
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concentrations. The broad range absorption of TiOx–Au NCs and localized surface plasmon
resonance resulted in efficient hot electron production, which might provide more stable
photogenerated electrons and holes for the breakdown of organic dye molecules. The
inclusion of Au in the nanocomposite improved the conductance of electrons in the TiO2
conduction band to the surface, which facilitated electron transfer with dissolved O2 and
dye molecules in the solution, advancing the degradation efficiency even more. TiOx–Au
NCs(50:1) were investigated further and shown to be effective for photocatalytic disinfection
of both E. coli and MRSA bacteria in the presence of light. After 60 min of light exposure,
the viability of these bacteria was decreased to less than 5% utilizing TiOx–Au NCs(50:1),
whereas P25 and the control revealed a minimal change in viability. The evidence of mem-
brane shrinking and disruption of bacteria treated with TiOx–Au NCs(50:1) was noted on
TEM pictures after 30 min of light exposure. Intracellular ROS generation was also detected
in bacteria treated with TiOx–Au NCs(50:1) and subjected to light, but P25 and the control
produced little ROS. The high levels of ROS produced during the photocatalytic process
most likely caused oxidative stress in the bacteria, resulting in cell death. In the absence of
light, the TiOx–Au NCs(50:1) demonstrated antibacterial activity against MRSA, perhaps
due to physical contact between the nanoparticles and the bacterial cell wall. The thin
coating of polycatechin atop the TiOx–Au NCs(50:1) may further contribute to antibacterial
activity against Gram-positive bacteria via bacterial wall breakdown. Overall, the photocat-
alytic disinfection effectiveness of TiOx–Au NCs(50:1) was good for both Gram-negative and
Gram-positive bacteria. The PrestoBlue cell viability assay revealed that the cell viability of
all four tested cell lines (human liver cancer HepG2, human embryonic kidney HEK-293 T,
adenocarcinomic human alveolar basal epithelial A549, and mouse embryonic fibroblast
NIH-3 T3) remained above 80%, even at 0.5 mg/mL of TiOx–Au NCs(50:1), while sustaining
the insignificant hemolytic effect. According to these findings, the nanomaterial is bio-
compatible with mammalian cells. TiOx–Au NCs(50:1) were also reported to exhibit strong
antibacterial activity against MRSA in a wound infection rat model. When compared to the
control group and the group treated with P25 and light irradiation, the TiOx–Au NCs(50:1)-
treated group with light irradiation demonstrated considerably quicker wound healing.
Histological examination of infected tissues revealed that the TiOx–Au NCs(50:1)-treated
group had much less inflammation and better-ordered tissue structure than the control
group. These findings imply that TiOx–Au NCs(50:1) have the potential to be a useful and
effective antibacterial agent for wound healing. In the study published in 2022, Negrescu
et al. explored the use of titanium dioxide nanotubes (TNT) loaded with icariin (ICA)
through a layer of polydopamine (PDA) as a drug delivery platform for improved osseoin-
tegration in orthopedic implants [92]. As synthetic prerequisites for the fabrication of TiO2
nanotubes, titanium plates were prepared through a process of mechanical polishing and
cleaning. The TNTs were then produced via anodic oxidation in an electrolyte solution
and rinsed before being annealed. An adhesive intermediate layer of DP was applied to
the nanotubes, followed by the immobilization of ICA through physical adsorption. The
resulting samples were washed and used in further studies alongside flat titanium and
unsheathed nanotubes. The characterization with SEM revealed that the resulting TNTs
were found to be uniform and well-organized, with an inner diameter of around 65–70 nm
and a wall thickness of 6–7 nm. When coated with DP, the tube diameter was reduced
to 50–55 nm, and the thickness increased to 14–15 nm. AFM images of the uncoated and
coated TNTs showed that the surface roughness increased from 54 nm for pure Ti to 95 nm
for TiO2 nanotubes. After functionalization with a layer of DP and loading with ICA, the
surface roughness increased to 159 nm, indicating that surface functionalization may alter
the surface topography by elevating roughness and potentially influencing cell behavior.
The hydrophilic nature and surface energy of unmodified and modified TiO2 nanotubes
were evaluated using contact angle measurements. It was found that the surface energy
increased from approximately 40 mJ/m2 for plain Ti to roughly 70 mJ/m2 for TNTs. The
addition of a DP-ICA coating did not significantly affect the surface energy, indicating that
the surface nanostructure has a greater impact on the final value than the coating. Electro-
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chemical impedance spectroscopy (EIS) was used to assess the electrochemical behavior of
the samples, revealing two different electrical circuits that were ascribed to the unmodified
Ti sample and to the TNT and TNT-DP-Ica supports. The native TiO2 layer contributed
highly to corrosion resistance, with values in the hundreds of kΩ for all three samples.
Adding TiO2 in the form of nanotubes introduced a lower supplementary resistance of
around 3 kΩ, due to the open nanotubular oxide structure. However, the addition of
DP increased these supplementary values to 12 kΩ, possibly due to DP’s non-conductive
nature. ICA was rapidly released from the TNT and TNT-DP samples in the first hour,
with a rate of 10 µg/h and 6.5 µg/h, respectively. The release slowed significantly over
the next 5 h, reaching rates of 5 µg/h for both samples. Over the next 168 h, the TNT
support showed nearly no further ICA release, while the TNT-DP sample still presented
a slow release rate of 0.04 µg/h. The impact of the tested surfaces on the survival rate of
RAW 264.7 macrophages was examined using the Cell Counting Kit 8 assay and Live &
Dead Cell Viability/Cytotoxicity Assay. The results showed that the coated TNT-DP-ICA
sample had a lower number of viable metabolic active cells compared to the flat Ti and
bare TNT substrates, but statistically, no significant differences were found. However, the
TNT-DP-ICA sample had a lower cellular density and inhibited cell proliferation, while the
bare TNT surface had no effect on cell survival or density. The effects of the tested surfaces
on RAW 264.7 macrophages were investigated using Alex Flour 546-conjugated phalloidin
in the actin cytoskeleton labeling. In the presence of Escherichia coli LPS, macrophages on
flat Ti surfaces demonstrated increased spreading and an activated, migratory phenotype.
However, TiO2 nanotubes protected against LPS-induced morphological changes, and the
addition of ICA significantly reduced these changes. Quantitative analysis also showed
that coated TNT surfaces inhibited the activation of macrophages. The secretion of pro-
inflammatory mediators such as IL-6, TNF-α, and MCP-1 by RAW 264.7 cells was measured
after 24 h of culture using an ELISA. The results showed that the levels of these cytokines
increased significantly in the presence of LPS, with the exception of IL-6, which was only
detectable after LPS stimulation. The levels of IL-6 and MCP-1 were lower in cells grown
on the TNT-DP-ICA surface compared to the flat Ti and bare TNT surfaces, while the levels
of TNF-αwere similar across all samples. The ability of the samples to stimulate the release
of NO by macrophages in the presence of LPS was also analyzed by measuring the levels
of nitrite in the culture media. In standard culture conditions, the levels of NO were low
and comparable across all samples. However, in the presence of LPS, the cells grown on
the flat Ti surface released the highest levels of NO, while the TNT-DP-ICA surface elicited
the lowest levels of NO compared to the flat Ti and bare TNT surfaces. In an in vivo study
using rats, the effects of various titanium implants on bone formation were assessed. The
rats received implants in their posterior legs; some received unmodified Ti implants, others
received Ti implants with a layer of TiO2 nanotubes, and others received Ti implants with a
layer of TiO2 nanotubes and ICA functionalization through an intermediate DP layer. X-ray
and histological analyses of the harvested bone tissue were performed at 1- and 90-days
post-implantation. The results showed that the Ti implants with TiO2 nanotubes and ICA
functionalization revealed the most pronounced bone formation, while the unmodified
Ti implants had minimal bone formation and dense fibrous tissue. Inflammation was not
observed in any of the implants.

3.3.4. Ceria-Based Nanoparticles

Thakur et al. studied the usage of amine-functionalized ceria nanoparticles (CeO2-
NH2NPs) as a medication delivery vehicle for a natural flavonoid morin against both
Gram-negative and Gram-positive bacteria [93]. CeO2NPs were made by combining am-
monium cerium nitrate, urea, and sodium hydroxide in water and refluxing it for 5 h.
After that, the NPs were functionalized with 3-aminopropyl triethoxysilane (APTES) by
combining them with APTES and refluxing the mixture for 12 h. Morin-CeO2-NH2NPs
were made by combining morin with a dispersed solution of amine-functionalized NPs
in ethanol and swirling the mixture continuously for 12 h. CeO2NPs with a size of
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3–4 nm were characterized using TEM, XPS, and XRD. The nanoparticles were found to
have a cubic fluorite structure and were surface functionalized with APTES, as confirmed
by FTIR. The hydrodynamic size of the nanoparticles was determined to be 86.11 nm
using DLS, and their zeta potential was found to be +23.2 mV. The UV-visible spectra
of the nanoparticles displayed strong absorption in the 300–325 nm range. Morin was
also incorporated into the nanoparticles, resulting in an absorption band in the 300–400
nm range as determined by UV-vis spectroscopy. Morin drug loading content on the
nanoceria surface was around 10%. Morin was released from the nanohybrid in a time-
dependent manner, with 30.65%, 43.79%, 45.98%, and 54.74% released after 6, 12, 24,
and 48 h, respectively. The nanohybrid demonstrated concentration-dependent radical
scavenging activity in DPPH, hydrogen peroxide, and superoxide radical scavenging ex-
periments, with maximal scavenging of 50%, 87%, and 70%, respectively. When normal
kidney epithelial (NKE) cells were treated with the nanohybrid before being exposed to
tertiary butyl hydroperoxide, an ROS inducer, the nanohybrid was observed to lower
intracellular ROS levels when compared to free morin or CeO2-NH2NPs. The nanohybrid
triggered dose-dependent cytotoxicity in NKE cells, with cell viability reaching 80.67%
at 50 µg/mL and surpassing 65% at 100 µg/mL. Morin-CeO2-NH2NPs inhibited growth
in both Gram-positive (S. aureus) and Gram-negative (E. coli) bacteria and exhibited the
highest growth inhibitory efficacy among the formulations evaluated. Their MIC values
against the studied microorganisms were 120.75 µg/mL for S. aureus and 165.28 µg/mL for
E. coli, respectively. Among the investigated formulations, the nanohybrid produced the
highest DNA degradation in both S. aureus and E. coli bacteria, and the degree of degrada-
tion was greater in S. aureus. It raised ROS levels in S. aureus and E. coli bacteria by 4- and
5.5-fold, respectively, compared to control groups, and increased membrane permeability,
depolarization, and cell shrinkage, while elevating LDH release in both types of bacteria.
Overall, the results demonstrate that morin-CeO2-NH2NPs have strong antioxidant and
antibacterial capabilities, with low toxicity toward NKE cells at 50 µg/mL concentration.

To sum up
Pros

• Connections of flavonoids with metal oxide nanoparticles, mainly zinc oxide, ce-ria,
titanium-based, CuO/ZnO, and titanium oxide–gold nanocomposites, resulted in materials
of interesting physicochemical and biological properties, including antibacterial, antifungal,
antiviral, anticancer, and prospective applications as drug delivery platforms for improved
osseointegration in orthopedic implants.

• Metal oxide nanoparticles, such as zinc oxide, ceria, titanium-based, CuO/ZnO, and
titanium oxide–gold, were functionalized with quercetin, EGCG, baicalin, lu-teolin, chrysin,
morin, icariin hesperetin 7-rutinoside, flavanone-7-O-glucoside to study their prospective
medical applications.

• The ability of the UV light absorption of zinc oxide nanoparticles indicates their perspective
application in antiphotoaging therapy.

Cons

• The effects of ZnO-NPs that could be safely applied in the biomedical field have been
intensively studied to understand the interplay between their physicochem-ical properties
and toxic effects. The safety and toxicity issues of ZnO-NPs have become a field of increased
public attention [94,95].

• Titanium dioxide is a commonly used food, cosmetic, and drug additive or ingre-dient.
Everyday use of nanosize TiO2 raises concerns about safety. There are vari-ous data
demonstrating the toxic effects of titania in animal models. An agree-ment on the safety of
titania has not yet been reached among researchers [96].

CuO/ZnO NCs functionalized with quercetin presented biocidal effectiveness [85].
ZnO nanosystems combined with EGCG, CHI, and PLGA were found to prevent UVB-
induced skin damage [88], and quercetin-loaded ZnO NPs show promising potential for use
in antiphotoaging therapeutics [86]. Although ZnO NPs are often applied as nanocarriers in
anticancer procedures such as the ZnO-PBA (phenylboronic acid) to lung cancer cells [84]

45



Nanomaterials 2023, 13, 1531

or for action potentiation of active flavonoid such as ZnO@Quercetin towards human
ovarian cancer [83], they can also be combined with luteolin to improve insulin resistance
and reduce the activity of liver enzymes [87]. Apart from iron or zinc oxide NPs, nanoforms
of titanium dioxide are often investigated. A drug delivery platform consisting of titanium
dioxide nanotubes loaded with ICA through a layer of PDA contributed to improved
osseointegration in orthopedic implants [92], whereas flavonoid compounds adsorbed on
FTNP revealed antiviral potential against coronaviruses HCoV 229E and SARS-CoV-2 [90].
The summary of the data related to connections of selected metal oxide nanoparticles with
flavonoids, which were presented in the section, was included in Table 4.

Table 4. The summary of the data presented in Sections 3.3.2–3.3.4.

Flavonoid Type Type of NPs Size of NPs Synthesis Method MIC/ID50 Action Ref.

Luteolin ZnO 17 nm chemical reduction of
zinc acetate

Cell viability = 15% at 40
µM MCF-7 cells [82]

Quercetin ZnO 12–18 nm chemical reduction of
zinc nitrate by KOH IC50 = 10 µg/mL human ovarian cancer cells [83]

Chrysin ZnO 25–30 nm chemical reduction of
zinc acetate

cytotoxicity observed in
the A549 cells at 16.3

µg/mL

A549 and L132 lung cancer
cell lines [84]

Quercetin CuO/ZnO Not specified

co-precipitation of
copper acetate, zinc

acetate and quercetin;
calcination

Zone inhibition method (in
mm) for conc. 500 µg/mL

E. coli, S. aureus, Shigella,
and Bacillus subtilis;
Aspergillus niger and

Candida albicans

[85]

Quercetin ZnO Not specified chemical reduction of
zinc acetate

Cell viability = 80% after
24 h

antiphotoaging therapy
HaCaT cells [86]

EGCG ZnO 152 nm co-precipitation method

20–45% reduction of
UVB-generated CPDs and

20–48% reduction of
6-4PPs

UVB-exposed SKH-1
hairless mice

(chemopreventive agent)
[88]

Luteolin ZnO 17 nm (TEM)
chemical reduction of

zinc acetate by sodium
hydroxide

Not applicable decrease in the insulin
resistance [87]

Icariin TiO2 50 nm diameter anodizing oxidation Not applicable drug delivery platform for
improved osseointegration [89]

Hesperetin
7-rutinoside (H7R)
and flavanone-7-O-

glucoside
(F7G)

TiO2 2 nm adsorption process dose-dependent reduction
in viral infectivity

antiviral agents against
coronaviruses HCoV 229E

and SARS-CoV-2
[90]

Catechin TiOx–Au NCs

144.3–338.9 nm
(hydrodynamic
sizes depending

on core
composition)

Reaction of HAuCl4,
catechin and TiCl3 at rt Cell viability ≤ 5% E. coli and MRSA [91]

Icariin TiO2
50–55 nm ×

14–15 nm
mechanical polishing
and cleaning process Not applicable drug delivery platform for

improved osseointegration [92]

Morin CeO2 86.11 nm
chemical reduction of

cerium nitrate by NaOH
in the presence of urea

MIC = 120.75 µg/mL for S.
aureus and 165.28 µg/mL

for E. coli

S. aureus
E. coli [93]

4. Summary and Conclusions

Broad interest in hybrid materials based on metal nanoparticles and flavonoids has
increased due to their unique physical, chemical, and biological properties. The widespread
applications of nanomaterials based on flavonoids and metal nanoparticles constitute a
promising perspective for both interesting basic study and practical applications.

Flavonoid-modified metal nanoparticles demonstrate their utilities from the initial
preparation step to advanced medical and pharmaceutical studies. The review combines
knowledge of multiple possibilities of synthesis of flavonoid-metal nanoparticle conjugates
and hybrids via their characterization, biological properties, and medical applications.
Many research results have led to the conclusion that the combination of flavonoids with
metal nanoparticles results in the improvement of their individual properties and applica-
tions. The combinations of the flavonoid quercetin with various nanoparticles discussed in
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this review can be used to indicate the effects caused by the nanoparticle on the flavonoid
molecule, and vice versa. The obtained nanoparticles functionalized with flavonoids have
not only been endowed with modified physicochemical properties, but their biological
activity has also been extended, and thus the prospects for their applications in medical
sciences (Figure 16).
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prospective biological and medical activities in connections with nanoparticles.

Silver nanoparticles conjugated with flavonoids exerted satisfying antibacterial, anti-
inflammatory, antioxidant, anticancer, and antifungal activities, as well as diagnostic
applications. Moreover, silver nanoparticles modified with zinc or gold revealed antiviral
and antiparasitic activity potential. Functionalizing gold nanoparticles with flavonoids im-
proved their properties and broadened the spectrum of applications. Gold nanorods with
metal-phenolic networks used with NIR-irradiation significantly accelerated the healing of
infected wounds and proved their bactericidal effectiveness. Selected flavonoid-conjugated
nano-gold particles exerted antibacterial, antiparasitic, antiangiogenic, anticancer, and an-
tioxidant activity, as well as being studied for diagnostic applications. Iron oxide nanopar-
ticles were produced and formulated with flavonoids for applications in the treatment
of various cancers. They were also applied as components of drug delivery systems for
multimodal synergistic cancer therapy. Zinc oxide nanosystems combined with selected
flavonoids were found to prevent UVB-induced skin damage and demonstrated promising
potential for use in antiphotoaging therapeutics. They were also proposed as nanocarriers in
anticancer procedures and metabolic studies. Titanium dioxide connections with flavonoids
were studied against viruses and proposed as a drug delivery platform of the greatest
bone-to-implant contact allowing improved osseointegration in orthopedic implants.

To sum up, flavonoid-metal nanoparticles have potential as agents for the treatment
of various diseases due to anti-inflammatory, bactericidal, antifungal, antiviral, or antipara-
sitic properties, as well as for the preparation of modern DDSs and diagnostic agents for
computed tomography and magnetic resonance imaging. Although novel nanoparticles of-
fer many advantages to health therapies, some of their properties, such as biodegradability
and elimination from the human organism, raise objections and still require more research.
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Ag-Hes NP, hesperidin-capped silver nanoparticle; AgNPs-Iso, isoorientin-loaded silver nanoparti-
cles; AIEgen, aggregation-induced emission luminogen; AP, apigenin; BE, phenylboronic acid; C-Au
NC, catechin-functionalized gold nanocluster; CC50, 50% cytotoxic concentration; CeO2-NH2NP,
amine-functionalized ceria nanoparticle; CHI, chitosan; CHY, chrysin; CHY-AuNPs, chrysin-gold
nanoparticles; CMC, carboxymethylcellulose; CT, catechin; CTAB, cetyltrimethylammonium bromide;
DA, dopamine; DMY, dihydromyricetin; DPPH, 2,2-diphenyl-1-picrylhydrazyl; EC, epicatechin; ECG,
(−)-epicatechin gallate; EDS, energy dispersive spectroscopy; EDX, energy-dispersive X-ray; EGCG,
epigallocatechin gallate; F7G, flavanone-7-O-glucoside; FBS, fetal bovine serum; FESEM, emission
scanning electron microscopy; GA, gallic acid; GNP, gold nanoparticle; GNR, gold nanorods; GOx,
glucose oxidase; GSH, glutathione; GTP, green tea polyphenols; H7R, hesperetin 7-O-rutinoside; Hes,
hesperidin; HP-AgNPs, silver nanoparticles coated with hesperidin and pectin; ICA, icariin; ICG,
indocyanine green; IO, iron oxide; Iso, isoorientin; KH-AgNPs, silver nanoparticles conjugated with
kaempferol and hydrocortisone; LDH, lactate dehydrogenase; LPS, lipopolysaccharide; LSPR, local-
ized surface plasmon resonance; Lut, luteolin; MDA, malondialdehyde; MIC, minimum inhibitory
concentration; MNPs, iron oxide nanoparticles; mPEG, methoxy poly(ethylene glycol); MY, mycerin;
OPC, procyanidin; PAC, proanthocyanidin; PC, phenolic compound; PCL, poly(ε-caprolactone);
PDA, polydopamine; PI, propidium iodine; PVA-Alg, poly(vinyl alcohol)-sodium alginate; QMNPs,
quercetin-conjugated magnetite nanoparticles; QUR, quercetin; RSC, radical scavenging capacity;
RSV, resveratrol; SAED, selected area electron diffraction; SC-SNPs, sodium citrate-based silver
nanoparticles; SI, selectivity index; SIL, silymarin; SLB, silibinin; SLB-MPNP, PLGA-encapsulated
silibinin; SPION, super-paramagnetic iron oxide nanoparticle; SPR, surface plasmon resonance; TA,
tannic acid; TEOS, tetraethyl orthosilicate; TiOx–Au NC, titanium oxide-gold nanocomposite; TNT,
titanium dioxide nanotubes.
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Abstract: Liposomes have been used for several decades for the encapsulation of drugs and bioactives
in cosmetics and cosmeceuticals. On the other hand, the use of these phospholipid vesicles in
food applications is more recent and is increasing significantly in the last ten years. Although
in different stages of technological maturity—in the case of cosmetics, many products are on the
market—processes to obtain liposomes suitable for the encapsulation and delivery of bioactives
are highly expensive, especially those aiming at scaling up. Among the bioactives proposed for
cosmetics and food applications, vitamins are the most frequently used. Despite the differences
between the administration routes (oral for food and mainly dermal for cosmetics), some challenges
are very similar (e.g., stability, bioactive load, average size, increase in drug bioaccessibility and
bioavailability). In the present work, a systematic review of the technological advancements in the
nanoencapsulation of vitamins using liposomes and related processes was performed; challenges and
future perspectives were also discussed in order to underline the advantages of these drug-loaded
biocompatible nanocarriers for cosmetics and food applications.

Keywords: vitamins; nanoencapsulation; nanodispersions; phospholipid vesicles; liposomes;
cosmetics; food application

1. Why Encapsulating Vitamins for Food and Cosmetics Application?

Vitamins are organic compounds required for metabolic processes, and not produced
by the human body in sufficient amounts. Each vitamin has specific functions in the body
and cannot be replaced by any other substance [1]. Having different chemical structures,
vitamins can be classified in two main groups: fat-soluble and water-soluble compounds.
Thirteen main vitamins have been identified; they are characterized by different ways of
action and different beneficial roles in the body. In addition, vitamins play a key role in
transforming energy and regulating the metabolism pathways of the human body [2].

Vitamins A, D, E, and K are compounds that are soluble in fat, meaning that they need
a certain amount of fat in the diet to be properly absorbed by the body. In contrast, group B
vitamins and vitamin C are soluble in water and cannot be stored in the body, requiring
daily intake. Figure 1 provides a schematic representation of the main differences between
fat-soluble (hydrophobic) and water-soluble (hydrophilic) vitamins. Vitamins are typically
added to food products to fortify them, to replace vitamin losses during processing, or to
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serve as antioxidants and natural colorants. Table 1 summarizes the chemical structure,
sources, and ways of obtainment of the main vitamins. Vitamins are also used in cosmetics
for skin care, hair care, and oral health [2]. According to the European Union legislation,
vitamins A, E, K, B, and C can all be used in cosmetics as ingredients, except for vitamin
D3 (cholecalciferol), which is restricted. However, in the USA and Japan, there are no such
restrictions [2].
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Figure 1. Schematic representation of the main differences between fat-soluble and water-soluble
vitamins. Fat-soluble vitamins (A, D, E, and K) are stored in the body’s fatty tissues and liver, whereas
water-soluble vitamins (B-complex and C) are not. The differences in solubility, absorption, storage,
and excretion can affect the way these vitamins act in the body.

In order to improve their effectiveness, stability, and palatability, vitamins can be
encapsulated into delivery carrier systems. This can be especially beneficial for individuals
who struggle to obtain adequate amounts of vitamins through their diet or who have
specific nutrient deficiencies that require a targeted delivery of these essential nutrients.
Encapsulation offers a way to protect vitamins from degradation, to enhance their bioavail-
ability, and to mask any unpleasant taste or odor. This technique refers to the process of
enclosing one or more active ingredients, such as vitamins, in a protective carrier, such as
liposomes, micelles, or nanoparticles. The encapsulated active ingredients are typically
surrounded by a protective layer or membrane that can help shield them from degrada-
tion, improve their solubility, target them to specific tissues or cells, and enhance their
bioavailability and efficacy. Overall, encapsulation offers several advantages over other
delivery methods, such as improved stability, protection from external factors, controlled
release, and targeted delivery, making it a promising approach for the development of
more effective and efficient delivery systems for vitamins and other bioactive compounds.

Table 1. Chemical structure, ways of obtainment, and main sources of vitamins in foods.

Vitamin Chemical Structure Way of Obtainment Food Sources

A (retinol)
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supplements 

Fruits, vegetables, 
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vitamin supplements

Fish, meat, eggs,
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Table 1. Cont.

Vitamin Chemical Structure Way of Obtainment Food Sources
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Intake of dietary 
sources or vitamin 

supplements 

Fish, meat, eggs, 
whole milk, carrots, 

spinach, and 
mango 

B1 (thiamine) 

 

Intake of dietary 
sources or vitamin 
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yeast, pork, lamb, 

beef, poultry, 
whole grains, nuts, 

vegetables, and 
legumes 
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Milk and milk 
products, meat, 
eggs, and leafy 

green vegetables 
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Intake of dietary 
sources or vitamin 
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Yeast, liver, 
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nuts, and legumes 

B5 (pantothenic acid) 

 

Intake of dietary 
sources or cosmetic 

products 

Organ of animals, 
eggs, milk, 
vegetables, 

legumes, and 
whole grain cereals 

B6 (pyridoxine) 

 

Intake of dietary 
sources or vitamin 

supplements 
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and grains 

Intake of dietary
sources or

vitamin supplements
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poultry, whole grains,
nuts, vegetables,

and legumes

B2 (riboflavin)
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poultry, lean meats, 
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peanuts, sunflower 
seeds, almonds, 

salmon, and pork 
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B9 (folacin) 

 

Intake of dietary 
sources, fortified foods 

or vitamin 
supplements 

Peanuts, sunflower 
seeds, lentils, 

chickpeas, 
asparagus, spinach, 
chicken liver, calf 

liver, cheese, 
hazelnuts, and 

avocados 

B12 (cobalamin) 

 

Intake of dietary 
sources or vitamin 

supplements 

Milk and dairy 
products, eggs, and 

salmon 

C (ascorbic acid) 
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sources or vitamin 
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Citric fruits, 
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cauliflower, 

potatoes, sweet 
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brussels sprouts, 
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guava, and mango 

D2 (ergocalciferol) 

 

Intake as vitamin D 
supplement 

Mushrooms 
(portobello, 

crimini, shitake) 

Intake of dietary
sources or

vitamin supplements

Chicken liver, beef
liver, egg yolk,

peanuts, sunflower
seeds, almonds,

salmon, and pork chop

B9 (folacin)
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vitamin supplements

Peanuts, sunflower
seeds, lentils,

chickpeas, asparagus,
spinach, chicken liver,

calf liver, cheese,
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and avocados
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B12 (cobalamin)
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Intake of dietary
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vitamin supplements

Milk and dairy
products, eggs,
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C (ascorbic acid)
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individuals who struggle to obtain adequate amounts of vitamins through their diet or 
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enhance their bioavailability and efficacy. Overall, encapsulation offers several 
advantages over other delivery methods, such as improved stability, protection from 
external factors, controlled release, and targeted delivery, making it a promising approach 
for the development of more effective and efficient delivery systems for vitamins and 
other bioactive compounds. 
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Intake of dietary
sources or

vitamin supplements

Vegetable oils of
peanut, soya, palm,

corn, safflower,
sunflower, and

wheat germ
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K1 (phylloquinone)
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Plants

Green leafy vegetables,
liver, lean meat, cow’s
milk, egg yolks, and

whole wheat products

K2 (menaquinone)
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other bioactive compounds. 
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Synthesized by 
bacteria in the human 
and animal intestines 

- 

K3 (menadione) 

 

Converted to K2 in the 
intestinal tract - 

In order to improve their effectiveness, stability, and palatability, vitamins can be 
encapsulated into delivery carrier systems. This can be especially beneficial for 
individuals who struggle to obtain adequate amounts of vitamins through their diet or 
who have specific nutrient deficiencies that require a targeted delivery of these essential 
nutrients. Encapsulation offers a way to protect vitamins from degradation, to enhance 
their bioavailability, and to mask any unpleasant taste or odor. This technique refers to 
the process of enclosing one or more active ingredients, such as vitamins, in a protective 
carrier, such as liposomes, micelles, or nanoparticles. The encapsulated active ingredients 
are typically surrounded by a protective layer or membrane that can help shield them 
from degradation, improve their solubility, target them to specific tissues or cells, and 
enhance their bioavailability and efficacy. Overall, encapsulation offers several 
advantages over other delivery methods, such as improved stability, protection from 
external factors, controlled release, and targeted delivery, making it a promising approach 
for the development of more effective and efficient delivery systems for vitamins and 
other bioactive compounds. 

Converted to K2 in the
intestinal tract -

1.1. Fat-Soluble Vitamins

Vitamin A can be found as retinoids (retinol, retinal, and retinoic acid) and provitamin
A carotenoids (mainly β-carotene) [3]. It is important to emphasize that vitamin A is not
produced endogenously. The retinol is the first precursor of two vital active metabolites:
retinal, which plays an important role in the development of vision, and retinoic acid which
acts as an intracellular signal that alters the transcription of a range of genes. Vitamin A is
not found directly in plants; however, plants can contain carotenoids, such as β-carotene,
which is transformed in vitamin A in the intestine and other body tissues. Therefore, the
vitamin A supply is necessarily obtained through ingestion (dietary sources or vitamin
supplements) [4]. Foods such as fish, meat (mainly liver), eggs, and whole milk are animal
sources of retinol [2,3]. Fruits and vegetables such as carrots, spinach, and mango are
sources of carotenoids. Vitamin A is crucial for the growth and development of children
and for maintaining the immune system’s function [5]. In adults, a deficiency in vitamin A
can negatively impact the immune system, reproductive function, and eyesight, resulting
in conditions such as night blindness [3,4,6]. However, overexposure to vitamin A can lead
to harmful health effects, including teratogenicity [7]. In the cosmetic industry, vitamin A is
widely used due to its ability to delay photoaging effects. Being the main bioactive for skin
treatment, it promotes the regeneration of the skin aged by UV radiation, reduces wrinkles,
and improves skin elasticity [2]. Vitamin A is not degraded by heat, but it is easily oxidized,
and care is required during its processing. To reduce this undesired effect, antioxidants are
added to vitamin A products such as, for example, vitamin E [2].

Group D vitamins are composed of ergocalciferol (vitamin D2) and cholecalciferol
(vitamin D3). Vitamin D3, or cholecalciferol, is a fat-soluble compound synthesized by the
human epidermis by the irradiation of UV light on 7-dehydrocholesterol [8]. The precursor
molecule of vitamin D is ergosterol (or 7-dehydrocholesterol), a rigid structure that is
inserted by the body when absorbed by the lipid layer of the plasmatic membrane. The
production of provitamin D occurs after solar incidence on the aromatic ring of ergosterol.
The structure, then, becomes less rigid, promoting an increase in its permeability and,
thus, allowing the incorporation of numerous ions into its interior, including calcium. It
can be synthesized by the human epidermis or consumed in the form of supplements or
fortified foods. A few foods naturally contain vitamin D in their composition: fish, such
as salmon and sardines, butter, and eggs being the main sources. Consuming vitamin D3
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can provide several benefits, including improving calcium absorption in the intestine and
maintaining proper levels of calcium in the bloodstream, which helps prevent conditions
such as osteoporosis [9]. Unfortunately, a significant portion of the urban population
today is deficient in vitamin D3, primarily due to a lack of sun exposure and the loss of
7-hydrocholesterol reserves in the epidermis as a result of aging [10]. Vitamin D deficiency
can lead to bone diseases and other health problems, such as cancer, asthma, arthritis,
hypertension, osteoporosis, and cardiovascular issues. Symptoms of a deficiency may
include bone pain and muscle weakness [11]. On the other hand, possible adverse effects
regarding the excessive amounts of vitamin D can cause calcium buildup in the blood,
leading to nausea, vomiting, and muscle weakness. Long-term overdoses can result in
kidney damage [8]. Vitamin D is used in the cosmetic industry as it prevents photo-damage,
wrinkles, and other morphological skin changes [2]. Some studies indicated its topical
application for the treatment of psoriasis [12]. However, it has an adverse effect on calcium
metabolism and limits its use for topical applications [13].

Vitamin E is a term used to describe several compounds, including tocopherols and
tocotrienols, which are differentiated by the prefixes α, β, γ, and δ. Among them, α-
tocopherol is the most common and has a higher bioavailability than other forms of vitamin
E [14]. Vegetable oils, such as peanut, soy, palm, corn, safflower, sunflower, and wheat germ
are the most important dietary sources of vitamin E. This vitamin plays an essential role in
several physiological functions, including acting as an antioxidant, regulating immunity,
and providing anti-inflammatory and neuroprotective benefits [15]. Moreover, vitamin E
helps protect body tissues from oxidation caused by metabolic processes and external agents
while also assisting in the synthesis of vitamin A [2]. High doses of vitamin E, however,
can lead to bleeding, particularly in individuals taking blood-thinning medications [14].
However, its incorporation in foods can be challenging, as it is extremely sensitive to high
temperatures, light, oxygen, and alkaline conditions, and has low solubility in water [15].
Encapsulation techniques can help to overcome these obstacles allowing the application
of vitamin E in foods, cosmetics, and nutraceuticals. In the cosmetic industry, vitamin
E is generally used as an antioxidant for the skin, aiding in softening and promoting
hydration [2].

Vitamin K can exist in three forms: vitamin K1 (phylloquinone, phytonadione, phytom-
enadione), vitamin K2 (menaquinone), or vitamin K3 (menadione). Vitamin K1 is commonly
found in plants, K2 is synthesized by bacteria in the human and animal intestines, and
K3 is a synthetic compound that is converted to K2 in the intestinal tract [2,16,17]. Green
leafy vegetables, such as spinach, kale, broccoli, and cauliflower, are excellent sources of
this vitamin, which is also found in smaller amounts in liver, lean meat, cow’s milk, egg
yolks, and whole wheat products [2]. Although structurally different, both vitamins K1
and K2 can act as cofactors for the enzyme gamma-glutamylcarboxylase, with hepatic and
extrahepatic activity. Additionally, vitamin K2 plays a vital role in regulating osteoporosis,
atherosclerosis, cancer, and inflammatory diseases, with no risk of negative side effects or
overdosing [16,17]. Additionally, vitamin K is effective in treating dark circles and bruises
on the face, and its application to reduce the effects of bruising after certain dermatological
procedures has also been studied [18]. Careful attention must be paid to excessive amounts
of vitamin K, as it can interfere with the effectiveness of blood-thinning medications and
increase the risk of blood clots [16].

1.2. Water-Soluble Vitamins

Group B vitamins are thiamine (B1), riboflavin (B2), niacin (B3), pantothenic acid (B5),
pyridoxine (B6), biotin (B8), folacin (B9), and cobalamin (B12). Vitamin B1 can be found
in small amounts in brewer’s dried yeast, pork, lamb, beef, poultry, whole grains, nuts,
vegetables, and legumes. It is important for carbohydrate breakdown, nerve and muscle
function, and healthy skin [2]. Vitamin B2 can be sourced from various food items such
as milk, dairy products, meat, eggs, and leafy green vegetables. It plays a crucial role in
releasing energy from food and promoting the development of healthy skin, vision quality,
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and growth. Vitamin B3 is found in yeast, liver, poultry, lean meats, nuts, and legumes,
and is used for the treatment of lipid disorders and cardiovascular diseases, which are
essential for growth and hormone synthesis [19]. Pantothenic acid is necessary for the
release of energy from food for the production of antibodies and healthy growth, and is
present in almost every type of food, and particularly abundant in yeast and animal organs.
Vitamin B12 is essential for DNA synthesis and red blood cell production, and its deficiency
can result in anemia, cognitive impairment, and neurological abnormalities. Vitamins
B5 and B12 are commonly used in skin and hair care products due to their moisturizing,
anti-inflammatory, and wound healing properties [20]. Main potential risks regarding the
overconsumption of vitamin B may lead to skin flushing, itching (vitamin B3), numbness,
and tingling sensations (vitamin B6), and nerve damage and anemia (vitamin B9) [19].

Vitamin C, also known as ascorbic acid, is a commonly used ingredient in both
cosmetic and pharmaceutical products due to its powerful antioxidant properties. However,
incorporating vitamin C into products poses a significant challenge as its stability must
be maintained and delivery to the desired site improved [21]. Vitamin C is naturally
occurring in a variety of fruits and vegetables, such as citrus fruits, currants, peppers,
parsley, cauliflower, potatoes, sweet potatoes, broccoli, Brussels sprouts, strawberries,
guava, and mangoes. In addition to its use as an antioxidant to prevent food and beverage
spoilage, vitamin C is essential for the production of collagen, connective tissue, and protein
fibers, which provide strength to teeth, gums, muscles, blood vessels, and skin. It also plays
an important role in the immune system by aiding white blood cells in fighting infections
and facilitating iron absorption within the body [2,21]. Overconsumption of vitamin C can
lead to diarrhea, nausea, and abdominal cramps. Long-term excess consumption can lead
to kidney stones [21].

2. Why Choose Liposomes for the Encapsulation of Vitamins?

In 1965, it was reported, for the first time, that phospholipid molecules were able to in-
stantaneously form closed bilayer vesicles in aqueous media due to the amphiphilic nature
of phospholipids [22]. Liposomes are vesicular structures formed by one or more phospho-
lipid bilayers that encapsulate part of the aqueous medium in which they are dispersed [23].
Their average diameters range from 20 nm to several microns. Phospholipids are the
main constituents of vesicles, being an amphiphilic molecule in which the hydrophilic
polar head groups are oriented towards the aqueous phase and the hydrophobic non-polar
hydrocarbon tails are oriented towards each other in an ordered bilayer structure. A wide
variety of phospholipids can be used for the production of liposomes, such as eggs, soy, and
milk, which are natural and safe sources. The most used phospholipid for the production
of liposomes in the food and cosmetic industry is phosphatidylcholine (PC). In addition
to PC, phospholipids such as lysophosphatidylcholine (LPC), phosphatidylinositol (PI),
phosphatidylethanolamine (PE), and phosphatidylglycerol (PG) can also be used.

When introduced into water, phospholipids tend to group together to form lipid
bilayers due to their insolubility in water. By providing the system with sufficient energy
through external methods, such as sonication, heating, or homogenization, the negative
interaction between the fatty acid molecules and water can be eliminated, allowing the
bilayers to organize themselves in a favorable manner. As a result of this process, lipo-
somes can effectively encapsulate hydrophilic compounds in their aqueous core, as well as
hydrophobic compounds in the internal regions of the lipid bilayer [24].

While being formed, liposomes acquire various sizes and structural characteristics,
such as the number of bilayers [25–27]. Size and number of bilayers determine the classi-
fication of liposomes in two main types: unilamellar vesicles and multilamellar vesicles,
as shown in Table 2. Small unilamellar vesicles (SUVs) have a size ranging from 20 to
200 nm and only contain one bilayer membrane. Large unilamellar vesicles (LUVs) are
larger than 200 nm and have a single bilayer membrane. Giant unilamellar vesicles (GUVs)
have a size exceeding 1 µm. Multilamellar vesicles (MLVs) contain several concentrically
arranged vesicles with a size between 0.5 to 5 µm, whereas multivesicular vesicles (MVVs)
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have smaller vesicles inside a larger vesicle [12,24]. The size characteristics of liposomes
are determined by the production method and the type(s) of phospholipid(s) utilized.
SUVs have a higher surface area to volume ratio compared to MLVs. This can result in
faster release kinetics and better cellular uptake due to their smaller size and increased
surface area. However, they are generally less stable than MLVs, particularly under harsh
environmental conditions, which can result in aggregation and fusion with other liposomes.
On the other hand, MLVs have a higher loading capacity due to their multiple lamellar
layers. In terms of in vitro performance, the choice between SUVs and MLVs will depend
on the specific application and the desired characteristics of the liposomes. For example, if
rapid drug release and cellular uptake is important, SUVs may be preferred. If long-term
stability and high loading capacity are required, MLVs may be preferred [23].

Table 2. Classification of liposomes based on size and lamellarity.

Type of Liposome Abbreviation Characteristic Diameter Schematic Representation

Small unilamellar vesicles SUV Small unilamellar vesicles 20 to 200 nm
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In general, liposomes are one of the most commonly commercialized lipid carriers
used for nutraceutical purposes. They are also increasingly studied for their potential
to be incorporated into foods for functional applications [28,29]. In the vitamin field,
other lipid systems have also been used for encapsulation purposes, such as emulsions,
micro/nanoemulsions and solid lipid particles [24]. In this context, some advantages can be
pointed out regarding the use of liposomes over these other systems: (i) biocompatibility:
the phospholipids used for liposomes production are similar to the phospholipids found
in cell membranes and are, thus, less likely to cause adverse reactions; (ii) versatility:
liposomes can encapsulate all types of vitamins, hydrophilic, lipophilic, or even both in the
same structure due to the amphiphilicity of their structure; (iii) targeted delivery: liposomes
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can be modified with targeting ligands, such as antibodies or peptides, to enhance their
specificity for a particular cell type or tissue; (iv) controlled release: these vesicles can be
engineered to release their contents at a specific time or location, improving the therapeutic
effect of the vitamins and reducing the need for frequent dosing; and (v) ease of preparation:
liposomes can be easily prepared using simple techniques, which makes them a cost-
effective drug delivery system compared to others previously mentioned [24,28].

However, despite their versatility, liposomes are physicochemically unstable. This is
due to the fact that the lipids present in their structure can undergo natural degradation
through oxidation or hydrolysis, or even because the particles can form agglomerates.
Liposomes originally show repulsive forces between their particles that provide a certain
physical stability, but external factors, such as high temperatures or pH changes, can
affect their structure and change the permeability of the bilayer, causing the release of
the encapsulated compound or the formation of agglomerates. In order to reduce these
undesired effects, a possible solution is the coating of liposomes with biopolymers that
can increase their physical stability through steric and electrostatic factors, thus creating a
hybrid system. Among the biopolymers used for the coating of liposomes, starches, gelatin,
proteins, cellulose, pectin, and chitosan can be mentioned. Other possibilities to increase
their overall stability include the use of lyophilization, the incorporation of hydrogenated
phospholipids in the lipid bilayers, and the use of cross-linking agents [24,28].

3. Methods for the Production of Vitamin-Loaded Liposomes

Generally, a successful encapsulation of bioactive molecules in liposomes, with desired
and specific size and structure, depends on several factors, such as the correct choice
of the main lipid, the affinity between the liposome and the bioactive of interest, and,
most of all, the production method. The latter is considered to be extremely important
when encapsulating vitamins for several reasons that may include: (i) the efficiency of
encapsulation, as some methods may result in higher encapsulation efficiencies than others;
(ii) the stability of the vitamin, as certain methods may be less harmful to them, which is
particularly important for sensitive vitamins that can be easily degraded by heat, light, or
exposure to oxygen; (iii) the control of particle size and distribution, which are directly
related to the release rate of the vitamin from the encapsulating material and also to its
bioaccessibility and bioavailability; and (iv) the process scalability, to ensure both consistent
quality and efficient production.

Conventional methods of liposome production for vitamin encapsulation are still in
the spotlight for many researchers due to their simplicity, recognition, and wide range of
applications. On the other hand, novel methods have arisen due to their advantages over
the conventional ones, such as higher encapsulation efficiency, reduced toxicity, versatility,
and scalability. Overall, the production method used for encapsulating vitamins plays a
critical role in ensuring the stability, efficacy, and quality of the final product. Figure 2
presents all the methods that will be discussed in this review, whereas Table 3 summarizes
the advantages and disadvantages of each one.

Table 3. Advantages and disadvantages related to the methods for liposome production.

Production Methods Advantages Disadvantages

Conventional techniques Thin-film
hydration method

X Easy to scale up
X Straightforward approach

X Compatibility with
different lipids

X Simple method with low cost

X Multiple steps
X Post-processing is required for

size reduction
X Water-soluble bioactives may

exhibit low EE%
X Removal of organic solvents

is needed
X Sterilization is required
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Table 3. Cont.

Production Methods Advantages Disadvantages

Reverse-phase
evaporation method

X Simple and rapid process
X High encapsulation efficiency

X Time-consuming
X Large amounts of organic

solvents are needed
X Post-processing is required for

size reduction
X Sterilization is required

Injection methods

X Easy to scale up
X Ethanol injection is simple, rapid

and reproducible
X Ether injection forms a

concentrated liposome with
high EE%

X Removal of solvents is needed
X Post-processing is required for

size reduction
X Macromolecules may inactivate

in presence of ethanol

Detergent
removal method

X Simple process
X Suitable particle size distribution

X Low concentration of liposomes
X Low EE% for

hydrophobic molecules
X Time-consuming

Double
emulsion method

X Biodegradability
X Versatility

X Suitable particle size distribution

X Multiple steps
X Possible leakage of hydrophilic

bioactives during production
X Post-processing is required for

size reduction

Hydration
of proliposomes

X Versatility
X Easy to scale up

X Higher stability when in
dried form

X Heterogeneity of vesicles
X Production variability

X Limited loading capacity

Novel techniques Heating method
X Simple and rapid process

X No organic solvents
X Sterilization is not needed

X Multiple steps
X Possible degradation of
thermosensitive molecules

X Post-processing is required for
size reduction

Membrane
contactor method

X Simple and fast process
X Suitable particle size distribution

X No organic solvents

X Possibility of clogging the pores
X High temperature

X Membrane/filter fragility
X Sterilization is required

Electroformation

X Rapid process
X High purity

X Adaptable conditions
X Formation of GUVs with

high EE%

X Unknown
underlying mechanism

X High cost of electrodes
X Only suitable for very low

ionic strength

Nanoprecipitation X Simple method
X Use of biocompatible solvent

X Post-processing is required for
size reduction

X Sterilization/aseptic processing
is required

Microfluidic method X Simple method
X Suitable particle size distribution

X Difficulty to remove the
organic solvents

X Unsuitable for bulk production
X High cost of

microfluidic channels

Dual asymmet-
ric centrifugation

X Easy to operate
X Reproducibility

X Suitable particle size distribution
X High EE% for

water-soluble bioactives
X No organic solvents

X High amount of phospholipids
is required

X Batch scale production
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Table 3. Cont.

Production Methods Advantages Disadvantages

Crossflow filtration
detergent depletion

X Rapid process
X Suitable particle size distribution

X Sterilization is not required
X Water filtrate can be recycled

X Use of detergents
X Difficulty to scale up

Inkjet method X Suitable particle size distribution
X High EE%

X Specific equipment is needed
X Removal of ethanol is required

Supercritical
technologies

X Versatility
X Small number of unit operations

X Low solvent residue
X Used for bioactives with

low solubility
X High efficiency

X Environmentally friendly
X Suitable particle size distribution

X Reproducibility

X High pressure
X Possible agglomeration of

particles at the end of the process
X May involve nozzle blockage
X May involve high cost for

implementation
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3.1. Conventional Methods

In the conventional methods, five main steps are basically followed: (i) lipids are
dissolved in an organic solvent (ethanol, ether, chloroform, dichloromethane); (ii) the
organic solvent is removed using evaporation, rotary evaporation, or distillation; (iii) the
resultant lipid layer is hydrated using an aqueous medium (distilled water, buffer solutions,
serum-containing media, or physiological saline solutions) and agitated; (iv) vesicles are
analyzed and eventually treated by downsizing steps (see Supplementary Material for a
detailed description of these methods), depending on the liposome final use; and (v) post-
formation processing (purification or sterilization) is carried out to increase the stability
of the liposomes [30]. Vitamins must be dissolved in the liquid medium in which they
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are easily solubilized, i.e., in the organic solvent if lipophilic (A, D, E, and K) or in the
hydration medium if hydrophilic (complex B vitamins and C) vitamins are selected.

3.1.1. Thin-Film Hydration (TFH) Method (Bangham Method)

The thin-film hydration technique, also referred as the Bangham method due to
the British biochemist that first described it in 1965, is the simplest method used for the
preparation of MLVs. It is mostly used for the encapsulation of lipophilic molecules and is
based on the production of a thin lipid film by the evaporation at 45–60 ◦C of an organic
solvent from a lipid solvent solution during flask rotation under vacuum and its further
hydration using an aqueous media. When small volumes of liposomes are desired, the
organic solvent can be dried by using argon steam or dry nitrogen in a fume hood [31].
Hydration processes should be performed above the phase transition temperature of the
lipids (e.g., 60–70 ◦C) for a duration of at least 1–2 h [30]. In addition to the ability to
encapsulate both hydrophilic and hydrophobic molecules, the TFH method presents some
limitations, such as low encapsulation efficiencies and batch-to-batch variability. The
production of liposomes using TFH method is usually followed by a downsizing process to
obtain SUVs.

Bi et al. [32] used egg PC, cholesterol (Chol), and vitamin D3 (3:1:1 w/w) to pro-
duce vitamin D3-loaded MLVs by the TFH method followed by high-pressure homog-
enization. Obtained liposomes presented a particle size of 169 nm and an encapsula-
tion efficiency (EE%) of 62%. Vitamin B12-loaded liposomes were produced by Andrade
et al. [33] by the TFH technique followed by ultrasonication, using 1,2-distearoyl-sn-
glycero-3-phosphocholine (DSPC), Chol, polyethylene glycol 2000 (PEG200), and amine
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-2000]
(DSPE-PEG2000) in a 52:45:3:0.06 molar ratio. LUVs showed sizes of 116 nm and an EE% of
14%. The authors stated that the low EE% was due to the high hydrophilicity of vitamin B12.
Campani et al. [34] produced a liposome-based formulation loaded with vitamin K1 by the
TFH technique followed by extrusion through polycarbonate membranes with decreasing
porosity (400, 200, and 100 nm). Lipid films were prepared using soy phosphatidylcholine
(SPC) and were rehydrated by PBS at pH 7.4 or aqueous solution at 0.01% w/v of benza-
lkonium chloride. Samples produced in these conditions were all in the nanometric range
(131–147 nm) and presented vitamin K1 encapsulation ratios of 3.4–154.0 µg VK1/mg SPC.
Vitamin E-loaded nanoliposomes were efficiently prepared by Qu et al. [35] by using egg
lecithin, cholesterol, sodium deoxycholate, and vitamin E, in a 5.8:1:1.1:1.8 mass ratio, by
the TFH method followed by sonication and extrusion. The obtained vesicles presented
an average hydrodynamic diameter of 231 nm, EE% of 97%, a narrow size distribution
(polydispersity index, PDI = 0.217) and high zeta potential (−52.4 mV).

3.1.2. Reverse-Phase Evaporation (RPE) Method

This technique was first described by Szoka and Papahadjopoulos in 1978 [36] and
is generally used to encapsulate large amounts of hydrophilic bioactives with high en-
capsulation efficiencies [37]. Similar to the TFH method, lipids are first dissolved in an
organic solvent, such as diethyl ether, chloroform, isopropyl ether, or a mixture of two
solvents, in order to form inverted micelles [38]. After the addition of an amount of aqueous
phase, water-in-oil (W/O) microemulsions are formed due to the rearrangement of lipids
at the interface between water and oil. During this step, a large amount of the aqueous
phase is encapsulated within the microemulsion, as well as the hydrophilic molecules.
The organic solvent can be slowly removed using a rotary evaporator under vacuum until
the conversion of the micelles to a semi-solid viscous gel-like structure is obtained. The
gradual removal of the solvent favors the disruption of the gel and promotes the formation
of LUVs [30]. As discussed for the TFH method, a downstream step, such as sonication
or extrusion, is required to reduce the average size of liposomes and to obtain a narrow
size distribution [39]. The main drawbacks related to this technique include: (i) the use of
a large amount of organic solvents and the presence of residual solvent at the end of the
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process; (ii) the high complexity and difficulty to industrial scaling up; (iii) the unsuitability
to be employed for the encapsulation of sensitive molecules due to the long-lasting contact
with the organic solvent; (iv) the time-consuming process; and (v) the sterile boundary is
quite hard to establish [40].

There are a few studies exploring this method for the encapsulation of vitamins,
mainly due to their high degradability rates. Favarin et al. [41] employed the RPE method
to encapsulate vitamin C into liposomes. In their study, the aqueous phase was composed
of polysorbate 80, at pH 3.65, and vitamin C, whereas the organic phase was composed of
phospholipid Lipoid® S100, cholesterol, and ethanol. The inverted micelles were formed
after the addition of the aqueous phase to the organic phase under ultrasonic conditions.
The mixture was, then, submitted to a slow evaporation in a rotary evaporator operating
at 80 rpm and 35 ◦C for the removal of the organic solvent, and the formation of the
gel-like structure. Liposomes were produced after the addition of the aqueous phase under
agitation. To homogenize the vesicles size, samples were extruded using membranes with
pores of 0.45 µm and 0.22 µm. Vitamin C-loaded liposomes showed a mean size of 160 nm
and PDI of 0.23, besides a slight negative zeta potential of −7.3 mV and an EE% equal
to 19%.

3.1.3. Injection Methods

The injection methods are based on the dissolution of lipids into an organic solvent
(ethanol or diethyl ether) and the further injection of the resulting solution into an aqueous
phase. Among all the liposome production techniques, the injection methods are suitable
to operate continuously [42].

- Ethanol injection (EI) method: this method was first described by Batzri and Korn [43]
and is based on the dissolution of phospholipids in ethanol and, then, the injection of
the solution into a rapidly stirred aqueous phase [43]. Part of the ethanol evaporates
upon contact with the aqueous phase, producing a lipid film that forms liposomes upon
hydration. Vesicles are formed due to the immediate diffusion of the ethanol in the aqueous
medium, leading the lipid molecules to precipitate and to form bilayered planar structures
that tend to liposomes [44]. A change in the solubility of lipids leads to the spontaneous
formation of vesicles that encapsulate a small volume of the aqueous phase. This method
is relatively simple and produces liposomes characterized by a high entrapment efficiency
of hydrophobic molecules. SUVs can be formed if proper process parameters, such as low
lipid concentrations and fast rate of injection, are used. A disadvantage of EI is that the
encapsulation efficiency of hydrophilic compounds is low, and the control of both size and
size distribution of the resulting liposomes can be challenging. On the other hand, some
advantages of this method include: (i) it is a straightforward method, which makes it a
popular choice for liposome production; (ii) its high reproducibility; and (iii) its easy scale
up, making it a practical choice for commercial production [44]. However, this method
is limited by the need for subsequent processing to solvent evaporation and the residual
content [45]. The use of the EI method to produce liposomes for food or cosmetics is usually
hindered by the low encapsulation efficiency of hydrophilic bioactive molecules such as
vitamin C. This occurs because hydrophilic bioactives tend to be preferentially retained in
the external aqueous phase of vesicles instead of in their small aqueous core [46]. Charcosset
et al. [47] developed a continuous process for the ethanol injection method coupled with
membrane extrusion, in which vitamin E-loaded MLVs were produced using Lipoid® S100
as the source of phospholipids. Liposomes were stored in a vacuumed double jacketed
reactor in which the ethanol residue was constantly removed. Using this method, volumes
between 60 mL to 3 L of liposomes with sizes ranging from 89 to 118 nm were produced;

- Ether injection method: this method requires the dissolution of lipids in diethyl ether
and, then, a slow injection of the solution into an aqueous phase under high pressure. The
ether rapidly evaporates upon contact with the aqueous phase under warming, resulting
in a lipid film that forms liposomes upon hydration [48]. This method results in a con-
centrated liposomal (LUVs) product with a narrow size distribution and high entrapment
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efficiency [45]. Some differences can be pointed out between this method and EI: (i) ethanol
is a polar solvent, unlike ether that is non-polar; this can affect the lipid solubility and
the self-assembly of lipids in liposomes, resulting in differences in size, size distribution,
and other properties of liposomes; (ii) ether injection method may be more complex and
time-consuming than EI method; and (iii) different effects on the stability of lipids and
liposomes as the use of ether may cause a larger lipid degradation or oxidation than the
use of ethanol due to the formation of peroxides [30]. However, an advantage of using the
ether injection method consists of the more efficient removal of the organic solvent from
the final product [30]. For food purposes, it is generally preferable to use ethanol instead of
ether. Ether is highly flammable and can pose a fire hazard, which may be a concern in a
food production setting. Ethanol, on the other hand, is a safer solvent that is commonly
used in food processing and is generally recognized as safe (GRAS) by the US Food and
Drug Administration (FDA). Ethanol is also a polar solvent, thus, more compatible with
the polar environment of aqueous foods. The ether injection method is not commonly used
for the encapsulation of vitamins in liposomes, basically because of its high toxicity [49].

3.1.4. Detergent Removal (Depletion) Method

The detergent depletion method is a mild process capable of producing highly homo-
geneous liposomes. This method is based on the formation of mixed micelles of detergents
and lipids and the further removal of the detergent to form LUVs. The size of vesicles is
based on the rate at which the detergent is removed from the formulation and the initial
detergent to phospholipid ratio [50]. Detergents, such as sodium cholate, sodium deoxy-
cholate, and octyl glycoside, are often used in the initial stages of liposome preparation to
solubilize the lipids and to form a homogeneous solution. However, detergents can also
destabilize the liposome membrane and lead to aggregation and fusion of the liposomes.
To remove the detergent and to obtain stable liposomes, various methods are used. One
of the most commonly used methods is dialysis [51]. Using this method, the detergent
containing the liposome dispersion is submitted to a dialysis step. This process is typically
carried out over several hours to several days, depending on the amount of detergent and
the desired degree of detergent removal [52]. Another method for detergent removal is the
use of adsorbents such as Bio-Beads [53]. The obtained liposomes are, then, separated from
the beads containing adsorbed detergent molecules by filtration or centrifugation, resulting
in detergent-free liposomes [53].

Vitamin-loaded liposomes can also be produced by the detergent depletion method.
In this case, vitamins should be solubilized with the lipids in a detergent-containing
solution. Hydrophilic compounds are generally encapsulated more efficiently in liposomes
produced by detergent removal than hydrophobic bioactives since the latter may be more
prone to being removed along with the detergent during the depletion process. However,
in the case of food applications, the choice of detergents used in the liposome production
should be carefully considered; some safety concerns or regulatory restrictions may apply.
Secondly, this process can be time-consuming and labor-intensive, and may not be easily
scalable to commercial production levels. Some detergents, such as Tween 20, Tween 80,
and Brij-35, are considered safe for food applications, as they are approved by FDA and
European Food Safety Authority (EFSA). Triton X-100 cannot longer be used for food
applications, but its use in cosmetics is still feasible due to the regulation approved by
several agencies. It is important to notice that the choice of the detergent can affect the
properties of the resulting liposomes, including their size, stability, and encapsulation
efficiency [45]. Therefore, it is necessary to carefully optimize the detergent concentration
and preparation method to achieve the desired properties of the liposomes for the intended
final application. Additionally, it is important to ensure that any residual detergent is
removed from the liposomes during the detergent depletion process to avoid potential
health risks [54]. When producing liposomes for cosmetic applications, it is important to
choose a detergent that is safe for use on the skin and does not cause irritation or other
adverse effects on humans.
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3.1.5. Double Emulsion Method

The double emulsion method, also known as the water-in-oil-in-water (W/O/W)
emulsion method, is a technique for encapsulating both hydrophilic and hydrophobic
molecules in liposomes [55]. Hydrophilic bioactives, such as proteins, are more suitable
to be encapsulated using this technique due to the multiple aqueous phases involved in
the emulsification process. In this context, the method involves two emulsions, one inside
the other one [56]. The first step is to prepare a W/O emulsion. This is performed by
mixing a small amount of an aqueous solution containing the hydrophilic compound of
interest with an immiscible organic solvent, such as chloroform or toluene, and a lipid
solution. The mixture is vigorously shaken to create small droplets of the aqueous solution
surrounded by a lipid bilayer. The second step is to create a second emulsion by adding
the W/O emulsion to a large amount of the aqueous phase containing a stabilizer, such as
a surfactant or a polymer. This is typically carried out by sonication or homogenization.
The resulting W/O/W emulsion contains small droplets of the aqueous phase plus the
hydrophilic compound, surrounded by a lipid bilayer, which in turn is surrounded by a
second aqueous phase. Liposomes are formed after the removal of the organic solvent by
stripping gas or vacuum pressure, which leads to the direct contact between the external
and internal oil–water phases and the formation of the lipid bilayer [57]. The double
emulsion method presents some advantages over the other liposome production methods,
such as high encapsulation efficiency of hydrophilic compounds, drug-controlled release,
and versatility. However, this process can be time-consuming since it requires several steps
to form liposomes, besides the low yield, and the need for specialized equipment, such as
sonicators or homogenizers [39].

A modification of this method, named “freeze-drying of double emulsions”, has been
efficiently used to produce liposomes characterized by improved stability and prolonged
shelf life. This technique involves three main steps: (i) the formation of a double emul-
sion by the emulsification of an aqueous phase with a lipid phase, followed by a new
emulsification with an external aqueous phase; (ii) the freezing of the double emulsion to
produce a frozen matrix of liposomes, which helps to stabilize the liposomes and to prevent
aggregation or coalescing phenomena; and (iii) the freeze-drying process, in which the
frozen matrix is submitted to freeze drying for the removal of water through sublimation
under vacuum. This step transforms the frozen matrix of liposomes into a dry powder
that can be easily reconstituted with water or other appropriate solvents. Some advantages
related to this method include: (i) improved stability, making them suitable for long-term
storage and transportation; (ii) preservation of structural integrity, thus, maintaining their
biological activity; and (iii) flexibility, as liposomes can be produced at different sizes
and compositions depending on the final destination. However, this technique shows
some drawbacks, such as the requirement for specialized equipment, the potential for loss
of encapsulated compounds during the freeze-drying process, and some damage to the
freeze-dryer apparatus due to residual solvents [58].

Li et al. [59] produced complex liposomes containing medium-chain fatty acids (MC-
FAs) and vitamin C using the double emulsion method followed by dynamic high pressure
microfluidization. A mass ratio of 100:25:4 soybean phospholipids, cholesterol, and vi-
tamin E, altogether with an ethanolic solution containing MCFAs, was used throughout
the production. The procedure was followed by the injection of a small volume of twice-
distilled water under vigorous stirring at 50 ◦C. The primary emulsion was formed after
the evaporation of part of the solvent under reduced pressure. The aqueous phase com-
posed of twice-distilled water, Tween 80, and vitamin C was, then, incorporated into the
organic phase. After agitation, the residual solvent was removed through rotary evapora-
tion under reduced pressure. These authors obtained liposomes with a mean diameter of
approximately 93 nm, encapsulation efficiencies of MCFAs and vitamin C of 49% and 64%,
respectively, and a good stability over 90 days at 4 ◦C. In another study, Yang et al. [60] used
the same protocol as Li et al. [59] to produce complex liposomes encapsulating MCFAs and
vitamin C, but these authors added a freeze-drying step at the end of the process to increase
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vesicle stability. The reconstituted liposomes presented a mean diameter of 110 nm and an
encapsulation efficiency of MCFAs and vitamin C of 44% and 62%, respectively. Vesicles re-
mained stable for 60 days at 4 ◦C. In a more recent study, Pattnaik and Mishra [61] produced
a multivitamin (A, D, B9, and B12) liposome using the double emulsion technique and a
mix of soy lecithin and vegetable oil blend, in addition to a polymer solution containing
milk protein isolate and trehalose at different concentrations. Liposomes were stable, with
size varying from 143 to 396 nm and zeta potential from −20 to −33.5 mV. Interestingly,
these authors observed that hydrophilic vitamins showed lower entrapment efficiency than
the hydrophobic vitamins (vitamin B9, EE% = 78–97.6% and vitamin B12, EE% = 96–99.9%
vs. vitamin A, EE% > 99.9% and vitamin D, EE% > 98%) and stated that this behavior was
probably due to the interaction between the lipophilic vitamins with the hydrophobic tails
of phospholipids during freeze-drying, which might have caused a protective effect over
the vitamins.

3.1.6. Hydration of Proliposomes

This method of production uses a powder mixture of dry phospholipids and bioactives,
called proliposomes. Several techniques can be used to obtain these powders, including
fluidized bed, spray drying, freeze-drying, coating of micronized sugars, milling, and su-
percritical techniques. Proliposomes are defined as dry, free-flowing powders that contain
the bioactives to be encapsulated [62]. Upon hydration under appropriate conditions, MLVs
are formed. Their solid form confers stability and offers advantages, such as improved
transport convenience, storage, distribution, and dosage. Proliposomes can be manufac-
tured using industrialized procedures as tablets or capsules, which eliminates the stability
problems of liquid liposomes and may increase the oral bioavailability of bioactives [63].

Spray drying is a commonly used technique in the pharmaceutical and food industries
for the production of powdered materials. This method is widely used for the encapsulation
of oils, flavors, and fragrances. Its large application is mostly due to its ability to evaporate
moisture rapidly from a sample, maintaining a low temperature in the particles [64].
Wall materials, such as polysaccharides and proteins, are commonly used throughout
the process [65]. In the liposome field, spray drying acts as a post-processing step to
convert the liquid form of dispersions to a high stable solid form [66]. First, the liposome
dispersion must be produced, selecting the desired bioactive molecule by any method
of interest. This solution is, then, atomized in small droplets using a spray nozzle and
dried using a hot gas stream. The resulting powder is collected and can be used for
further processing or packaging. Spray drying has several advantages for the production of
bioactive-loaded liposomes. It is a fast and efficient method for producing large quantities
of powdered material, and it can be easily scaled up for commercial production [67].
The resulting powder is also stable and can be stored for long periods of time without
degradation. However, there are some challenges associated with spray drying regarding
the encapsulation of vitamins. This process can cause damage to the liposome structure,
leading to a loss of the encapsulated material. Additionally, the high temperatures used
during spray drying can degrade sensitive vitamins [68]. However, some recent studies on
thermosensitive vitamins, such as vitamin B1, B9, and vitamin B12, showed that they may
not experience significant degradation during the spray drying process, depending on the
wall material and process parameters [69,70]. The microencapsulation of lipophilic vitamins
such as vitamin D using spray drying is rare due to the mandatory water-dispersed form
that is needed for the processing. In addition, the porosity of the resultant material can
act as an advertisement about the risk of degradation of more sensitive materials due to
oxygen exposure [68]. The use of lower temperatures or shorter drying times during the
spray drying process may prevent early thermal degradation.

Spray drying was used to produce β-carotene-loaded proliposomes by Toniazzo
et al. [71]. Phospholipids, sucrose, and β-carotene were solubilized in anhydrous ethanol
and treated by spray drying using an inlet temperature of 90 ◦C and outlet temperature
of 85 ◦C, at a flow rate of 10 mL/min in a 1 mm diameter spray nozzle with co-current
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airflow. Proliposomes were, then, rehydrated with deionized water and thickeners xanthan
and guar gums were used as stabilizers. The MLVs produced by this method were useful
to protect β-carotene over 95 days of storage with an EE% up to 96% when a 0.10% w/w
mixture of xanthan and guar guns was incorporated during the hydration step.

3.2. Recent and Innovative Methods

Novel methods for liposome production have been developed and improved over
the years, with the aim of overcoming the drawbacks related to the traditional methods.
Differently from the liposomes produced using the conventional methods, vesicles pro-
duced by these new methods are mainly unilamellar and show a more homogeneous size
distribution (lower values of PDI) [72]. Therefore, post-processing techniques, such as
sonication or extrusion, are rarely required. Moreover, conventional methods are based on
the use of organic solvents and detergents, which can limit their use in foods and cosmetics,
and are often not environmentally friendly. Currently, research efforts around liposomes
focused on the optimization of green technologies that can be scaled up to industrial levels.

3.2.1. Heating Method

This method was first described by Mozafari et al. [73] and involves the hydration of
phospholipids with a 3% v/v glycerol solution at increasing temperature up to 60 ◦C or
120 ◦C. The processing temperature depends on the absence or presence of Chol. The use
of glycerol is due to its physicochemical characteristics, such as water solubility and non-
toxicity, besides its ability to avoid sedimentation or coagulation of vesicles. Sterilization of
the resulting liposomes is not required due to the high temperature already used during
processing (120 ◦C), leading to cost reduction. The heating method has been improved
over the years resulting in a new method called the Mozafari method, in which large-scale
production of liposomes can be achieved without the need for the prehydration step of raw
materials and without the use of toxic solvents or detergents [74]. Although vitamins are
mostly thermosensitive, equally sensible molecules such as DNA are being incubated at
room temperature with preformed liposomes produced by the heating method [73].

3.2.2. Membrane Contactor Method

In this technique, a porous membrane with a defined pore size is used to separate
two fluid compartments [75,76]. The organic phase (generally ethanol + lipids) is flowed
across one side of the membrane, while an aqueous solution is flowed across the other side.
The two fluids come in contact at the pores of the membrane, and liposomes are formed
thanks to the presence of water. Liposomes then diffuse tangentially through the pores
of the membrane and are collected on the surface of the other size. The organic solvent is
removed by evaporation under reduced pressure. This method offers some advantages
over traditional liposome production methods. Firstly, it is a continuous process, able to
be scaled up, thus allowing for the production of large quantities of liposomes. Secondly,
it is a gentle method, with minimal shear stress, which reduces the potential damage
to liposomes or to the encapsulated molecules. Thirdly, it offers better control over the
size and size distribution of the liposomes, as the pore size of the membrane can be
precisely controlled [77]. Additionally, membranes can be regenerated by washing using a
water/ethanol mixture.

This method was already used to produce vitamin E-loaded liposomes [78]. Vesicles
were produced using 20–50 mg/mL of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) or Lipoid® E80, 5–12.5 mg/mL of a stabilizer (Chol, stearic acid or cocoa butter),
and up to 5 mg/mL of vitamin E. Shear stress on the membrane surface ranged from 0.80
to 16 Pa. Mean particle size under optimal conditions was 84 and 59 nm for Lipoid® E80
and POPC liposomes, respectively. EE% up to 99% was obtained in MLVs produced using
Lipoid® E80.
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3.2.3. Electroformation

This method was developed by Angelova and Dimitrov [79] and consists of the
formation of GUVs under electric fields by the hydration of a lipid film deposited on
electrodes. This method relies on the ability of lipids to self-assemble in bilayer structures
in the presence of an electric field. The electric field creates a potential difference across
the lipid solution, causing the lipid molecules to move towards the electrode, where they
self-assemble in bilayer structures. The electroformation process typically involves the
following steps: (i) preparation of the lipid solution, typically by mixing lipids in a suitable
organic solvent; (ii) deposition of the lipid solution on an electrode or a conductive substrate,
typically made of glass, quartz, or indium tin oxide; (iii) application of an electric field to
the lipid solution by using two electrodes, typically made of platinum or gold; and (iv)
collection of the vesicles from the electrode surface and further purification using size
exclusion chromatography, ultracentrifugation, or dialysis [80]. The main disadvantages of
this method include its low production yield and limited scalability.

Vitamin E-loaded GUVs were prepared by Di Pasquale et al. [81] in which the influence
of vitamin E on the membrane organization was corroborated by SANS and fluorescence
microscopy. Samples were produced using 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), and Chol at a 37.5:37.5:25 mole
ratio and vitamin E at a mole fraction of 0.10.

3.2.4. Nanoprecipitation

This method for liposome production can be easily scaled up and allows for the
creation of liposomes in a single step without the need to homogenize the vesicles to
achieve a uniform size. The procedure involves the mixing of a lipid solution with an
aqueous solution, and the lipid molecules come together spontaneously to create liposomes
since they are less soluble in the aqueous medium. By altering the composition and
processing parameters, the size of the liposomes can be controlled. Due to the self-assembly
mechanism, the resulting liposomes are characterized by a narrow size range and can be
manufactured with a high degree of consistency [82].

Jash and Rizvi [83] utilized the nanoprecipitation method to produce coated liposomes
loaded with both vitamin C and vitamin E. They employed polyethylene glycol and acetic
acid sodium acetate buffer with a pH of 4.5 as solvent and non-solvent, respectively. The
surface of the liposomes was coated with a polyanionic block copolymer Eudragit® S100,
and the resulting solution was slowly added dropwise to the acetic acid-sodium acetate
buffer. The coated liposomes were then concentrated using centrifugation. The study’s
primary findings revealed that Eudragit® S100 safeguarded the encapsulated cargo from
the harsh gastric environment and enabled targeted pH-triggered release in simulated
intestinal conditions.

3.2.5. Microfluidics Method

Microfluidics refers to a collection of techniques that use narrow channels with micro-
metric cross-sectional dimensions (ranging from 5 to 500 µm) to manipulate fluid flows.
It offers several advantages, such as axial mixing regulated by diffusion and continuous
operation at low volumes. Microfluidic techniques have been proven to produce uniformly
dispersed liposomes and allow for precise control over liposome size by adjusting either
the volumetric flow rate or the total flow rate [84]. The process operates at low Reynolds
numbers (laminar flow) and requires diffusive mass transfer. A detailed description of
liposome formation via microfluidics can be found in Carugo et al. [85]. In brief, the process
involves pushing a stream of lipids dissolved in alcohol through the central channel of
a microfluidic device, where it is sheathed and crossed by two lateral streams of a water
phase. By adjusting the volumetric flow rate ratio and the total flow rate, the size of the
focused stream can be adjusted. Liposome formation occurs when the lipids solubilized
in alcohol diffuse into the water, and the water diffuses into the alcohol until the alcohol
concentration decreases below the lipid solubility limit, resulting in self-assembly of lipids

70



Nanomaterials 2023, 13, 1557

to form liposomes [85]. However, there are some limitations to the microfluidic approach,
including the use of organic solvents, the requirement for delicate mechanical agitation,
and the challenges associated with scaling-up production.

Dalmoro et al. [86] prepared vitamin D3 and vitamin K2-loaded uncoated and chitosan-
coated nanoliposomes by a novel simil-microfluidic device. PC, Chol, and each vitamin
were diluted with alcohol, whereas deionized water was used as the hydration solu-
tion. Higher encapsulation efficiencies were obtained for vitamin D3-loaded liposomes
(EE% = 88–98%) and vitamin K2-loaded liposomes (EE% = 95–98%) at chitosan concentra-
tions of 0.01% and 0.005% w/v, respectively.

3.2.6. Dual Asymmetric Centrifugation (DAC)

The DAC method employs a distinctive kind of centrifugation where a vial holding
the mixture of liposomes is spun around its own center and the main axis. While the
primary rotation forces the sample material outward, the rotation of the vial around its
own center moves the sample material inward as it adheres to the vial. This inward
movement is effective when the material is viscous enough and can adhere to the vial
material. The resulting vesicular phospholipid gel can then be diluted to produce liposomes.
These gels are particularly useful for obtaining a high content of liposomes suitable for
use in products such as creams, lotions, or hydrogels [87]. The DAC method has also
been shown to produce a highly uniform population of liposomes with improved drug
release properties compared to other methods [88]. Furthermore, the equipment is of a
small size, easy to operate, and offers good reproducibility. Liposomes with high EE% for
water-soluble bioactives can be produced by this method, which does not require the use
of organic solvents. Drawbacks of this method include the high shear force and the need
for formulations that contain a high amount of phospholipids to increase the viscosity and
to form the vesicular gel [89]. To the best of our knowledge, there is no literature on the
encapsulation of vitamins by the DAC method; however, it appears as a suitable method to
encapsulate mainly water-soluble vitamins.

3.2.7. Cross-Flow Filtration Detergent Depletion

Peschka et al. [90] developed a method that combines the conventional detergent
depletion technique with a cross-flow filtration system to provide a fast solution for de-
tergent removal. This system comprises a starting reservoir, a pump, a filtration device
with a membrane system, tubing with an integrated rotary slide valve, and a manome-
ter to monitor the retentate pressure. Increasing the pressure on the membrane leads to
the rapid removal of the detergent. The mixed micelle solution in the starting reservoir
undergoes tangential filtration through a single membrane or membrane cassettes with a
selected molecular weight cutoff. This cross-flow filtration process enables the production
of liposomes with uniform size, homogeneity, and high stability [89]. Compared with other
detergent removal methods, large quantities of liposomes can be produced in a significantly
shorter time [91]. This method also allows for the production of sterile products by using
sterile filtered mixed micelles and autoclaved devices. Additionally, the wasted filtrate can
be recycled to minimize production costs [91].

3.2.8. Inkjet Method

The ethanol injection method has been modernized by the development of the inkjet
method, which allows for precise control over liposome size and has the potential for
scalable production [92]. Amphiphilic compounds are dissolved in ethanol and printed
into an aqueous solution using an inkjet device, resulting in uniform liposome droplets
in the range of 20–100 nm. Additionally, the inkjet method has been utilized to produce
unilamellar lipid vesicles by transforming a bioactive solution into a jet of uniform droplets,
which then collide with a solution containing a lipid bilayer membrane at the liquid/air
interface. This sequence of events leads to the formation of each lipid vesicle, as the mem-
brane undergoes deformation, collapse, and separation [93]. Although it is not currently
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used for the encapsulation of vitamins in liposomes, inkjets have been used to produce
edible films for oral delivery of B-complex vitamins [94].

3.2.9. Supercritical Technologies

Supercritical fluid technologies have emerged as attractive methods for producing
liposomes [56]. CO2 is the most commonly used gas in supercritical fluid technology
for several reasons, including low cost, non-toxicity, safety, and large availability. It is
therefore considered a safe gas for use in food, as well as pharmaceutical and cosmetic
applications [56]. Most processes of liposome production that use supercritical CO2 (sc-CO2)
involve dissolving a lipid mixture in a solution of CO2 at high pressure and temperature.
The CO2 solution then acts as a solvent for the lipids, leading them to self-assemble and
form vesicles. The pressure and temperature of the CO2 solution can be easily controlled
to modify the size and shape of the samples. One of the key advantages of sc-CO2-based
processes is the absence of organic solvents, which can be toxic and difficult to remove
from the final product. In addition to being non-toxic, CO2 readily evaporates, leaving no
residue in the final product. Over the years, many supercritical technologies for liposomes
production have been explored, and some of them are discussed below.

- Depressurization of expanded liquid organic solution into aqueous solution (DELOS-
susp): this is a compressed fluid-based method that enables the reproducible and scalable
production of nanovesicular systems with exceptional physicochemical properties, includ-
ing uniformity, morphology, and particle size [95]. To prepare the samples, the reagents
are initially dissolved in an organic solvent and subsequently treated using pressurized
CO2 until saturation. Then, the sample is rapidly depressurized from the bottom, experi-
encing a significant pressure drop from 10 MPa to ambient pressure. CO2 molecules are
released from phospholipid bilayers to temporarily disrupt them into highly dispersed
phospholipids that undergo a rapid reorganization due to hydrophobic and van der Waals
interactions, and then packing themselves into liposomes [96,97]. This process produces
small and uniform liposomes due to the high rate of depressurization and can be used
to encapsulate thermo-sensitive materials since it works under slight conditions [98].
Adaptations of this method have been proposed to remove the need for organic solvents
or surfactants during production, some of them still resulting in SUVs at high storage
stability [99];

- Depressurization of expanded solution into aqueous media (DESAM): this is an
alternative dense gas technology, in which pressure requirements for liposome production
are reduced to 4–5.5 MPa [100]. This method involves dissolving lipids in a solvent and
pressurizing the solution with a dense gas to create an expanded lipid solution. The
expanded solution is, then, released in a controlled manner into heated aqueous media,
with pressure maintained through the addition of more dense gas. Care is taken to keep the
pressurization and expansion below a certain threshold to avoid solute precipitation. The
dense gas and solvent can be separated and reused. The resulting fine droplets disperse
the lipid in the aqueous phase and improve component interaction, resulting in uniform
liposome formation. The high temperature in the vesicle formation chamber can also aid
in removing organic solvent from the product [100]. Liposomes produced by this method
are mainly unilamellar, with sizes ranging from 50 to 200 nm, PDI not exceeding 0.29,
and is highly stable for periods of 8 months [100]. Recently, a continuous process named
nano-carrier by a continuous dense gas (NADEG) technique appeared as an evolution of
the DESAM method [101,102];

- Rapid expansion of supercritical solution (RESS): this is a technology currently used
for micronization, co-precipitation, and encapsulation. Lipids are dissolved in a mixture
of sc-CO2 plus 5–10% v/v of ethanol within an extractor. This primary dissolution in a
co-solvent (ethanol) is strictly necessary because the natural phospholipids are poorly
soluble in sc-CO2 [103]. This solution is then released through a heated small nozzle in
a low-pressure chamber and mixed with an aqueous solution. A rapid depressurization
follows, and the pressure drop results in the lipids desolvation, which favors the formation
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of layers around the droplets due to solute supersaturation. Small particles are obtained
from the gas stream [104,105]. This process produces small particles with a uniform size.
However, this method shows problems such as the difficult separation between vesicles and
co-solvents during depressurization, which increases production costs [106]. Nevertheless,
the RESS method is one of the most studied supercritical technologies for vitamin-loaded
liposome production [107–112]. Han et al. [112] produced vitamin E acetate-loaded lipo-
somes using an optimized RESS process without any organic solvent. Operating conditions
were controlled using the single-factor analysis and the response surface methodology
combined with Box–Behnken design. Samples were produced using polyvinyl acetate
grafted phospholipids and vitamin E acetate in a 6.35:1 mass ratio and resulted in vesicles
characterized by EE% = 93%, size of 247 nm, PDI of 0.295, and zeta potential of −42.5 mV.
Jiao et al. [108] also used the Box–Behnken design to optimize the process parameters for
the production of vitamin C-loaded liposomes using PC as wall material. Vesicles presented
size of 270 nm, PDI of 0.254, zeta potential of −41.7 mV, and EE% of 75%. Sharifi et al. [111]
produced ironized multivitamin-loaded liposomes containing lecithin, Chol, iron sulfate,
and hydrophilic and hydrophobic vitamins (C and E, respectively) by a new venturi-based
method called Vent-RESS, in which RESS was combined with Bernoulli principles. Lipo-
somes with unimodal size distribution were obtained and EE% of bioactive molecules were
improved when operating pressure increased from 12 to 18 MPa. The Vent-RESS process
was also used by Jash, Ubeyitogullari, and Rizvi [110] to produce vitamin C–vitamin E
co-loaded liposomes in milk fat globule membrane phospholipids (MFGM) or sunflower
phosphatidylcholine (SFPC). These authors verified that MFGM-based ULVs were smaller
in size than SFPC-based ones (533 nm vs. 761 nm, respectively), with higher zeta potential
(−57 mV vs. −37 mV, respectively);

- Supercritical reverse phase evaporation process (scRPE): this is a batch method devel-
oped by Otake et al. [113] that enables the efficient formation of liposomes using a one-step
process. It acts similarly to the RPE method but, in this case, sc-CO2 substitutes the organic
solvent. It involves the mixing of sc-CO2, lipids, and ethanol and then, the introduction of
small amounts of water to generate a liposome dispersion through an emulsion formation.
The procedure is carried out in a stirred volume cell at a temperature above the lipid
phase transition temperature. As the aqueous solution is gradually added to the reactor,
sc-CO2 is released, resulting in the formation of liposomes upon depressurization [97,114].
Some years later, Otake et al. [115] optimized the scRPE method in a way that organic
solvents were no longer needed. Zhao and Temelli [116] developed a similar process in
which liposomes are formed by simple pressurization and depressurization of a sc-CO2
lipid-based aqueous solution. Liposomes size can vary from 100 nm to 1.2 µm by using
this method, being SUVs or MLVs [117];

- Supercritical antisolvent (SAS): it involves a continuous spraying of an organic
solution of phospholipids into sc-CO2, which serves as an antisolvent for phospholipid
precipitation. As soon as sc-CO2 contacts the liquid phospholipid phase, it quickly diffuses
and divides the liquid phase in tiny droplets. At the same time, the organic solvent
evaporates from the droplets as a consequence of the dissolution in sc-CO2. This mass
transfer creates a supersaturation of phospholipids within the droplets, leading to the
formation of small phospholipid particles through nucleation and aggregation. A pure
CO2 washing step can be performed to remove any trace of the organic solvent. Finally,
spherical micro- or nanoliposomes are formed upon hydration with an aqueous buffer.
Xia et al. [118] produced vitamin D3-loaded proliposomes using a SAS based technology.
Hydrogenated PC was used as a lipid source. Conditions such as T = 45 ◦C, P = 8 MPa, and
15% w/w lipid to vitamin D3 ratio resulted in hydrated liposomes with an EE% = 100% and
an effective loading of 12.9%;

- Supercritical assisted liposome formation (SuperSomes): this is a continuous sc-CO2-
based process proposed by Reverchon and co-workers [119] in which, differently from the
other methods, water particles are first formed by atomization and then, covered by lipids
dissolved in an expanded liquid mixture. The expanded liquid mixture is composed of
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phospholipids, ethanol, and sc-CO2. The main idea is that lipids reorganize themselves
around the water droplets forming inverted micelles, which tend to form liposomes as
soon as they come in contact with a water pool located at the bottom of the vessel [120,121].
Process parameters, as water flow rate, injector diameter, phospholipid concentration,
pressure, and gas to liquid ratio, have been constantly optimized during SuperSomes
studies [122]. This apparatus has been efficiently used to encapsulate both hydrophobic
and hydrophilic bioactive molecules [123–126]. The process is reproducible, therefore,
allowing for a good control of vesicle size distribution, and nanometric vesicles at high
EE%. Recent studies showed the feasibility of using SuperSomes apparatus to encapsulate
vitamin D3 into nanoliposomes [127,128]. In both studies, liposomes were produced using
different ratios of hydrogenated soy and nonhydrogenated egg yolk phospholipids. In
Chaves et al. [127], samples produced using only egg yolk phosphatidylcholine presented
sizes of 132 nm. Furthermore, a 10 mL/min water flow rate also led to highly homogeneous
vesicles produced using a maximum of 20% of hydrogenated soy phospholipids with a
size of 218 nm, PDI of 0.253, and an EE% of 89%. In Chaves et al. [128], the effect of the
incorporation of vitamin D3 in curcumin-loaded liposomes was investigated. The addition
of vitamin D3 reduced the overall size of liposomes from approximately 220 nm to 130 nm,
but also promoted a decrease in EE% of curcumin. The authors stated that this behavior
was probably due to the competition between the two hydrophobic bioactives for the inner
region of lipid bilayers;

- Aerosol solvent extraction system (ASES): the ASES method, initially intended for
the creation of a sterile product composed of a biodegradable carrier and a molecule
embedded within it, involves the spraying of organic liquids through a nozzle into a bulk
of sc-CO2 [129]. This facilitates the rapid precipitation of solutes from the solution, which
can be easily dried with circulating sc-CO2, allowing for the simple removal of residual
solvent from the precipitates. This technique has been applied to liposome preparation,
resulting in the production of dry and reconstitutable pharmaceutical liposomes that are
suitable for large-scale manufacturing [130,131];

- Particles from gas saturated solution (PGSS): this is a cutting-edge method that uses
supercritical fluids to produce particles of a precise size. This process operates at mild
temperatures, generally between 40–60 ◦C, in an inert environment, and uses CO2 and
water as solvents [132]. The PGSS-drying method provides an alternative to conventional
techniques such as spray drying and freeze drying. One of its significant benefits is the
efficient atomization achieved through rapid gas release and expansion during depressur-
ization from supercritical to ambient conditions. Additionally, this method allows drying at
lower temperatures in the spray tower, minimizing the exposure of the bioactive material
to high temperatures that may cause damage [133]. Another advantage of this technique is
its ability to process carrier materials with low melting temperatures, which conventional
spray drying cannot handle.

In summary, the use of traditional methods for creating and reducing the size of
liposomes is still popular due to their ease of implementation and lack of requirement for
advanced equipment. Although some of these methods can be effective for processing cer-
tain vitamins, they may also cause structural changes that could impact their functionality.
Additionally, these methods are not always easily scalable for an industrial production.
In recent years, there is a growing need for innovative manufacturing techniques in nan-
otechnology that can encapsulate both hydrophilic and hydrophobic molecules without
the use of organic solvents or complex equipment, which is of interest considering the
need for multivitamin products. Additionally, the challenge of maintaining system stability
for liposomes loaded with hydrophilic materials requires new strategies to achieve opti-
mal loading while targeting delivery to the intended site. The lack of scalability in some
conventional liposome formation processes and low encapsulation efficiencies are still
major obstacles to mass production. To address these challenges, it is essential to explore
novel formation methods and to integrate new technologies to produce advanced liposome
formulations that are not only suitable for industrial-scale production, but also highly
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effective for clinical applications. Therefore, much work still needs to be performed in
terms of scaling, designing, controlling, and optimizing liposome formation processes [30].

4. How to Measure the Effectiveness of Liposomes in Encapsulating Vitamins?

In 2018, the Center for Drug Evaluation and Research of Food and Drug Adminis-
tration (CDER-FDA, Silver Spring, MD, USA) developed a guidance summarizing the
main characterization techniques that producers should consider when developing lipo-
somes at an industrial scale. In this context, the liposome formulation should be able to
contain and retain as much as possible the molecule in the appropriate structure. Vesicles
should be characterized in terms of morphology, surface characteristics, encapsulation
efficiency, bioactive loading, particle size, phase transition temperature, in vitro release of
the molecule, leakage rate from liposomes throughout shelf life, and integrity changes in
response to changes in factors, such as salt concentration, pH, temperature, or the addition
of other excipients.

Liposome composition, production method, and bilayer membrane rigidity can all
impact EE%. EE% is calculated as the percentage of bioactives inside the liposomes
compared to the total amount of bioactive used. Generally, an encapsulation efficiency
of over 50% is considered good. Separation of the free bioactive is necessary to quantify
the amount within liposomes. Several techniques are used for separation, including
chromatography, gravitation or centrifugation, dialysis membrane, and ultracentrifugation.
Indirect and direct methods are used to determine EE%. Conventional techniques for
measuring drug concentration include UV–Vis and fluorescence spectroscopy, enzyme or
protein-based assays, HPLC, UPLC, LC-MS, and GC-MS. ESR and 1H NMR can also be
used for bioactive quantification. Table 4 summarizes some studies in which EE% tests
were performed on vitamin-loaded liposomes. Solvents and other chemicals commonly
used to disrupt the liposome membranes, in addition to the techniques carried out to
quantify the amount of hydrophobic and/or hydrophilic vitamins released from vesicles,
are also presented.

Table 4. Chemicals and methods currently used for the extraction and quantification of vitamins
in liposomes.

Vitamin Liposome
Type/Size

Chemical Used to Demulsify/
Precipitate the Liposomes

Method for
Vitamin Quantification EE% Reference

Vitamin A SUV Methanol HPLC 50.6–56.2% [134]

Vitamin A MLV Chloroform/Methanol 2:1 v/v UV–Vis spectrophotometry 99% [135]

Vitamin A MLV/SUV Chloroform HPLC 15.8% [136]

Vitamins A,
D, E, and K n.s. Tween 80 HPLC 20–100% [137]

Vitamin B1 MLV n-octyl β-D-glucopyranoside Optical density 31.2% [138]

Vitamin B1 n.s. PBS HPLC 97% [139]

Vitamin B2 n.s. Triton X-100 Indirect method (photolysis) 42.3% [140]

Vitamin B5 n.s. Chloroform/Methanol Direct method (mass
weight) 75% [141]

Vitamin B9 n.s. Ethanol Ultrafiltration in centrifuge
tube followed by HPLC 87.4% [142]

Vitamin B12 MLV Methanol/Water 1:10 v/v HPLC 70% [143]

Vitamin B12 LUV - Centrifugation followed by
UV–Vis spectroscopy 27% [33]

Vitamins B12,
D2, and E SUV Ethanol UV–Vis spectrophotometry 56–76% [144]
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Table 4. Cont.

Vitamin Liposome
Type/Size

Chemical Used to Demulsify/
Precipitate the Liposomes

Method for
Vitamin Quantification EE% Reference

Vitamin C n.s. Ethanol Dialysis followed by
UV–Vis spectrophotometry 77.9% [145]

Vitamin C n.s. Methanol, chloroform, and
ammonium buffer HPLC 99.2% [146]

Vitamin C n.s. Ethanol HPLC 75.4% [108]

Vitamins C
and E n.s. Triton X-100/DMSO UV–Vis spectrophotometry 93–95% [83]

Vitamins C
and E n.s. Assay kit BC1235 Indirect method 98.5% [147]

Vitamin C SUV/LUV Meta-phosphoric acid Titration with
indophenol solution 94.2% [148]

Vitamin C SUV/MLV - Gel
permeation chromatography 5–16% [149]

Vitamins C
and E MLV/MVV Protamine sulfate solution

followed by Triton X-100

Protamine aggregation
method followed by

UV–Vis spectrophotometry
12–88% [111]

Vitamins C
and E MLV Acetic acid and

protamine solution UV–Vis spectrophotometry 38% [150]

Vitamin C n.s. - Dialysis followed by
UV–Vis spectrophotometry 100% [151]

Vitamin D MLV Triton X-100 Ultracentrifugation
followed by HPLC 61.5% [152]

Vitamin D3 n.s. Methanol Ultrafiltration in centrifuge
tube followed by HPLC 74% [127]

Vitamin D3 SUV/LUV Methanol HPLC 90.2% [72]

Vitamin D3 SUV/MLV Water Ultrafiltration in centrifuge
tube followed by RP-HPLC 100% [153]

Vitamins D3
and K2

SUV/LUV Ethanol UV–Vis spectrophotometry 98% [86]

Vitamin E n.s. Methanol Dialysis followed by HPLC 92.5% [154]

Vitamin E n.s. Sephadex®G25 M solution (10%,
w/v) in double distilled water Minicolumn centrifugation 98-101% [155]

Vitamin E n.s. Chloroform/Methanol 2:1 v/v UV–Vis spectrophotometry 78% [156]

Vitamin E n.s. Water Centrifugation followed
by HPLC 94% [157]

Vitamin E n.s. - Centrifugation followed by
UV–Vis spectrophotometry 83.8% [158]

Vitamin E n.s. Chloride acid, Tween 80:ethanol
and n-pentane UV–Vis spectrophotometry 97% [159]

Vitamin K1 n.s. - Ultracentrifugation
followed by HPLC 79.2% [160]

Vitamin K1 n.s. Methanol HPLC 3.4–154
µg/mg [34]

n.s.: non specified.
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Table 4 shows that different authors have obtained different encapsulation efficiencies
when using liposomes to encapsulate the same vitamin. Although the methods for vita-
min quantification are normally well-established, sometimes the method used to produce
the liposomes is not the most suitable for a particular vitamin. In this case, the polarity
of the molecule plays a crucial role in the choice. Fan et al. [137] attributed the low en-
capsulation of vitamin A in liposomes to its reactive polyolefin structure, but found that
increasing the loading content of vitamin A improved EE%. Conversely, they found that an
increase in loading rate decreased the EE% of vitamin E due to a resultant higher viscosity
of the vesicles. Pezeshky et al. [136] attributed the low EE% of vitamin A palmitate in
nanoliposomes produced by the TFH method to the low hydrophilicity and the size of its
structure. The authors also noted that vitamin A palmitate is sensitive to light, oxygen, and
organic solvents, making degradation during the process more likely. Cansell, Moussaoui,
and Lefrançois [138] observed low entrapment of vitamin B1 in liposomes using the TFH
method, attributing this behavior to the kind of vesicles formed during the process (MLVs),
which usually present low EE% at low lipid concentrations. Xanthan gum was found to
help retain vitamin B1 by coating the outer surface of the liposomes and thus prisoning a
higher content of the vitamin through hydrogen bounding and/or electrostatic interactions.
Farhang et al. [149] attributed low values of EE% for liposomes containing water-soluble
ascorbic acid to the formation of MLVs when using milk phospholipids and a dehydra-
tion/rehydration method. Andrade et al. [33] found that the ethanol injection method
was more efficient in producing vitamin B12-loaded liposomes with higher encapsulation
efficiency than the TFH method, also due to the hydrophilicity of this vitamin. Sharifi
et al. [111] found that increasing pressure resulted in increased EE% of vitamin C and
vitamin E in loaded liposomes using a supercritical method, which was attributed to a
higher solubility of coating materials in sc-CO2 at higher pressures. Additionally, higher
EE% of vitamin C was observed when using higher amounts of aqueous cargo throughout
the process.

5. Applications of Vitamin-Loaded Liposomes
5.1. In Foods

Liposomes have become increasingly popular in the food industry for functional pur-
poses due to their ability to increase bioactive dissolution rate and bioavailability, protect
sensitive ingredients, improve stability during processing, storage and digestion, and to
confine undesirable flavors. They have also been used to achieve controlled release to
specific targets. The encapsulation of food bioactives using liposomes has been investigated,
and there is a wide range of opportunities for research in real applications of liposomes in
different food formulations. A proper application of bioactive-loaded liposomes in the food
industry should involve excipient materials and bioactives that are generally recognized
as safe, fully incorporated within the liposomal structure, and not reactive with the core
ingredients. Liposomes can be used to encapsulate an aqueous phase in order to decrease
the vapor pressure of a matrix, allowing for the lowering of the water activity without
decreasing the moisture content, and thus, preventing the growth of microorganisms in
foods that contain nutrients such as proteins or sugars [161]. Studies on the evaluation of
shelf-life and sensorial acceptance, as well as oral processing, digestibility, and bioacces-
sibility of encapsulated compounds in liposomes designed for food applications, should
receive more attention in the literature.

Vitamins are not easily incorporated into foods. Liposoluble vitamins are hardly
introduced into aqueous-based food formulations and are easily oxidized in the air. Most
vitamins are also thermolabile and can be readily degraded after thermal treatments such
as pasteurization. On the other hand, the addition of vitamins into liposomes can protect
their activity, in addition to increasing their absorption and bioavailability [86]. Some
studies have been carried out in order to test the effects of the incorporation of vitamin-
loaded liposomes in food matrices. Marsanasco et al. [150] produced SPC-based liposomes
encapsulating vitamins E and C for orange juice fortification. The hydration of a thin-
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film lipid method was used to prepare these vesicles. To substitute cholesterol, which
is related to health issues as atherosclerosis and high blood pressure, the authors tested
other molecules to increase the rigidity of membranes such as stearic acid (SA) and calcium
stearate (CaS). The lipid films were constituted of mixtures of SPC and SA or CaS in a
1:0.25 molar ratio and vitamin E from a stock solution, and were further hydrated with
acetic acid 3% v/v containing vitamin C to form liposome dispersions. These dispersions
were, then, added to orange juice samples, which were pasteurized at 65 ◦C for 30 min
and stored at 4 ◦C. In another study, Marsanasco et al. [162] incorporated SPC:SA- and
SPC:CaS-based vitamin E-folic acid co-loaded liposomes to enrich chocolate milk. Vesicles
were prepared using the thin lipid film hydration at a 1:0.25 molar ratio of SPC and SA or
CaS. Vitamin E was incorporated in the lipids before the hydration step, whereas folic acid
was incorporated in the hydration buffer. Samples were pasteurized and then, added in
a 1/100 ratio in chocolate milk kept at 4 ◦C. These authors observed a protective action
of vitamin E over folic acid as oxidative stability of folic acid remained unchanged in the
presence of vitamin E after pasteurization.

Banville, Vuillemard, and Lacroix [152] produced vitamin D-loaded liposomes aiming
to fortify cheddar cheese. Vesicles were prepared by hydrating a proliposome mixture
(Pro-Lipo-DuoTM, Lucas Meyer, Chelles, France) using a vitamin D solution. The resulting
MLVs were then incorporated into raw milk, which was employed for the cheese manu-
facturing. The results showed that vitamin D-loaded liposomes promoted a higher final
concentration of the vitamin in the processed cheeses than a commercial water-soluble
vitamin D emulsion (Vitex-D). Wechtersbach, Ulrih, and Cigić [163] incorporated vitamin
C-loaded liposomes based in DPPC and Chol in both apple juice and fermented milk
that underwent pasteurization at 72 ◦C; they observed higher retentions of vitamins after
encapsulation than when added in free form. These authors also verified a higher reten-
tion of the molecule in vesicles containing DPPC and Chol than those containing DPPC
alone. Mohammadi, Ghanbarzadeh, and Hamishehkar [164] produced vitamin D3-loaded
liposomes aiming at beverage fortification. Samples were produced using SPC and Chol
at various concentrations by the thin-film hydration method. The resulting MLVs were
subjected to homogenization at 60 ◦C for 15 min and to probe sonication at 20 kHz and
70% of strength in order to decrease their size and turn them undetectable by the human
eye. Size of vesicles were up to approximately 87 nm after 30 days of refrigerated storage
for samples produced at a 50:10 PC:Chol ratio with an EE% up to 95%. Vitamin D3-loaded
liposomes were also incorporated into dark and white chocolate by Didar [165,166]. The
ethanol injection method was used to prepare these liposomes based on phospholipids
and Chol. A concentration of 5 µg/10 g of vitamin D3 in chocolate was fixed for free
form-enriched and encapsulated-enriched samples. The author verified a reduction of
vitamin D3 after 60 days of storage in samples fortified with the free form of the vitamin
instead of encapsulation in liposomes. Moreover, no impacts on rheological, colorimetric
or sensory characteristics of chocolate were observed in the samples enriched with lipo-
somes. Another study regarding the enrichment of foods using vitamin D3 was conducted
by Chaves et al. [167], in which pineapple yogurt was fortified with nanoliposomes co-
encapsulating vitamin D3 and curcumin. The nanovesicles were produced using different
ratios of purified and unpurified phospholipids by the hydration of proliposomes, which
in turn were produced by coating of micronize sucrose. Dispersions were produced upon
hydration of proliposomes, which were stabilized by xanthan and guar gums at a 0.02%
w/v concentration. Liposomes were incorporated into formulated pineapple yogurts at
5% v/v and maintained under refrigeration at 4 ◦C. These authors verified that an in-
creased concentration of purified phospholipids was beneficial to increase the EE% of both
bioactives in dispersions. Liu et al. [168] produced vitamin C-loaded nanoliposomes by
self-assembly of alginate and chitosan to enrich mandarin juice. Samples were prepared
by the thin lipid film hydration method combined with microfluidization at 120 MPa for
2 cycles. The main ingredients included SPC, Chol, Tween 80, and vitamin E at a 6:1:1.8:0.12
ratio. Samples were rehydrated using PBS 0.05 M at pH 7.4 containing 5 mg/mL of vitamin
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C. Vesicles were, then, coated with alginate and chitosan using electrostatic deposition.
Finally, liposomes were incorporated into mandarin juice samples and pasteurized at 90 ◦C
for 10 s and stored at 4 ◦C. Liposome coverage by alginate and chitosan was responsible for
an increase in size and a reduction in zeta potential of the samples, in addition to promoting
aggregation of vesicles at day 90. However, lipid peroxidation and vitamin C release were
lower than non-coated samples, suggesting a protective effect. It is worth mentioning
that several other bioactive molecules that are not vitamins have been incorporated into
liposomes and tested in food matrices, such as Clove oil in tofu [169], nisin in Minas frescal
cheese [170], rutin for chocolate coating [171], quercetin in cornstarch [172], betanin in
gummy candy [173], baicalin in mushrooms [174], basil essential oil in pork [175], ginger
extract in wheat bread [176], and fish oil in yogurts [177].

It is important to note that the risk of allergenicity due to liposomes depends on the
source and purity of the phospholipids used in the liposome preparation. To minimize this
undesired effect, liposome preparations can undergo rigorous purification steps to remove
potential allergenic components. For example, liposomes can be subjected to multiple
purification steps to remove any residual allergenic proteins or other components [26].

5.2. In Cosmetics

Nanotechnology-based approaches in cosmetics are growing exponentially with the
aim of developing novel formulations that can confer aesthetic and therapeutic benefits
to people [178,179]. In particular, such cosmetic formulations are referred to as “cosme-
ceuticals” when they have both cosmetic and medicinal functions [180]. Liposome-based
nanoformulations are gaining particular interest since they can represent a promising
strategy to prepare antiperspirants, creams, lipsticks, deodorants, moisturizers, hair care
products, etc., and can also be successfully used to deliver vitamins, such as vitamin A, B12,
E, K, antioxidants (such as coenzyme Q10, lycopene, carotenoids, etc.), and other bioactive
molecules [46,143,181].

In the literature, in vitro and in vivo studies demonstrated the improved cosmeceu-
tical effect of bioactives when incorporated into vesicles, e.g., in reducing pigmentation
disorders, skin aging, and solar exposure problems. These positive effects are due to the
incorporation of the bioactives into vesicles that favor the penetration through the stratum
corneum of the skin and promotes their activity at the damaged site [182,183]. For instance,
the loading of vitamin C into liposomes, by facilitating its percutaneous transport, can
increase its concentration in the dermis more than five times compared with the application
of the pure vitamin [184]. The encapsulation of vitamin B12 in vesicles and its slow release
enhances the bioactive absorption and bioavailability, in addition to the protection of the
vitamin from the degradation induced by heat, light, air, and improper storage [143]. Jiao
et al. [142], to improve vitamin C (VC) and folic acid (FA) stability, co-loaded these antioxi-
dant molecules in liposomes (VCFA-Lip) and chitosan-coated liposomes (CS-VCFA-Lip).
The mean vesicles size of VCFA-Lip and CS-VCFA-Lip was 138 nm and 249 nm, respectively,
whereas the encapsulation efficiency of both drugs in CS-VCFA-Lip was much higher than
that measured for VCFA-Lip. Moreover, the stability study revealed that the chitosan
coating can efficiently improve the physical stability of VCFA-Lip. According to Dreier
et al. [185], the primary mechanism of action for liposomes is their rupture and fusion with
the lipids in the stratum corneum. However, the efficacy of liposomes in delivering bioac-
tives to the skin is impacted by various factors, including their size, surface charge, number
of layers (uni- or multi-lamellar vesicles), and the flexibility of the bilayer. A research
study conducted by Touti et al. [186] demonstrated that systems possessing higher lipid
bilayer flexibility can pass through narrow skin constrictions more efficiently. In contrast,
multi-layered liposomes with high flexibility and larger dimensions can penetrate deeper
into the skin than smaller vesicles due to abrasion and the loss of outer layers during skin
diffusion. Additionally, ultra-deformable lipid carriers that are less than 150 nm in size can
penetrate the skin and release active molecules in the deeper layers without adsorption on
keratinocytes. The positive charge of phospholipid carriers can also enhance transdermal
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transport through the skin by promoting stronger electrostatic interactions with the skin
surface, which facilitates liposome accumulation on or within hair follicles, enabling them
to diffuse more easily. Choi et al. [187] showed that flexible cationic liposomes can promote
a larger penetration as compared to their less charged counterparts.

Currently, the two most popular techniques for synthesizing liposomes for cosmeceuti-
cals are the same used for foods, namely, the TFH method and the ethanol injection method.
Both are low-cost, easy to use, and versatile methods that create liposomes with different
properties. However, as aforementioned throughout this review, the first method produces
liposomes that are heterogeneous in size and shape, thus, requiring further steps such as
sonication or extrusion to create small, uniform vesicles, making it difficult to use on a large
scale. The second offers advantages such as simplicity, scalability, and the ability to produce
small-sized liposomes, but it is limited in its ability to encapsulate hydrophilic antioxidants,
such as vitamin C [46]. To overcome these limitations, advanced techniques, such as super-
critical and microfluidic technologies, that can control size, encapsulation efficiency, and the
structural heterogeneity of liposomes through automatic and programmable systems, have
shown promise, being considered particularly effective alternatives for liposome assembly
to both food and cosmetical applications [46].

6. Discussion and Concluding Remarks

Based on the data and methods presented in this review, it appears that exploring
the field of vitamin encapsulation in liposomes is a relevant avenue for both the food and
cosmetics industries. Several methods of liposome production, from the most conventional
to the highly innovative ones, have been described and the application of liposomes in
vitamin incorporation was found and contextualized. However, the scale up and the use of
liposomes in food and cosmetic products are in distinct technological stages. It is worth
mentioning that while there are already liposome-based cosmetic products available on the
market, the same cannot be said for food products.

It is quite important to highlight that the number of publications on this subject
has been constantly growing over the last 20 years, but particularly in the last ten years,
according to Figure 3.

In the case of foods, the oral route is the main challenge to be faced, mainly due to
the known sensitivity of liposomes to the gastric environment. Most vitamins should
be released at the end of the gastric phase or only in the intestine to be absorbed, which
often requires the liposomes to be gastro resistant. This is one of the main challenges in
vitamin-loaded liposomes that needs to be overcome, and some approaches have been tried,
such as the coating using polysaccharides (e.g., chitosan and pectin) [188,189]. However,
studies about the digestion (both in vitro and in vivo) to determine the bioaccessibility
and bioavailability of vitamin-loaded liposomes in food products are still scarce. Other
challenges that can be cited for the liposomes to be used in foods are: (i) the high price of
phospholipids when considering a large scale; and (ii) restrictions about the use of organic
solvents, which is a limitation for the use of some of the most common methods to produce
liposomes already scaled up.

On the other hand, as the main route for the application of vitamin-loaded liposomes
in cosmetics is through the skin, the elasticity and flexibility of the vesicles are pointed out
among the main challenges, together with their average size. Some important rewards
come from the topical administration in comparison to the oral route, such as the possibility
of lower fluctuations in plasma bioactive levels, site-specific delivery, avoidance of first-
pass metabolism, and better patient compliance [190]. Furthermore, as the skin is the first
defensive barrier against external factors and prevents several bioactives from penetrating
the underlying layers or going into systemic circulation, there are some limitations to deliver
the active ingredient to the target site [191]. Ultradeformable liposomes, as transfersomes,
ethosomes, niosomes, and transethosomes are the new generation of elastic liposomes
suitable for a more effective transdermal delivery of therapeutics, including vitamins [190].
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Other challenges related to the use of liposomes in cosmetic products are the low drug
loading, physical and chemical instability, and scarce reproducibility of the results [192].

Therefore, although both types of utilization (foods and cosmetics) of vitamin-loaded
liposomes are in different stages of technological maturity, the development of new tech-
nologies to face the challenges presented in this work can be mutually beneficial.
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Abstract: In this work, MnZn ferrite nanoparticles with hierarchical morphology were synthesized
hydrothermally, and their surface characteristics were improved by the PEGylation process. In vitro
MRI studies were also conducted to evaluate the ability of the synthesized nanoparticles as a contrast
agent. All results were compared with those obtained for MnZn ferrite nanoparticles with normal
structure. Microstructural evaluations showed that in ferrite with hierarchical morphology, the
spherical particles with an average size of ~20 nm made a distinctive structure consisting of rows
of nanoparticles which is a relatively big assembly like a dandelion. The smaller particle size and
dandelion-like morphology led to an increase in specific surface area for the hierarchical structure
(~69 m2/g) in comparison to the normal one (~30 m2/g) with an average particle size of ~40 nm.
In vitro MRI, cytotoxicity and hemocompatibility assays confirmed the PEG-coated MnZn ferrite
nanoparticles with hierarchical structure synthesized in the current study can be considered as an
MRI contrast agent.

Keywords: MnZn ferrite; nanoparticles; hierarchical nanostructure; MRI contrast agent;
PEGylation process

1. Introduction

Magnetic resonance imaging (MRI), a common non-invasive imaging method in
molecular medicine for diagnosing diseases, is commonly used to scan soft tissues (mainly
malignancies) and ensure the availability for the precise examination of the discrepancies
between healthy and cancerous cells. High resolution, non-ionizing radiation, and precise
anatomical area delineation seem to be just a few advantages of this method. However,
some efforts have been performed to ameliorate its inherent limitations, specifically the
low signal sensitivity as a significant constraint [1–3].

High-resolution magnetic resonance images can be produced using contrast agents.
Over 300 million doses of gadolinium-based contrast agents (GBCAs) as T1 positive-contrast
agents have been used worldwide for approximately 30 years. Very few gadolinium-related
toxicities have been documented and these agents have an outstanding safety profile
overall; however, nephrogenic systemic fibrosis (NSF), a rare but serious disease found in
patients with severe renal failure has been reported for GBCAs [4,5].

Superparamagnetic nanoparticle synthesis has grown significantly, in part due to
its scientific utility, which includes magnetic storage media, biosensors, and medical ap-
plications such as drug carriers, T2 negative-contrast agents for MRI, etc. Because the
characteristics of nanocrystals greatly depend on the size of nanoparticles, controlling
the monodisperse size is crucial. Compared to conventional paramagnetic MRI contrast
agents based on gadolinium compounds, ferrite (Fe3O4) nanoparticles exhibit excellent
magnetization and longer circulation times [6,7]. The most attractive ferrites are multi-
substituted ones because of their potential for medical diagnosis and treatment [8,9]. The
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magnetic properties in these ferrite nanoparticles depend on the type and the percentages
of each component along with the particle size and colloidal stability. Comparing different
ferrite nanoparticles has indicated that manganese-zinc (MnZn) ferrite nanoparticles with
a chemical composition of Mn0.5Zn0.5Fe2O4 are a great choice as an MRI contrast agent
because of their high saturation magnetization (Ms) and low coercivity compared to fer-
rite nanoparticles and other oxides [8–11]. In addition, the improvement of the magnetic
properties of ferrite nanoparticles via the synthesis method by controlling the processing
parameters may result in a reduction in the proportion of nanoparticles required for MRI
applications [11]. For example, hydrothermal synthesis is an interesting technique, particu-
larly for biomedical fields, because the features of produced powder can be easily controlled
by processing parameters such as pH, time, and the temperature of the reaction [12–15].

On the other hand, ferrite nanoparticles frequently require to be coated with biocom-
patible materials for successful MRI applications to stabilize their dispersions in a liquid
under physiological circumstances. In order to achieve colloidal stability, a variety of natu-
ral and synthetic compounds, including polyethylene glycol (PEG), dextran, chitosan, and
oleic acid have been utilized as a coating on the surface of nanoparticles [16–18]. The most
widely used polymer among them is PEG. The low toxicity and immunogenicity of PEG,
together with its hydrophilic property, make the PEG-coated nanoparticles undetectable
to the defense mechanism. The PEG-coated nanoparticles are appealing for biological
applications due to these characteristics [18,19].

As far as is known, although there are several studies on the hydrothermal synthesis
of individually dispersed MnZn ferrite nanoparticles as MRI contrast agents [10–12], none
of these studies investigated the efficacy of these nanoparticles as MRI contrast agents
with a hierarchical structure. Hierarchical structures are assemblies of nanomaterials glued
together, forming various morphologies, and leading to the formation of multifunctional
materials with unique properties for different applications. In other words, the production
of three-dimensional hierarchical nanostructures results from the right organization of vari-
ous nanomaterials as building blocks with two or more levels ranging from the nanoscale to
the macroscopic size. These structures have new uses in biology, environmental protection,
material science, and other fields. The concept of hierarchical nanostructures has gained
popularity and will be actively researched in the upcoming years [20,21].

Therefore, the purpose of this study was to explore the possibility of employing
MnZn ferrite nanoparticles with hierarchical morphology produced hydrothermally as
MRI contrast agents. A hierarchically MnZn ferrite structure was synthesized and then
physically coated with PEG polymer. In vitro MRI studies were conducted to evaluate
the ability of the synthesized nanoparticles as an MRI contrast agent. The toxicity and
hemocompatibility of the products were also examined. All the results were compared
with the results obtained for MnZn ferrite nanoparticles with a normal structure (i.e.,
individually dispersed nanoparticles).

2. Materials and Methods
2.1. Materials

Materials such as ferric chloride (FeCl3·6H2O), zinc chloride (ZnCl2), manganese chlo-
ride (MnCl2·4H2O), ascorbic acid (C6H8O6), urea (CO(NH2)2), ammonia solution (NH4OH,
25%), phosphate-buffered saline (PBS), and the PEG (MW = 6 kDa) were purchased from
Merck Co. Double distilled water (DDW) was also used for all procedures.

2.2. Synthesis of MnZn Ferrites

Hierarchically MnZn ferrite powder with the chemical composition of Mn0.5Zn0.5Fe2O4
was synthesized according to the procedure proposed by Budhiraja [22] via hydrothermal
technique. First, 3.24 g FeCl3·6H2O, 0.65 g ZnCl2, and 0.97 g MnCl2·4H2O were dissolved
in 50 mL DDW, and then 3.17 g C6H8O6, and 3.3 g CO(NH2)2 were added. The prepared
solution was stirred at room temperature for 30 min and then poured into a 200 mL-Teflon-
lined stainless-steel autoclave and the reactor was kept in an electrical oven for 6 h at 160 ◦C.
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The resulting precipitates were centrifuged at 10,000 rpm and then washed several times
until the pH of the suspension reached the pH of DDW (~6.5). Finally, the product was
dried for 10 h at 70 ◦C followed by annealing for 2 h at 500 ◦C in an electrical furnace.

MnZn ferrite with identical composition and normal morphology was also synthe-
sized according to Ref. [23]. For this reason, 3.24 g FeCl3·6H2O, 0.65 g ZnCl2, and 0.97 g
MnCl2·4H2O were dissolved in 30 mL DDW. The pH of the solution was adjusted to 10
by dropwise adding NH4OH. The homogeneous solution was then transferred to the
autoclave, and it was kept at 180 ◦C in the electric oven for 3 h. After cooling to room
temperature, the product was collected and rinsed several times with DDW until the pH of
the suspension reached the pH of DDW (~6.5).

2.3. Coating of PEG Polymer on MnZn Ferrites

To coat MnZn ferrite powders with PEG by physical bonding method, 0.5 g of both
products (i.e., normal and hierarchical morphologies) was first dispersed in 50 mL of DDW
at room temperature for 30 min via an ultrasonic bath. Also, 2 g of PEG was poured
into 50 mL of DDW and stirred for 1 h. Then, this solution was added to the previous
suspensions and stirred for 24 h. After separation by centrifugation, the coated products
were dried at room temperature for 1 day.

2.4. Characterization

X-ray diffraction (XRD) patterns were recorded using an Asenware AW-DX 300 diffrac-
tometer (Dandong, China, λ = 1.54184 Å). MAUD program [24] was used to determine the
phase content of each powder via the Rietveld refinement. A scanning electron microscope
(SEM, ZEISS SIGMA 500 VP, Germany) and a transmission electron microscope (TEM,
ZEISS EM10C, Germany) were used to investigate the morphology and particle size of
the synthesized powders. Fourier-transform infrared spectroscopy (FTIR, JASCO-6300,
Japan) and a carbon, hydrogen, nitrogen, sulfur (CHNS) elemental analyzer (Leco 932)
were used to confirm the presence of PEG polymer around the particles and measured
its content, respectively. Additionally, an inductively coupled plasma optical-emission
spectrometer (ICP-OES, Perkin-Elmer Optima 7300 DV, USA) and an energy dispersive
X-ray spectrometer (EDS, Oxford Instruments, UK) available in the SEM system were used
to evaluate the Fe, Mn, and Zn concentrations of the produced particles. A Horiba SZ-100
series analyzer based on dynamic light scattering (DLS) was used to evaluate the stability of
dispersions (~1 mg/mL) of the synthesized powders in PBS (pH = ~7.4). A vibrating sample
magnetometer (VSM, Meghnatis Daghigh Kavir Co., Kashan, Iran) was used to evaluate the
magnetic features of the PEG-coated and uncoated MnZn ferrites at room temperature. The
specific surface area of the powders was determined via the Brunauer–Emmett–Teller (BET)
method by adsorption/desorption of N2 gas at liquid nitrogen temperature (~77 K) using
a Series BEL SORP mini II. A 1.5 T clinical MRI system (Philips, Ingenia) with repetition
time = 3 s, 32 echoes with 110 ms, acquisition time of 5 min, field of view = 200 × 200 mm2,
matrix size = 128 × 128 mm2, slice thickness = 3 mm was used for in vitro MRI tests to
investigate the efficacy of the synthesized MnZn ferrites as an MRI contrast agent. In order
to achieve this, colloids containing products at concentrations of 1 to 4 mM of metal (i.e.,
Mn + Zn + Fe) were prepared and poured into a 24-well plate placed in the iso-center of
the magnet. Then, T2-weighted MR images of colloids were recorded. T2 relaxation time
was measured by the Carr-Purcell-Meiboom-Gill (CPMG) sequence at room temperature
and results were inverted to obtain the R2 relaxation rates in s−1. The effectiveness of each
contrast agent was expressed in terms of T2 relaxivity, which is denoted as r2 [mM−1s−1].
Then, according to the slopes of relaxation rate curves and the concentration of all metal
components, r2 was calculated (i.e., ∆R2 = R2 − R2, 0 = 1/T2 − 1/T2, 0, and T2, 0 = 367 ms
was the relaxation time of pure PBS solution).
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2.5. Complete Blood Count (CBC) Test

Blood samples from a healthy volunteer were mixed with different powders to create
colloids at concentrations of 0.1, 0.2, and 0.3 mg/mL. Then, using a Mindray BC-6800 auto-
mated hematology analyzer, the red blood cell (RBC) count of the colloids was determined
and compared with the blood sample without nanoparticles as the control sample.

2.6. In Vitro Blood Coagulation Test

First, a platelet-poor plasma (PPP) was obtained by centrifuging the blood sample
at 3000 rpm. PPP was then mixed with the powders to create colloids at concentrations
of 0.1, 0.2, and 0.3 mg/mL. Prothrombin time (PT) and activated partial thromboplastin
time (aPTT), two blood coagulation factors of the colloids, were tested using an automation
blood coagulation analyzer (STA Compact Stago, USA) and results were compared with
PPP without nanoparticles as the control sample.

2.7. Cytotoxicity Assay

The cytotoxicity test was carried out for 96 h on MRC5 (normal fibroblast), OVCAR3,
Kuramochi (ovarian cancer), and DLD-1 (colon cancer) cell lines. Cells were plated on
96 multiwells and treated with a serial dilution of nanoparticles starting from 1 × 10−2 to
1 × 103 µg/mL. The viability was evaluated with CellTiter-Glo® Luminescent Cell Viability
Assay in a Tecan M1000 instrument. Data were analyzed with a nonlinear regression (curve
fit) model with Prism software.

2.8. Statistical Analysis

SPSS software (version 22) was used for statistical analysis. Significant differences
were identified by one-way analysis of variance (ANOVA) and the multiple-comparison
(Tukey’s) test with n = 3. The results were reported as mean ± standard deviation (SD)
with a significant value of p < 0.05.

3. Results and Discussion

The XRD patterns of the synthesized powders are shown in Figure 1a. In both products,
all the major peaks are corresponding to the cubic structure of (Mn, Zn) Fe2O4 (ICDD PDF
no. 01-074-2401). Although some minor peaks can be assigned to Fe2O3 (ICDD PDF no.
01-089-0597), according to the quantitative phase analysis via the Rietveld refinement
(Figure 1a,b), the content of this structure in both synthesized powders is less than 10 wt.%
(i.e., 5 wt.% in MnZn ferrite with normal morphology, and 7 wt.% in MnZn ferrite with
hierarchical morphology). The same results have been presented elsewhere and it has been
suggested that the purity of the synthesized ferrite could be improved by optimization of
the hydrothermal parameters such as time and temperature [25,26].

Figures 2 and 3 show the SEM micrographs and corresponding EDS results of ferrites
with normal and hierarchical morphology. In both powders, the particles are almost
spherical and have a relatively uniform distribution. The SEM images also show that
the average size of the particles is on the nanoscale. However, it clearly can be seen that
the arrangement of the spherical nanoparticles is completely different in both powders.
Although ferrite with normal morphology consists of individual nanoparticles, in ferrite
with hierarchical morphology, the particles make a distinctive structure consisting of
rows of nanoparticles which is a relatively big assembly like a dandelion on the micron
scale. It has been suggested that the presence of ascorbic acid and urea leads to a special
arrangement of nanoparticles in various directions during the hydrothermal synthesis of
this powder [22]. Moreover, the EDS results (Figures 2c and 3d) show that in both powders,
Fe, Mn, Zn, and O elements are present. The ICP data (Table 1) also shows that both
synthesized MnZn ferrites have approximately designed stoichiometric ratios for the Mn,
Zn, and Fe elements.
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Figure 3. (a–c) SEM micrographs of synthesized MnZn ferrite with hierarchical morphology at
different magnifications, and (d) corresponding EDS results.

Table 1. ICP date for both synthesized ferrite powders.

Powder Fe
(wt.%)

Mn
(wt.%)

Zn
(wt.%)

Molar Ratio
(Fe/Mn + Zn)

Ferrite with normal morphology 65.1 18.3 16.6 1.99
Ferrite with hierarchical morphology 63.9 17.6 18.5 1.90

One of the key characteristics that demonstrates a material’s capacity to interact with
its environment is surface area. A bigger surface area allows the material to absorb more
molecules, which improves performance significantly in applications such as drug release
activated by alternating magnetic fields [27]. A decrease in particle size leads to increasing
the surface area, and as a direct consequence, different arrangements of nanoparticles in a
hierarchical 3D nanostructure could significantly affect the textural properties of the mate-
rial [21,27]. The N2 adsorption-desorption isotherms (Figure 4) confirmed that the MnZn
ferrite with hierarchical morphology has a relatively high BET surface area (~69 m2/g) in
comparison to its counterpart (~30 m2/g) with normal morphology. This enhancement
provides some useful characteristics for MnZn ferrite with hierarchical morphology such
as higher drug loading capacity for drug delivery applications.

To better study the shape and size of the synthesized nanoparticles and also to confirm
the presence of PEG coating, TEM analysis was performed and the results are presented in
Figure 5. As can be seen from Figure 5a,c, the average sizes of semi-spherical nanoparticles
of MnZn ferrite with normal and hierarchical morphologies are about 40 and 20 nm,
respectively. PEG coating has also appeared as a light gray substance around the clusters
of nanoparticles in both powders (Figure 5b,d). Since PEG-coated nanoparticles must be
dried for TEM analysis, so the particles were slightly agglomerated. Additionally, FTIR
analysis was used to identify PEG in coated-ferrite powders. The FTIR spectra of bare
nanoparticles, PEG polymer as well as coated nanoparticles are illustrated in Figure 6a,b.
In the FTIR spectra of PEG, the -C-O-C- bending vibration peak may be found near 1100
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and 1350 cm−1, respectively. Additionally, the absorption peaks at 950 cm−1 are due to
the out-of-plane bending vibration of -CH, whereas the peaks around 1280 and 1470 cm−1

are due to the bending vibrations of -CH2 [15,18,19]. Furthermore, the main absorbance
of the ether stretch and the vibrational peaks that are seen in the FTIR spectrum of PEG is
present in the FTIR spectrum of the PEG-coated MnZn ferrites with normal and hierarchical.
In addition, the organic content in the bare and PEG-coated MnZn ferrite nanoparticles
with different morphologies was determined by the CHNS analysis. The results showed
that the organic content in the PEG-coated MnZn ferrite nanoparticles with normal and
hierarchical morphologies was 18.5 and 20.1 wt.%, respectively, and only consisted of C
and H elements. Moreover, there was no organic compound in the bare MnZn ferrite
nanoparticles. Therefore, grey matter around both coated nanoparticles in corresponding
TEM micrographs (i.e., Figure 5b,d) could be ascribed to the PEG polymer.
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Figure 4. N2 adsorption/desorption isotherms at 77 K for MnZn ferrite nanopowders with (a) normal
morphology, and (b) hierarchical morphology.

Due to the high specific surface and also magnetic force between particles, ferrite
powders could easily be aggregated. Therefore, coating nanoparticles with non-toxic,
non-immunogenic polymers such as PEG (i.e., PEGylation process) is an effective way to
improve the colloidal stability of dispersions containing ferrite nanoparticles in biological
media and a magnetic field. The graphs of DLS and zeta potential analyses of colloids
containing both synthesized MnZn ferrites with and without PEG coating are illustrated
in Figure 7. Clearly, PEG coating not only leads to a decrease in the hydrodynamic diam-
eter of nanoparticles as a sign of deagglomeration (i.e., 171.5 ± 10.3 to 133.9 ± 17.6 nm
in ferrite with normal morphology, and 130.3 ± 15.2 to 81.8 ± 13.1 nm in ferrite with
hierarchical morphology), but also the surface charge of coated nanoparticles shifted to
lower values (i.e., −42.3 ± 2.3 to −47.4 ± 3.7 mV in ferrite with normal morphology, and
−40.9 ± 2.1 to −55 ± 4.1 mV in ferrite with hierarchical morphology), improving colloidal
stability [16,18,28,29]. To investigate the colloidal stability of the prepared suspensions,
a new set of DLS experiments was conducted in which the hydrodynamic diameter of
nanoparticles in each prepared suspension was measured for one week. The obtained
results (Figure 7e) confirmed the PEG-coated MnZn ferrite nanoparticles with different
morphologies and also the bare MnZn ferrite nanoparticles with hierarchical morphology
remained stable in PBS medium over a week, while the bare MnZn ferrite nanoparticles
with normal morphology started to sediment after three days.
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In comparison to the TEM results, it should be noted that the observed difference
in the average size obtained via the DLS and TEM methods is due to the hydrodynamic
diameter of particles in the DLS measurements. This may result from the “hair layer”
theory which is a reaction to the formation of a hairy layer due to molecular chains of PEG
on the surface of nanoparticles [18].

Magnetic hysteresis loops of bare and coated MnZn ferrite nanoparticles with normal
and hierarchical structures obtained by VSM are illustrated in Figure 8. Both materials
exhibit superparamagnetic behavior (i.e., zero remanence and coercivity). In comparison
to Ref. [11], all the synthesized powders in the current study exhibit relatively high Ms
values (i.e., 66, 59, 54, and 48 emu/g for bare MnZn ferrite powders, and PEG-coated
MnZn ferrite powders with normal and hierarchical morphologies, respectively) that are
acceptable in terms of magnetic properties. However, Jang et al. [9] synthesized a series
of (ZnxMn1−x) Fe2O4 nanoparticles and they reported a maximum Ms of 175 emu/g for
Zn0.4Mn0.6Fe2O3 nanoparticles. Although the hierarchical structure led to a decrease in
Ms in bare MnZn ferrite nanoparticles (66 to 59 emu/g), its value is still significant. The
decrease in Ms value for MnZn ferrite with hierarchical morphology could be attributed to
its smaller particle size. The magnetic property and subsequent response to magnetic fields
can be significantly influenced by particle size. For instance, the Ms value of ferrite particles
drops as the particle size decreases, but the particles might still display supermagnetism
behavior. As quantitative XRD analysis also confirmed, MnZn ferrite with hierarchical
morphology contains a slightly higher content of Fe2O3 which may alter the corresponding
Ms value. On the other hand, PEG as a polymer coating led to a decrease in Ms values
of both coated ferrites. However, it is worth noting that coated ferrites still have a high
MS. As mentioned before, the presence of PEG coating improves the stability of the colloid.
In addition, according to the proposed method by Tenório-Neto et al. [30], the organic
content in the PEG-coated nanoparticles was measured based on the Ms value of the bare
nanoparticles and that of PEG-coated nanoparticles. This content was determined at about
19 wt.% for both PEG-coated MnZn ferrites with different morphologies and is almost
consistent with those obtained by CHNS analyses, as previously mentioned.
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Figure 8. Magnetic hysteresis loops of the PEG-coated and uncoated MnZn ferrite nanoparticles with
different morphologies.

In the MRI technique, the contrast improvement directly corresponds to the Ms value
of the contrast agent. Superparamagnetic nanoparticles such as MnZn ferrite as contrast
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agents could produce negative contrast images by reducing the signal intensity to produce
dark images. In vitro T2-weighted MR images (Figure 9a) were taken from PBS media
containing different concentrations of both the nanopowders with and without PEG coating
and compared with PBS as the control. Figure 9a demonstrates that adding PEG-coated
and uncoated MnZn ferrite nanoparticles to PBS as the control considerably improved
the contrast quality of MR images. As can be predicted, this improvement got better as
the nanoparticle concentration increased in both instances. However, the PEG-coated
nanoparticle dispersions as well as bare nanoparticles with hierarchical structure exhibit
slightly less improvement in the contrast of MR images than uncoated nanoparticles with
normal structure. This result agrees well with the magnetic characteristics determined
using VSM (Figure 8). The presence of the non-magnetic PEG coating on the surface of
nanoparticles is often related to this, as was previously indicated. The contrasting impact of
the produced MnZn ferrite nanoparticles is decreased as a result of this layer’s protection
against protons [15]. Bare MnZn ferrite nanoparticles with normal morphology also showed
the highest relaxivity of 380.5 mM−1s−1. In addition, the interesting result is that all the
samples synthesized in this work exhibit higher relaxivity (Figure 9b) than reported values
for some commercially approved MRI contrast agents of superparamagnetic iron oxide
such as Feridex, Resovist, and Combidex at 1.5 T [31]. However, it must be noted that
not only some parameters of ferrite nanoparticles such as the crystallinity, composition,
size, morphology, and magnetic properties are responsible for T2 contrast but also the
characteristics of nonmagnetic polymers as coatings must be considered. Cho et al. [32]
have recently reported that higher T2 relaxivity could be achieved by manipulating the
features of surface coating and ferrite nanoparticles together.
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Figure 9. Effect of nanoparticle concentration on (a) in vitro T2-weighted MR images of PBS media
containing PEG-coated and uncoated nanopowders with different morphologies, and (b) T2 relaxation
rate against metal (i.e., Mn + Zn + Fe) concentration for the PEG-coated and bare MnZn ferrite NPs
dispersions with different morphologies.

The results of RBC counts obtained from CBC tests, and also aPPT and PT values as
coagulation factors for the blood samples treated with PEG-coated and uncoated MnZn
ferrite nanoparticles with normal and hierarchical structures at concentrations of 0.1, 0.2,
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and 0.3 mg/mL are given in Table 2. The statistical analysis showed no significant difference
(p < 0.05) in all cases from the corresponding control sample. So, it can be concluded
that neither the PEG-coated nor the uncoated synthesized MnZn nanoparticles show any
procoagulant activity at the tested doses, preventing their usage in intravenous applications.
The biocompatibility of the synthesized products was even tested on normal and cancer
cell lines but the IC50 values were very high (>0.2 mg/mL), indicating low cytotoxicity
(Appendix A, Figure A1).

Table 2. Effect of concentration and morphology of MnZn ferrite nanoparticles on values of RBC,
aPPT, and PT of blood samples.

Powder Concentration
(mg/mL)

RBC *
(106/µL)

aPPT *
(s)

PT *
(s)

MnZn ferrite with normal morphology
0.1 5.37 ± 0.02 30.1 ± 0.1 12.9 ± 0.1
0.2 5.48 ± 0.02 30 ± 0.2 13.0 ± 0.2
0.3 5.40 ± 0.03 29.5 ± 0.1 12.9 ± 0.2

PEG-coated MnZn ferrite with normal morphology
0.1 5.32 ± 0.05 29.8 ± 0.3 13.1 ± 0.3
0.2 5.51 ± 0.02 30.4 ± 0.2 12.9 ± 0.3
0.3 5.48 ± 0.04 29.9 ± 0.2 12.9 ± 0.2

MnZn ferrite with hierarchical morphology
0.1 5.39 ± 0.03 31.4 ± 0.1 13.1 ± 0.2
0.2 5.42 ± 0.02 30 ± 0.3 12.9 ± 0.2
0.3 5.52 ± 0.02 30.2 ± 0.2 12.9 ± 0.3

PEG-coated MnZn ferrite with hierarchical morphology
0.1 5.38 ± 0.04 29.5 ± 0.3 12.8 ± 0.1
0.2 5.47 ± 0.04 29.6 ± 0.3 12.8 ± 0.2
0.3 5.48 ± 0.03 29.9 ± 0.2 12.9 ± 0.2

Control - 5.62 ± 0.05 31.4 ± 0.2 12.8 ± 0.3

* Mean values are not significantly different (p < 0.05). Errors are standard deviation (n = 3).

4. Conclusions

In this work, the hydrothermal method was used to synthesize MnZn ferrite nanopar-
ticles with hierarchical assembly. The effect of the PEGylation process on the magnetic
properties and biocompatibility of the synthesized nanoparticles was also studied. All the
results were compared with those obtained for MnZn ferrite nanoparticles with normal
structure (i.e., individual particles). The following results were obtained in this study:

1. The average particle size of the synthesized MnZn ferrites with normal and hierarchi-
cal structures was about 40, and 20 nm, respectively.

2. PEG coating improved the colloidal stability and biocompatibility of nanoparticles
with a slight decrease in Ms values.

3. Adding PEG-coated and uncoated MnZn ferrite nanoparticles to PBS considerably
improved the contrast quality of MR images.

4. RBC, blood coagulation and cell cytotoxic studies under laboratory conditions showed
that both synthesized MnZn ferrite nanoparticles have no negative effects on blood
factors and cell viability, respectively.

5. The PEG-coated MnZn ferrite nanoparticles with hierarchical structure synthesized
in the current study can be considered as an MRI contrast agent at concentrations
between 0.1 and 0.3 mg/mL.
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Abstract: Biocompatible gold nanoparticles (AuNPs) are used in wound healing due to their radical
scavenging activity. They shorten wound healing time by, for example, improving re-epithelialization
and promoting the formation of new connective tissue. Another approach that promotes wound
healing through cell proliferation while inhibiting bacterial growth is an acidic microenvironment,
which can be achieved with acid-forming buffers. Accordingly, a combination of these two approaches
appears promising and is the focus of the present study. Here, 18 nm and 56 nm gold NP (Au) were
prepared with Turkevich reduction synthesis using design-of-experiments methodology, and the
influence of pH and ionic strength on their behaviour was investigated. The citrate buffer had
a pronounced effect on the stability of AuNPs due to the more complex intermolecular interactions,
which was also confirmed by the changes in optical properties. In contrast, AuNPs dispersed in
lactate and phosphate buffer were stable at therapeutically relevant ionic strength, regardless of their
size. Simulation of the local pH distribution near the particle surface also showed a steep pH gradient
for particles smaller than 100 nm. This suggests that the healing potential is further enhanced by
a more acidic environment at the particle surface, making this strategy a promising approach.

Keywords: gold nanoparticles; pH; buffer; ionic strength; size; zeta potential; wound healing

1. Introduction

The microenvironment in the human body is highly complex in a healthy state and
can change drastically in a diseased state. This is particularly the case with the skin,
considering the progression from injury to wound healing. Wound healing can be classified
into four integrated and partly overlapping phases, namely haemostasis, inflammation,
proliferation and connective tissue remodelling to regenerate the functional epidermal
barrier [1–3].

Thereby, many local wound factors and mediators are involved. One very important
factor is the pH. If the skin, which shows a pH of 4–6 under homeostasis, is injured, there is
initially increased lactic acid production and hypoxia before the pH at the wound site rises.
Acute wounds have a neutral pH ranging from 6.5 to 8.5. This should theoretically reduce
buffer capacity, which is also the case in inflammatory skin diseases, although limited data
are available [4]. When wound healing is delayed, conditions become alkaline, bacterial
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growth is promoted, and healing is prevented [5]. At this stage, the wound is known as
chronic and has an alkaline pH of 7.2–8.9, which favours bacterial growth. During healing,
physiological mechanisms begin to restore the acidic environment by adjusting the pH.
This, in turn, triggers cellular processes to restore the epithelial barrier, influences enzyme
activity, and adjusts oxygen tension in the wound, which in turn promotes fibroblast growth
and collagen synthesis. Cell growth is more active in acidic microenvironments, which
are associated with faster migration and proliferation behaviour, eventually leading to
wound regeneration. Because of these highly complex conditions, healing wounds remains
a major challenge in modern medicine. It is assumed that the enhanced cell proliferation
under acidic conditions is probably closely related to the polarity and epithelial potential
between injured and uninjured tissue. This is consistent with several studies reporting that
acidifying wounds, e.g., with topical creams, gels, dressings or solutions including lactate,
acetic acid or citrate, is an effective treatment and also helps to bypass the alkaline mi-
croenvironment that promotes bacterial growth [6]. Besides buffered therapeutic systems,
nanoparticles (NPs) have become increasingly interesting for therapeutic and diagnostic
purposes in wound healing. The NPs used include inorganic/metallic NPs, and lipid- and
polymer-based NPs [7]. While the latter are mainly used for drug delivery of enzymatically
prone drugs that should be released in a controlled manner, metallic/inorganic NPs may
exhibit intrinsic properties in addition to drug delivery, such as antimicrobial activity,
anti-inflammatory activity, proangiogenic and antioxidant activity and optical activity.
Gold (Au) NPs, for example, are versatile nanomaterials with unique physicochemical
and optical properties that are biocompatible and can be fabricated in variable sizes and
shapes [8,9]. Due to their excellent physicochemical and optical properties and nontoxic
nature, AuNPs exhibit tremendous potential in the biomedical field, such as bio-imaging,
diagnostics, photo-induced cancer therapy, tissue engineering and immunology [10]. The
optical properties offer enormous opportunities for biosensor applications [11,12], as they
exhibit a strong surface plasmon resonance (SPR) absorption band and a high molar ab-
sorptivity [13]. Their radical scavenging activity makes them attractive for wound therapy;
likewise, they have been found to shorten wound healing time by, for example, improving
re-epithelialization and promoting new connective tissue and microscopic blood vessel
formation and extracellular matrix deposition. Unlike silver NPs, AuNPs do not possess
antimicrobial activity themselves, but they allow efficient coupling with antimicrobial
biomolecules and drugs, enhancing the effectiveness against microbes [14–16]. Moreover,
they are modifiable and thus suitable for the targeted drug delivery of biomolecules such
as DNA, RNA and proteins to, e.g., specific cells. This can be achieved with adsorption
or through ionic or covalent binding with the help of linkers. Thereby, drug release can
be controlled by various internal (e.g., pH value and enzymes) and external (e.g., light)
stimuli, which, again, highlights their enormous potential [17–19].

To take advantage of wound acidification and the intrinsic properties of AuNPs,
both strategies should be combined, i.e., AuNPs should be incorporated into different
buffer systems relevant to wound treatment. In this respect, the influence of pH and ionic
strength (Ic) must be carefully considered, as it is known that pH-induced changes in
surface chemistry or fluctuations in electrolyte levels lead to reduced NP stability and,
consequently, the altered binding of cellular components or biomolecules [20]. This, in
turn, affects cellular interactions, transport mechanisms, accumulation and/or excretion of
the therapeutic potential of NPs [21,22]. In addition, local pH shifts caused by chemical
reactions on the particle surface must be considered, as these might have a strong impact on
the local environment [23] due to stronger pH gradients around smaller NPs [24]. However,
steep pH gradients between the dispersant and the particle surface would further acidify the
NP environment, which could be exploited in wound healing. The complex interplay of all
these factors must be fundamentally understood in order to establish relationships through
experiments at the buffer–nano–bio interface. Therefore, as a first step, it is necessary to
systematically prepare and investigate biocompatible AuNPs with tuneable properties with
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respect to influencing parameters such as pH and Ic and to establish meaningful simulation
models to study the influence of these conditions at the NP surface.

For this purpose, a robust manufacturing strategy is required, yielding AuNPs with
defined initial properties. In general, AuNPs are produced in a batch process using different
synthesis methods, such as chemical reduction, plant-assisted synthesis (green synthesis)
or with the continuous synthesis in flow reactors [25–27]. Chemical synthesis methods
include the Turkevich and Brust method, the seed-mediated growth and digestive ripen-
ing method [28,29]. Thereby, the Turkevich method is the most commonly used one-step
preparation method, which allows the production of a broad range of spherical AuNP
by simply adjusting the reducing agent ratio. The most studied reducing agents for this
purpose are ascorbic acid, citrate, UV light and amino acids [30–33]. The Brust method,
on the other hand, is also a simple strategy but limits the biological application of NPs
produced, and the seed-mediated growth method allows the manufacturing of rod-shaped
structures. The digestion ripening method is also a simple fabrication method of monodis-
perse NPs; however, it is difficult to control particle shape because very high temperatures
are required [34]. To overcome environmental limitations, green synthesis has gained more
and more attention in recent years. This synthesis strategy is also reported to be a simple,
straightforward and cost-effective process in which shape and size can be regulated [35].
Moreover, enhanced bioactivity can be achieved, leading to an apoptotic effect in cancer
cells [36]. The difficulty here, however, is that the number of organic components is very
high, making it difficult to accurately identify the relevant reactive components.

Based on the advantages and disadvantages of the different production methods, the
Turkevich method was chosen in this study to produce spherical AuNPs of different sizes.

To ensure reproducible particle production, the design-of-experiments (DoE) approach
was applied. After a risk assessment, the most influential process and formulation pa-
rameters were identified, methodically reviewed and correlated. The AuNPs used in this
study were considered “bare” since they were coated only with the reductant in order to
understand their behaviour without introducing another coating agent that might alter
the fundamental surface properties. In a further step, the prepared purified AuNPs were
carefully characterized under defined conditions, i.e., dispersed in an aqueous solution of
hydrochloric acid/sodium chloride (HCl/NaCl) at an initial pH ≈ 3 and different Ic. In
the next step, particle behaviour studies were performed with buffer systems adapted for
wound treatment, mimicking both the pH and relevant Ic (i.e., therapeutically relevant or
high). For this purpose, lactate (LA/NaL) and citrate (H3Cit/Na3Cit) buffers, as well as
Sørensen’s phosphate buffers (PBS), were used as potential dispersants. Characterization
methods included size, zeta potential, shape, and (single NP) SPR using dynamic light
scattering (DLS), transmission electron microscopy (TEM), atomic force microscopy (AFM),
UV-VIS spectrophotometry and extended spectroscopy. The data obtained were then used
for simulation studies to predict the behaviour of the AuNP surface in the studied buffers
as a function of pH (and Ic).

2. Materials and Methods
2.1. Materials

Tetrachloroauric acid (HAuCl4·3H2O), trisodium citrate dihydrate (Na3Cit·2H2O),
sodium chloride (NaCl), sodium hydrogen carbonate (NaHCO3) and hydrochloric acid
(HCl, w = 36%) were purchased from Carl Roth Gmbh & Co (Karlsruhe, Germany). Ascorbic
(AA) and citric acid (H3Cit) were obtained from Herba Chemosan Apotheker-AG (Graz,
Austria). Disodium hydrogen phosphate (Na2HPO4), sodium dihydrogen phosphate
(NaH2PO4) and lactic acid (LA, w = 90%) were purchased from VWR Chemicals (Leuven,
Belgium). Sodium lactate (NaL, w = 50%) was purchased from Caesar & Loretz GmbH
(Hilden, Germany). Sodium hydroxide (NaOH) and nitric acid (HNO3, w = 68%) were
obtained from Merck KgaA (Darmstadt, Germany). All the chemicals were used as received
without additional purification. Ultrapure water (MQ water, resistivity of 18 MΩ·cm,
Millipore S.A.S., Molsheim, France) was used for the solution preparation.
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2.2. Methods
2.2.1. Synthesis of AuNPs Using Na3Cit and AA: Design-of-Experiments (DoE) Studies

AuNPs were prepared using two common reductants, Na3Cit and AA, in various
molar ratios. Citrate-capped AuNPs were fabricated with the chemical reduction synthesis
of HAuCl4 with Na3Cit according to the modified protocol of Dong et al. [37]. Alternatively,
AA was used as the reducing agent, and particles were prepared following the protocol
by Malassis et al. [38]. Briefly, for both procedures, the glassware was cleaned with
aqua regia (HCl:HNO3 = 4:1). For the preparation of the citrate-capped AuNPs, 5 mL of
0.25 mM HAuCl4 was heated to 100 ◦C under constant stirring on a magnetic stirrer, and
different amounts of 34 mM Na3Cit were added. The synthesis was considered complete
when the colour of the suspension stopped changing; the suspension was cooled to room
temperature (RT). For the synthesis with AA, 5 mL of 0.5 mM HAuCl4 were mixed with
different amounts of 0.1 M AA, and agitated on a magnetic stirrer at RT.

To optimize the syntheses and develop a predictive model, a DoE study was performed.
MODDE® software (Version 13.0, Sartorius AG, Göttingen, Germany) was used, and the
central composite face-centred (CCF) quadratic experimental design was selected. For the
screening of the reduction synthesis with Na3Cit, the molar ratio of Na3Cit to HAuCl4
(1.5:1 to 3.7:1), the process temperature (70–100 ◦C), the pH of the reaction media (3–6),
the stirring speed (150–300 rpm) and the reaction time (5–90 min) were selected as input
parameters. The resulting particle sizes, polydispersity indices (PdIs) and zeta potential
values were used as responses. With the experimental design chosen, MODDE® proposed
a total of 29 experiments, 3 of which were used to investigate reproducibility. For the
synthesis process involving AA, input parameters such as the molar ratio of AA to HAuCl4
(0.8:1 to 2.5:1), the pH of the reaction media (3–8), the stirring speed (150–300 rpm) and the
reaction time (2–60 min) were tested with regard to their influence on the resulting particle
size, yield and zeta potential. For this, 27 experiments in total (with 3 centre point runs for
reproducibility studies) were required, and the mean values of responses were used for
statistical analysis using multiple linear regression (MLR) (MODDE®). Coefficients plots,
the summary of fit including R2 (i.e., percent of the variation of the response explained
by the model) and Q2 (i.e., percent of the variation of the response predicted by the
model according to cross-validation) values, the residuals’ normal probability and plots of
observed vs. predicted values were used to investigate and evaluate the obtained model.

Subsequently, optimized suspensions were prepared according to the results obtained
via DoE and were dialyzed for 24 h in MQ water using a dialysis membrane (Carl Roth
GmbH & Co, Karlsruhe, Germany) with a molecular weight cutoff from 12 to 14 kDa, and
the media was changed twice.

2.2.2. Physicochemical and Optical Characterization of AuNPs

The particles were characterized regarding hydrodynamic particle size (dh) and zeta
potential (ζ) via DLS and electrophoretic light scattering (ELS) after dialysis. For DLS and
ELS measurements, the Zetasizer Nano ZS (Malvern, UK) was used with a He–Ne red-light-
emitting laser (wavelength, λ = 633 nm). The AuNP suspensions were diluted 1:10 with
prefiltered MQ water (Whatman filter, pore size 0.02 µm) to avoid multiple scattering. All
measurements were performed in triplicate at RT with the samples remaining in equilibrium
for 2 min, considering the refractive indices of AuNPs (0.2) and the dispersant (1.33).
During the DLS studies, scattered light was detected at an angle of 173◦ (i.e., backscatter
mode), and data processing was performed with the Zetasizer software 6.32 (Malvern
Instruments). The obtained data are presented as volume-based particle-size distribution
to avoid overestimation of larger particles due to higher scattered light intensities. The
zeta potential of the AuNPs was calculated from the measured electrophoretic mobility by
applying the Henry equation using the Smoluchowski approximation (f (κa) = 1.5).

The morphology of AuNPs was determined with TEM measurements. AuNP sus-
pensions, diluted in a 1:1 ratio, were placed on carbon-coated TEM grids and blot dried.
Grids were visualized with a Thermo Fisher Tecnai 20 transmission electron microscope
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operating at 120 kV acceleration voltage. Microscopic images were taken with a Gatan US
1000 CCD camera.

To verify the measured sizes and investigate the shape of the synthesized particles, vi-
sualization of AuNPs was performed with atomic force microscopy (AFM; FlexAFM atomic
force microscope equipped with an Easyscan 2 controller, Nanosurf, Liestal, Switzerland).
For the AFM studies, 10 µL of each AuNP suspension was placed on a silicon wafer and
dried overnight at RT. Prior to use, the wafer was rinsed with deionized water and ethanol
and flushed with nitrogen. Noncontact (tapping) mode with a setpoint of 60% was used for
the acquisition using a silicon nitride tip (Tap300Al-G; Budgetsensors, Sofia, Bulgaria) with
a radius of 10 nm and a length of 125 µm. Samples were screened with a nominal spring
constant of 40 N/m and a nominal resonance frequency of 300 kHz at ambient temperature.
Images were processed with Gwydion Data Processing Software (Version 2.62) [39]. Sizes
of AuNPs were obtained by using ImageJ software (Version 1.53p) and analysis of 15 single
particles from TEM images and 30 single particles from AFM images.

UV-Vis spectrophotometry measurements (Eppendorf BioSpectrometer® kinetic, Darm-
stadt, Germany) were conducted to study the SPR of AuNPs. Samples were diluted in
a 1:1 ratio and the measurements were performed over a λ range from 400 to 800 nm.

2.2.3. Effect of pH and Ion Concentration on the Physicochemical and Optical Properties
of AuNPs

To investigate the effect of pH and ion concentration on changes in AuNPs in terms of
zeta potential, agglomeration tendency and SPR, particles were dispersed in HCl/NaCl
aqueous solutions and buffer systems for wound treatment. For the HCl/NaCl aqueous
solutions, pH titrations were conducted with the titrant NaOH (0.1 M) at 2 Ic and 10 and
50 mM (adjusted with HCl and NaCl). pH was recorded with a pH meter (Lab 860 pH
meter; Fisher Scientific GmbH, Vienna, Austria) equipped with a combined pH electrode
(SI Analytics GmbH, Mainz, Germany). pH titrations were performed in the direction
from acid to base. For the adjusted buffers, LA/NaL (pH 2.8–4.8), H3Cit/Na3Cit buffer
(pH 2.8–5.8) and PBS (pH 6.8–8.0) at two Ic, the same as for pH titrations, were prepared
and the pH was recorded. 100 µL of each AuNP dispersion was incubated with 900 µL of
each buffer system for 5 min, and the pH was monitored throughout the experiments. The
size and zeta potential measurements were performed with the same setups as described
in Section 2.2.2.

For SPR measurements, the particles were incubated with HCl/NaCl aqueous so-
lutions and the respective buffers. To gain better insight into the optical properties of
AuNPs and SPR behaviour in media with different compositions, an extended spectro-
scopic method was applied, which makes it possible to examine individual particles with
regard to the SPR. A confocally aligned optical setup [40,41] was utilized, which featured
a high numerical aperture (NA = 0.9) objective to focus a linearly polarized Gaussian beam
onto the sample. The sample of interest was mounted to a 3D piezo-driven positioning
stage, which provided a precision of roughly 2 nm. A 1.3 NA oil immersion objective
collected the transmitted light from the sample, which was then propagated onto a photo-
diode. The extreme focusing, in conjunction with the precise positioning stage, enabled
one to optically probe an individual NP of interest while avoiding unwanted near-field
excitations. A λ sweep was performed, and the transmitted power was recorded in order
to measure the resonant properties of the individual AuNPs.

2.2.4. Simulation of the Local pH-Value Distribution near the Particle Surface

The pH-value distribution near the NPs was derived from the set of spherical diffusion
equations for each mobile species in the solution (Equation (1)). Due to the fast kinetics
of ionic reactions in solution, all species can be assumed to be in local thermodynamic
equilibrium [42]. This allows one to link the equations and express the concentration of the
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involved species with a pH gradient. Details of the mathematical derivation are reported
elsewhere [23]. For simplicity, it is assumed that the particles are spherical.

∂ci
∂t

=
1
r2 div

(
r2Di∇ci + r2 Dizie0

kBT
ci∇φ

)
, (1)

where the index i denotes the chemical species (H+, OH− and the buffer ions), c the
concentration, D the diffusion coefficient, r the radial distance from the centre, z the electric
charge, e0 Coulomb’s constant, kB Boltzmann’s constant and φ the electrical potential. Due
to the short diffusion pathways of only a few µm, the set of partial differential equations can
be solved for steady-state conditions, as further described in [23] for the case of flat surfaces
and NP geometries [24]. Given the high Ic of the solution, the gradient of the electric
potential is small, and the migration term in Equation (1) can be simplified to the case of
diffusion only. The effect of an electric field will lead to a transition of the pH gradient
towards/away from the NPs without changing the main shape of the pH distribution.

Results are displayed as a 2-dimensional contour plot of the local pH value as
a function of distance from the electrode surface (x-axis) and buffer concentration (y-axis)
for a given nanoparticle size.

2.2.5. Statistics

All experiments were performed in triplicate if not stated otherwise, and mean values,
including standard deviations, are presented. To evaluate the statistical significance of the
size of the particles, Ic and pH values of buffers, a three-way analysis of variance (ANOVA)
using the Tukey test (GraphPad Prism 8, La Jolla, CA, USA) was applied. The significance
of the results is indicated according to p-values: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 and
**** p ≤ 0.0001. The p-value below 0.05, i.e., 95% of the confidence interval, was considered
statistically significant.

3. Results
3.1. Design-of-Experiments (DoE) Studies

One of the most common batch synthesis methods for the preparation of AuNPs is the
Turkevich method, which chemically reduces metal salts in aqueous media using suitable,
mild reducing agents such as Na3Cit [43,44] or AA [38,45]. In this process, the molar ratio
of the reducing agent and metal salt is a crucial parameter that determines the particle
size and PdI. Other parameters that need to be considered are pH, temperature, reaction
time and the presence of other ions and molecules [46–49]. To optimize the procedure,
a DoE study was performed to adjust the aforementioned parameters for both reduction
agents. The obtained data, using Na3Cit as a reduction agent for particle size, were in the
range of 5.95 ± 2.26 nm and 45.91 ± 3.14 and showed PdI values between 0.07 ± 0.01 and
0.75 ± 0.29. The zeta potential values ranged from –35.53 ± 0.58 mV to 0.90 ± 0.16 mV for
the prepared batches. The use of AA as a reduction agent resulted in a larger dh with mean
sizes ranging from 44.71 ± 2.99 nm to 212.33 ± 2.45 nm. DLS measurements proposed
rather polydisperse samples with at least two fractions, i.e., one from 40 to 70 nm and
the second between 150 and 180 nm. This may indicate agglomeration rather than the
formation of larger particles. To carefully identify the most appropriate synthesis conditions
yielding de-agglomerated and thus more stable batches, the focus was laid on the fraction
of the smallest sizes around 40 and 70 nm by including the respective yield. The yield for
the small fraction ranged from 4.5 ± 0.0% to 77.63 ± 19.43%. At specific process conditions,
the small fraction disappeared and was replaced by larger agglomerate assemblies with
100% yield. The experimental data were further used for statistical data analysis. The
residuals’ normal probability plots were created (Figure 1a (Na3Cit) and Figure 1b (AA)) to
evaluate whether the process setup and measurement strategy were reliable and to identify
potential outliners (i.e., experiments outside or close to the boundaries (dashed lines)).
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Figure 1. Normal probability plots of the standardized effects shown for (a) citrate-capped AuNPs
and (b) AA-capped AuNPs.

For Na3Cit, the results of all performed experiments were found to be normally
distributed regardless of the considered response (i.e., size, PdI, zeta potential), as all data
are on a straight line. By contrast, the use of AA as a reduction agent revealed some
potential outliners. Considering the size of the response, experiments N5 and N26 were
excluded as they were outside the boundaries. For the zeta potential and the PdI, the
results of run N5 and N25 were excluded from further statistical data evaluation, as they
were also outside the boundaries. Coefficients plots were created to assess the significance
of the coefficients and are shown in Figure 2a (i.e., citrate-capped AuNPs) and Figure 2b
(i.e., AA-capped). After excluding insignificant parameters (i.e., a small distance from y = 0
and error bars crossing y = 0) to simplify the model and to maximize the performance of
prediction, all individually tested input parameters (i.e., molar ratio, pH, reaction time,
stirring speed and temperature) showed a significant influence on the resulting particle
sizes when using Na3Cit (Figure 2a). In addition, the combinations of molar ratio and
reaction time and reaction time and temperature also affected the sizes significantly. The
PdI was mainly influenced by the molar ratio, temperature and pH. The zeta potential was
affected by the molar ratio, the pH, the reaction temperature and the quadratic effects of
the pH and the molar ratio. In addition, the interaction in terms of the molar ratio and
reaction time, and to a lower extent, the temperature and stirring speed, as well as the pH
and stirring speed, strongly influenced the resulting zeta potential. During the synthesis of
AuNPs via AA, size was controlled by the quadratic effects of pH and with the combination
of molar ratio and pH, molar ratio and reaction time, molar ratio and stirring speed and
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reaction time and stirring speed. The zeta potential was significantly influenced by the pH
of the reaction media, the stirring speed and the combination of molar ratio and reaction
time. Considering the yield of the smallest particle fraction in the batches, it was observed
that the combinatory effect of molar ratio and stirring speed had the highest impact.

Figure 2. Coefficients plots shown for (a) citrate-capped AuNPs and (b) AA-capped AuNPs.
MR = molar ratio, temperature = T, stirring speed = Stsp, reaction time = Rt. The asterisk in each case
indicates the interaction between two tested parameters.
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For quality assessment of the model, the obtained data were fitted using MLR, and
the summary of fit was prepared considering R2 and Q2 values as well as the model
validity and reproducibility. For both synthesis strategies, values for R2 and Q2 were
highest for the particle sizes. With comparable high R2 values (i.e., 0.88 for Na3Cit and
0.89 for AA), the variability in the data can be explained by the model. As for both
strategies, Q2 values are above 0.5 (i.e., 0.57 for Na3Cit and 0.72 for AA), and the difference
between R2 and Q2 is less than 0.3; the precision and reliability of future prediction can
be considered high. However, it must be emphasized that the reproducibility of both
batch-based synthesis routes must be classified as rather low. In the synthesis with AA,
obvious outliners were already identified and excluded during the statistical data analysis
step. When using Na3Cit in the synthesis, the results of the reproducibility tests already
show a large variability in the results. Moreover, reliable predictions for zeta potential
and PdI or yield can only be expected to a moderate extent for both synthesis strategies.
Although all of the obtained R2 values were above 0.5 (i.e., 0.57 for PdI and 0.78 for the zeta
potential with Na3Cit and 0.59 for zeta potential and 0.52 for the yield AA), which indicates
an acc fit between the variability observed and the regression model; all Q2 values were
found to be below 0.5. The experimental data show a correspondingly inhomogeneous
character of some batches with high PdI values (Na3Cit) and a pronounced polydisperse
particle size distribution (AA). Since the zeta potential is a size-dependent property and is
therefore difficult to capture in polydisperse systems, the established models will primarily
be used to produce AuNPs with the desired sizes as homogeneously as possible. With the
optimized synthesis conditions, two different size ranges of AuNPs were prepared. Briefly,
a molar ratio of Na3Cit:HAuCl4 of 3.7:1 at pH 3.3, a synthesis temperature of 100 ◦C at
250 rpm and reaction duration of 5 min, resulted in approximately 18 nm sized particles,
referred here as “small particle size”. The use of a 1.2:1 AA:HAuCl4 molar ratio at pH 3.5
and 250 rpm and a reaction duration of 2 min resulted in about 56 nm, referred to here
as “medium particle size”. In particular, the results after dialysis of the nanosuspensions
showed that a monomodal size distribution with a dh of 17.65 ± 0.38 nm was achieved
with the reducing agent Na3Cit. When AA was used as the reductant, 56.02 ± 0.58 nm
sized particles were obtained. As expected, the zeta potential values of produced AuNPs
were −22.80 ± 2.50 mV and −37.60 ± 1.30 mV, respectively.

3.2. Physicochemical and Optical Characterization of AuNPs

The shape and size of the AuNPs were determined with TEM and AFM. Representative
TEM images are shown in Figure 3a,b. Citrate-capped AuNPs were spherical and had
a size of 14.57 ± 2.00 nm, while AA-capped AuNPs exhibited a size of 39.02 ± 5.36 nm.
AFM images and histograms of the size distribution of the AuNPs are shown in Figure 3c–f.
The fabricated small AuNPs were spherical in shape with a mean size of 15.70 ± 2.94 nm.
AuNPs synthesized with AA exhibited sizes of 33.52 ± 6.42 nm. However, with increasing
AuNP sizes, spherical clusters of AuNPs were noticed.

The optical properties, i.e., the changes of the SPR of the differently sized AuNPs, were
studied with UV-Vis spectrophotometry (Figure 3g). The results showed that the changes
in sizes correlated with a red shift of the SPR peak, i.e., from 520 nm for the small AuNPs
to 535 nm for the medium-sized AuNPs’ fractions.

3.3. Effect of the pH on the Physicochemical and Optical Properties of AuNPs

The changes of the zeta potential and size of the small- and medium-sized AuNPs
as a function of the pH at two nearly constant Ic, i.e., 10 and 50 mM, are presented
in Figure 4a,b. The results showed that, with increasing pH, the zeta potential of the
small-sized AuNPs remained constant at 10 mM Ic (−28.33 ± 1.35 mV (pH = 3.0) to
−28.87 ± 1.97 mV (pH = 10.2)).
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Figure 3. AuNPs characterization: (a,b) TEM micrographs, (c,d) AFM micrographs, (e,f) histograms
of the AuNP size distributions obtained from AFM images and (g) optical properties of AuNPs of dif-
ferent sizes conducted with UV-Vis spectrophotometry. (a,c,d) 18 nm AuNPs; (b,d,f) 56 nm AuNPs.
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Figure 4. pH-dependent (a) zeta potential and (b) size profiles of AuNPs of different sizes in
HCl/NaCl aqueous solution. pH titrations were conducted with the titrant NaOH (0.1 M) at two Ic,
i.e., 10 and 50 mM (adjusted with HCl and NaCl); (�) 18 AuNPs at Ic = 10 mM, (�) 18 nm AuNPs at
Ic = 50 mM, (4) 56 nm AuNPs at Ic = 10 mM and (N) 56 nm AuNPs at Ic = 50 mM.

As expected, at higher Ic, i.e., 50 mM, the zeta potential values were lower. The
isoelectric point was not noticed, and the zeta potential remained negative over the entire
pH range. pH-dependent zeta potential profiles for 56 nm sized AuNPs exhibited similar
behaviour, with lower zeta potential values compared to 18 nm sized AuNPs. At 10 mM,
the sizes of small and medium AuNPs were similar to the AuNPs dispersed in MQ water
and remained constant in the pH range tested. The increase in Ic led to an irreversible
agglomeration of 18 nm and 56 nm sized AuNPs, independent of the pH. The changes
in the zeta potential and size of the small- and medium-sized AuNPs in the LA/NaL-,
H3Cit/Na3Cit buffers and PBS at 10 and 50 mM are presented in Figure 5a–f. In 10 mM
LA/NaL buffer (Figure 5a,b), small-sized AuNPs retained their initial sizes regardless of
the pH; however, as the Ic increased to 50 mM, the size of AuNPs increased from 48 to
290 nm with a rising pH. At 10 mM, the zeta potential was ≈−20 mV for all pH values. In
10 and 50 mM H3Cit/Na3Cit buffer (Figure 5c,d), at lower pH values, the zeta potential of
the small NPs changed, indicating that they exhibited less stability. Small-sized AuNPs in
PBS (Figure 5e,f) were stable in terms of zeta potential and size at both investigated Ic. The
medium-sized AuNPs in LA/NaL buffer (Figure 5a,b) at pH 2.8 showed a slightly lower
zeta potential at both Ic. Still, the size was in the range of 50–60 nm, thus confirming a high
particle stability. Incubation of the particles in 10 mM H3Cit/Na3Cit buffers (Figure 5c,d)
exhibited the same behaviour as in the case of the 18 nm sized AuNPs. With increasing Ic,
agglomeration occurred.

Figure 5. Cont.
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Figure 5. (a,c,e) Zeta potential and (b,d,f) size profiles of 18 nm and 56 nm sized AuNPs, in
(a,b) LA/NaL buffer (pH = 2.9–4.8), (c,d) H3Cit/Na3Cit buffer, pH = 2.8–5.8) and (e,f) PBS
(pH = 6.8–8) at two Ic, 10 mM and 50 mM. The dashed line in each case separates the datasets
of 18 nm and 56 nm measured NPs in 10 mM buffer (left part) and the datasets of 18 nm and 56 nm
measured NPs in 50 mM buffer (right part).

The particles dispersed in 10 and 50 mM PBS exhibited high zeta potential values
(ζ > −40 mV) (Figure 5e,f), and the initial particle size was preserved independent of
the pH.

A three-way analysis of variance (ANOVA) was applied to test the statistical dif-
ferences between size and zeta potential measurements for small- (18 nm) and medium
(56 nm)-sized AuNPs at two different Ic and pH values of the buffers. There were no
statistically significant differences between the AuNP sizes (p = 0.5433). Both Ic and buffer
pH significantly affected the obtained sizes (p ≤ 0.0001). There was a significant inter-
action between pairwise comparisons of Ic and buffers (p ≤ 0.0001) and Ic and the size
of AuNPs (p ≤ 0.0001). Significance was also determined for the interaction between the
size of AuNPs and Ic (p = 0.0128). A three-way ANOVA showed that the interaction be-
tween AuNP size, Ic and the pH value of buffers was statistically significant (p ≤ 0.0001).
A similar trend was obtained for the zeta potential. It was found that the size (p ≤ 0.0001),
Ic (p = 0.0060) and buffer pH (p ≤ 0.0001) had a significant effect. For the pairwise com-
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parison of the Ic and buffer pH, there was p ≤ 0.001, as well as for the comparison of
the AuNP size and buffer pH. The interaction among the size of AuNPs and Ic was also
significant (p = 0.0011), as was the interaction among the size of AuNPs, Ic, and pH of
buffers (p ≤ 0.0001).

The effects of pH and Ic on the SPR peak of AuNPs were determined using UV-Vis
spectrophotometry in all buffers, as shown in Figure 6. From pH 3.3 to 10.5, the small-
sized AuNPs showed a red shift (∆max = 2 nm). However, the colour of the suspension
remained the same. No red-wine-to-blue colour transition was noticed, suggesting that
particles were stable. At 50 mM, alternations between the red and blue shift were detected
(∆max = ±2 nm), while at pH = 5.6 a red shift of 3 nm was obtained. The medium-sized
AuNPs exhibited the blue shift at 10 mM in the tested pH range. At 50 mM, only at pH 3.3,
a red shift of 5 nm was noticed, and the colour of the suspension changed to blue. In the
pH range of 4.3–10.8, the SPR peak had the same maximum as in the MQ water (535 nm) or
was blue-shifted by 2 nm.

Figure 6. Maximum wavelength (λmax) of the SPR peak of 18 nm and 56 nm sized AuNPs as a function
of pH obtained from UV-Vis spectra at two Ic, 10 mM and 50 mM; (�) 18 AuNPs at Ic = 10 mM,
(�) 18 nm AuNPs at Ic = 50 mM, (4) 56 nm AuNPs at Ic = 10 mM and (N) 56 nm AuNPs at
Ic = 50 mM.

The SPR peaks of 18 nm and 56 nm sized AuNPs were elucidated in all buffers
(Figure 7a–c). When incubated in 10 mM LA/NaL buffer, small AuNPs exhibited a neg-
ligible shift of ∆λmax = ± 1 nm, whereas a red shift of 7–9 nm was observed at 50 mM.
This indicates that AuNPs agglomerate at increased LA/NaL buffer Ic. The small-sized
AuNPs showed a pronounced red shift (∆λmax ≈ 100 nm) independent of Ic at the pH range
of 3.0 to 4.8. The colour of the suspension changed immediately from red wine to blue,
indicating particle agglomeration. This was further confirmed with two peaks found in the
UV spectra (second peak at λ≈ 630 nm). There were no changes in the SPR peaks of AuNPs
in 10 and 50 mM PBS. The medium-sized AuNPs in 10 mM and 50 mM LA/NaL buffers
at pH ≈ 3 displayed the SPR peak at λ = 535 nm, which is comparable to the results for
AuNPs dispersed in MQ water. Furthermore, the pH increase led to the blue shift (2–4 nm).
For both H3Cit/Na3Cit buffer Ic, the shift was ± 1 nm. The blue shift from 2 to 4 nm was
also observed for AuNPs in PBS.
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Figure 7. Maximum wavelength (λmax) of the SPR peak of 18 nm and 56 nm AuNPs as a function
of pH obtained from UV-Vis spectra in (a) LA/NaL buffer (pH = 2.9–4.8), (b) H3Cit/Na3Cit buffer
(pH = 2.8–5.8) and (c) PBS (pH = 6.8–8) at two Ic, 10 mM and 50 mM. (�) 18 AuNPs at Ic = 10 mM,
(�) 18 nm AuNPs at Ic = 50 mM, (4) 56 nm AuNPs at Ic = 10 mM and (N) 56 nm AuNPs at Ic = 50 mM.

The change in λmax of the SPR indicates that different pH conditions affect the optical
properties of the AuNPs. However, to better understand the behaviour of AuNPs in
various investigated systems, more advanced experiments were conducted by individually
probing single AuNPs at pH 3, 5.6 and 7.4, using buffers at high Ic following the method
outlined in Section 2.2.3. Dark-field microscopy measurements were first performed to
locate isolated AuNPs that would be selected for the resonance measurements. With
a region of interest specified, the sample was then placed in an optical setup equipped for
the single particle illumination scheme. At pH 7.4, several of the isolated AuNPs measured
showed in the transmission spectra significant dips in λ between 546 and 591 nm. The
variance in resonance can be associated with the standard deviation in the size of the
AuNPs. At pH 5.6, no individual particles but, rather, nonspherical clusters were present.
The respective transmission curves were broadened with no clear resonant wavelength;
therefore, a resonance shift could not be assigned. The broadening of the resonance for this
pH can be attributed to particle agglomeration, lack of spherical uniformity, and near-field
interactions with neighbouring nanoclusters. For AuNPs prepared in a solution with pH 3.0,
a broadened, yet identifiable, resonance occurred, which spanned 573–625 nm. The pH 3.0
AuNPs were also heavily agglomerated; however, the nanoclusters were more isolated,
minimizing the effect of near-field interactions and broadening their respective resonance
properties. Ultimately, the single-particle excitation schemes revealed that for a lower
pH, the SPR resonance is red-shifted, primarily due to agglomeration. The significant
agglomeration incurred is linked to the high buffer concentration used to prepare these
particular samples.

3.4. Simulation of the Local pH-Value Distribution near the Particle Surface

The local pH values near the surface of the 18 and 56 nm sized AuNPs were determined
in La/NaL, H3Cit/Na3Cit and PBS buffer at pH = 4. Figure 8 shows the effect of the
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solution pH variation and the influence of the zeta potential on the size-dependent local
pH distribution at, for example, −22.8 mV (for other conditions, see Figures S1–S3 in
Supplementary Materials). The simulation of the near surface pH-value distribution
around 18 nm and 56 nm AuNPs showed very little difference. The same was noticed for
different buffer systems (see Figure S4 in Supplementary Materials). It should be noticed
that differences between the buffer systems become visible for more extreme pH values.
These extreme cases, however, contradict the measured pH values and surface potentials in
the experiments and have, therefore, not been considered. For the buffer variation and NPs
with a size below 100 nm, a steep pH gradient was observed within the first 1 µm from the
NP surface.

Figure 8. Calculated local pH-value distributions in the diffusion zone near the surface of 18 nm
sized AuNPs. The default values for the simulations were 34 mM H3Cit/Na3Cit solution (solution
pH = 4) and a zeta potential value of −22.8 mV (corresponding to that of the citrate capped).

Larger NPs showed a different behaviour, comprising smaller pH gradients and hence
lower current densities in cyclic voltammetry curves, which confirms that smaller particles
are more reactive than larger ones.

4. Discussion

One of the most widely used methods for the preparation of AuNPs is the Turkevich
method, i.e., chemical reduction synthesis with the assistance of Na3Cit, which includes
two mechanistic steps: first, electron transfer, and second, reduction with acetone [50].
Once AuNPs are formed, citrate ions physically adsorb onto their surface, stabilizing the
NPs. The size of AuNPs strongly depends on the molar ratio of the reactant. More precisely,
in our study, monodisperse and stable 10–20 nm AuNPs could be obtained when the molar
ratio was ≥2.5. However, a further increase in the molar ratio did not affect the size, as
the particle was covered with citrate ions, resulting in stabilization [51]. By contrast, the
reduction of metal salts with AA includes only electron transfer; therefore, Na3Cit exhibits
a higher redox potential than AA. Since Na3Cit and AA are both weak acids, their reduction
potential also depends on the pH of the reaction mixture. The increase in pH leads to
subsequent deprotonation and an increase in electron density, thus increasing the redox
potential. By increasing the pH in the reaction mixture, the size and morphology of the
final NPs can be tailored. The synthesis conditions determined in the DoE study were
chosen for the fabrication of 18 and 56 nm sized AuNPs. The particle sizes determined
in MQ water with DLS agreed well with the AFM and TEM measurements. AFM and
TEM measurements further showed that citrate-capped AuNPs were spherically shaped.
By changing the reductant, approx. 30–40 nm sized particles were measured with AFM
and TEM. However, compared to the 18 nm particles, they showed a tendency to form
clusters. Regarding SPR, which depends on the size, shape and surface functionalization,
a shift towards a higher λ (i.e., red shift) was detected [52,53]. In addition to the size
and optical properties, the zeta potential values were above −20 mV, confirming colloidal
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stability in MQ water independent of the pH. However, under in vivo conditions, the
situation becomes more complex, which probably affects not only biological performance
but also toxicity. For example, small NPs with a larger specific surface area are more
reactive because more surface area is available to interact with biological molecules and
cellular components [54–59]. Furthermore, the size of metal NPs can influence the release
process of ions dependent on the physiological fluid and pH [60–62]. This suggests that pH
dependence profiles of NPs are important for predicting their behaviour in more complex
environments. It was found that with increasing Ic, AuNPs agglomerated independently
of their initial size. This is in agreement with the results of Pamies et al., who studied the
stability of citrate-capped AuNPs in sodium nitrate solutions with Ic ranging from 0 to
1 M [63]. They showed that with an increasing ionic concentration, agglomeration of the
particles occurred, which can be attributed to the compression of the double layer that
facilitates van der Waals interactions between AuNPs [64,65]. Consequently, zeta potential
values are expected to decrease at higher Ic, which coincides with our results. No isoelectric
point was observed for both NP sizes, as the isoelectric point is reported to be between
pH 2 to 4 [66]. In treatment-relevant buffers, AuNPs were susceptible to the buffer type
and pH environment. The lower Ic did not induce agglomeration of AuNPs in LA/NaL
buffer and PBS, independent of the size. However, the H3Cit/Na3Cit buffer had a stronger
effect on the zeta potential and size and altered the stability even at low Ic. At 50 mM,
agglomeration was noticed in both LA/NaL and H3Cit/Na3Cit buffer. Interestingly, in
PBS, particles remained stable. Similar results were also found by Sangwan and Seth [67].
They monitored the stability of citrate-capped AuNPs in borate (pH = 7.5, 8.5, 9.2, 9.3), PBS
(pH = 6.5, 7.5, 8.5), Tris–citrate (pH = 8.5, 9.5) and Tris–HCl (pH = 4.0, 10.5) buffer. The
results confirmed that the stability of AuNPs is affected by the electrolyte composition of
the buffer, pH and duration and temperature of the incubation time. To understand the
behaviour of AuNPs in different buffer systems, insight into the structure of citrate and
AA layers on the particle’s surface is required. Both citrate and AA ligands are known to
form chelate-type complexes with metallic NPs. According to Park and Shumaker-Parry,
in citrate-capped AuNPs, two carboxylate groups are in direct contact with the surface,
while the third terminal carboxylate group is not bound to the surface [68]. In the case
of AA, the chelating is a mixed type where a monodentate and a bidentate coordination
mode of AA on AuNPs are identified [69]. Since the citrate ion is more complex in terms
of chelating potential compared to AA, we expected a pronounced effect in terms of the
size and zeta potential in different buffers for citrate-capped AuNPs. In LA/NaL buffer,
the stabilization effect at lower Ic for both AuNP sizes was achieved with the steric barrier
due to the hydrogen bond network between adjacent layers of citrate or AA and lactate.
The latter has an additional hydroxyl group, which increases the bonding affinity and
interaction with citrate and AA. As expected, the screening effect of sodium ions at higher
Ic is more pronounced for citrate-capped AuNPs. In addition, agglomeration is facilitated
due to the disruption of the delicate hydrogen bonding network as steric repulsions are
disabled. With increasing pH, the excess of citrate-lactate layers is removed due to de-
protonation and the accumulation of negatively charged lactate ions in the vicinity of
the AuNP surface, causing a negative zeta potential. Regarding the H3Cit/Na3Cit, the
intermolecular interaction between citrate ions that coat particles and citrate ions in the
bulk are more complex. Grys et al. studied the formation of AuNP aggregates in 1 M
H3Cit/Na3Cit buffer solution at pH 3.5 [70]. The surface-enhanced Raman spectroscopy
revealed differences in the coordination of AuNPs with citrate ions. Because of the pro-
tonation of nonsurface-bound terminal carboxylates, citrate ions in the vicinity formed
carboxylic acid dimers, and AuNPs agglomerated at lower pH values. The pH increase
enabled the deprotonation of carboxylate groups, and negatively charged citrate species
around AuNPs were responsible for high negative zeta potential values. On the contrary,
in PBS, both AuNPs exhibited stability independent of the Ic. The tendency of anions
to interact with the NP surface is governed by the concentration and surface affinity of
anions [71]. There are few studies that report on the competitive mechanism between citrate
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ions and ligands such as phosphate, amino acids, organothiols, halides and adenine [72–76].
White and Hjortkjaer found that phosphate anions could replace citrate ligands via oxygen
atoms in phosphate anions, which resulted in phosphate-coated AuNPs [77]. The exchange
between citrate and phosphate ions on the particle surface is affected by the pK values
of citrate and phosphate and the ligand concentration. The concentration of phosphate
species in PBS was dominant in comparison to citrate species, thus favouring the exchange
between two ligands, which resulted in stable AuNPs. The obtained results suggest that
the classical Derjaguin–Landau–Verwey–Overbeek (DLVO) theory, which considers the
electrical double-layer interaction and attractive van der Waals force, can only partly ex-
plain our findings. Other factors that should be considered include the screening effect of
monovalent cations (such as Na+ and H+) and the protective role of multivalent anions
(which can co-adsorb or replace ligands on the surface of AuNPs). In addition, to fully
comprehend the complex dynamics at the nano–bio interface, intermolecular interactions
between ligands on the surface of AuNPs, and ligands from buffers such as hydrogen
bonding, electrostatic attraction, and hydrophobic effects should be examined. The changes
in the stability of AuNPs of different sizes considering the treatment-relevant pH values
were also detected in the optical properties. The most pronounced SPR peak shift was
found for 18 nm AuNPs incubated in H3Cit/Na3Cit buffer in the pH range 3–4. The second
peak at ≈630 nm can be attributed to particle agglomeration, which, in turn, coincides with
the size measurements [78].

The results obtained from simulations in the tested buffer systems of both AuNP sizes
showed only small changes in the pH gradient, which proves the robustness of the synthesis
method. The behaviour of AuNPs of both sizes in all tested buffers exhibited no significant
differences, which might be due to the higher buffer concentration (mM) compared to
changes of H+ and OH− between the surface and solution (nM or µM). The constant pH is
a consequence of small changes in the protonation of the buffer species, except for in the
vicinity of the surface. The steep pH gradients near the surface indicate that the interaction
of (protonated) buffer species with the NPs should be considered in future studies since
zeta potential measurements (see Figures 4a and 5) revealed a shift of surface pH value
which the reported simulations alone cannot predict. However, simulations revealed very
steep gradients less than 1µm away from the surface, where one can assume an interaction
with the outer Helmholtz plane and that van der Waals interactions are likely to have an
effect. In addition, steep gradients mean a high ionic flow, so smaller NPs are much more
reactive than larger NPs in the upper µm range.

5. Conclusions

The simultaneous exploitation of wound acidification and the intrinsic properties
of AuNPs represent a promising approach to wound treatment. To further advance this
therapeutic concept, a fundamental understanding of the interactions at the liquid–particle
interface is essential. Here, we demonstrate that AuNPs dispersed in LA/NaL buffer
showed the most promising results. Particles are stable at therapeutically relevant Ic re-
gardless of their size and the reducing agent used. With an increasing Ic, the citrate-capped
particles agglomerate due to the shielding effect of the sodium ions and the disruption of
the hydrogen bonding network. In contrast, particles dispersed in H3Cit/Na3Cit buffer
agglomerate at high and low Ic regardless of their size and the reducing agent used. In
PBS, the particles are stable independent of their size, the reducing agent used and the
Ic. PBS mimics physiological pH rather than supporting a wound-healing effect but still
prevents progressive alkalinization and, thus, bacterial growth. Interestingly, the modelling
studies show a steep pH gradient in close proximity (<1 µm) to the NP surface under all
conditions, exclusively for particles smaller than 100 nm. Steep gradients also indicate
a high ionic flow, so smaller NPs are much more reactive than larger NPs, which could
further promote the healing potential due to a more acidic particle surface environment but
could also be beneficial in drug loading. Thus, maintaining the colloidal stability of AuNPs
in acidifying buffer systems is of utmost importance. It should be noted, however, that in
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the next step, the protonation level of chemical species such as amino acids and buffer ions
must be quantified to understand how these molecules interact with the NP surface and
possibly affect colloidal stability.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/nano13121878/s1, Figure S1. Calculated local pH-value distributions
in the diffusion zone near the surface of 18 nm (top row) and 56 nm AuNPs (bottom row). The
default values for the simulations were 34 mM La/NaL buffer solution (solution pH = 4) and a zeta
potential value of −22.8 mV for 18 nm and −37.6 mV for 56 nm sized AuNPs, respectively; Figure S2.
Calculated local pH-value distributions in the diffusion zone near the surface of 56 nm AuNPs. The
default values for the simulations were 34 mM H3Cit/Na3Cit solution (solution pH = 4) and a zeta
potential value of −37.6 mV; Figure S3. Calculated local pH-value distributions in the diffusion zone
near the surface of 18 nm (top row) and 56 nm AuNPs (bottom row). The default values for the
simulations were 34 mM PBS buffer solution (solution pH = 4) and a zeta potential value of −22.8 mV
for 18 nm and −37.6 mV for 56 nm sized AuNPs, respectively; Figure S4. Calculated local pH-value
distributions in the diffusion zone near the surface of 18 nm (top row) and 56 nm AuNPs (bottom
row) with buffer concentration variation. The default values for the simulations were 34 mM buffer
solutions (solution pH = 4) and a zeta potential value of −22.8 mV for 18 nm and −37.6 mV for 56 nm
sized AuNPs, respectively.
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of gold nanoparticles and their biofunctionalized derivatives in aqueous electrolytes solution. J. Dispers. Sci. Technol. 2014, 35,
815–825. [CrossRef]

67. Sangwan, S.; Seth, R. Synthesis, characterization and stability of gold nanoparticles (AuNPs) in different buffer systems.
J. Clust. Sci. 2022, 33, 749–764. [CrossRef]

68. Park, J.W.; Shumaker-Parry, J.S. Structural study of citrate layers on gold nanoparticles: Role of intermolecular interactions in
stabilizing nanoparticles. J. Am. Chem. Soc. 2014, 136, 1907–1921. [CrossRef]

69. Zümreoglu-Karan, B. A rationale on the role of intermediate Au(III)–vitamin C complexation in the production of gold nanoparti-
cles. J. Nanopart. Res. 2009, 11, 1099–1105. [CrossRef]

70. Grys, D.B.; de Nijs, B.; Salmon, A.R.; Huang, J.; Wang, W.; Chen, W.H.; Scherman, O.A.; Baumberg, J.J. Citrate coordination and
bridging of gold nanoparticles: The role of gold adatoms in AuNP aging. ACS Nano 2020, 14, 8689–8696. [CrossRef]

71. Aubard, J.; Bagnasco, E.; Pantigny, J.; Ruasse, M.F.; Levi, G.; Wentrup-Byrne, E. An ion-exchange reaction as measured by
surface-enhanced raman spectroscopy on silver colloids. J. Phys. Chem. 1995, 99, 7075–7081. [CrossRef]

72. Afshinnia, K.; Baalousha, M. Effect of phosphate buffer on aggregation kinetics of citrate-coated silver nanoparticles induced by
monovalent and divalent electrolytes. Sci. Total Environ. 2017, 581–582, 268–276. [CrossRef] [PubMed]

73. Rani, M.; Moudgil, L.; Singh, B.; Kaushal, A.; Mittal, A.; Saini, G.S.S.; Tripathi, S.K.; Singhe, G.; Kaura, A. Understanding the
mechanism of replacement of citrate from the surface of gold nanoparticles by amino acids: A theoretical and experimental
investigation and their biological application. RSC Adv. 2016, 6, 17373–17383. [CrossRef]

74. Park, J.W.; Shumaker-Par, J.S. Strong resistance of citrate anions on metal nanoparticles to desorption under thiol functionalization.
ACS Nano 2015, 9, 1665–1682. [CrossRef] [PubMed]

75. Huang, P.J.J.; Yang, J.; Chong, K.; Ma, Q.; Li, M.; Zhang, F.; Moon, W.J.; Zhang, G.; Liu, J. Good’s buffers have various affinities to
gold nanoparticles regulating fluorescent and colorimetric DNA sensing. Chem. Sci. 2020, 11, 6795–6804. [CrossRef]

76. Perera, G.S.; Athukorale, S.A.; Perez, F.; Pittman, C.U., Jr.; Zhang, D. Facile displacement of citrate residues from gold nanoparticle
surfaces. J. Colloid Interface Sci. 2018, 511, 335–343. [CrossRef]

77. White, P.; Hjortkjaer, J. Preparation and characterisation of a stable silver colloid for SER(R)S spectroscopy. J. Raman Spectrosc.
2014, 45, 32–40. [CrossRef]

78. Li, S.; Lui, K.H.; Tsoi, T.H.; Lo, W.S.; Li, X.; Hu, X.; Tai, W.C.S.C.; Hung, H.L.; Gu, Y.J.; Wong, W.T. pH-responsive targeted gold
nanoparticles for in vivo photoacoustic imaging of tumor microenvironments. Nanoscale Adv. 2019, 1, 554–564. [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.

127



����������
�������

Citation: Domenikou, N.;

Thanopulos, I.; Yannopapas, V.;

Paspalakis, E. Nonlinear Optical

Rectification in an Inversion-

Symmetry-Broken Molecule Near a

Metallic Nanoparticle. Nanomaterials

2022, 12, 1020. https://doi.org/

10.3390/nano12061020

Academic Editor: Andrés

Guerrero-Martínez

Received: 16 February 2022

Accepted: 18 March 2022

Published: 21 March 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

nanomaterials

Article

Nonlinear Optical Rectification in an Inversion-Symmetry-Broken
Molecule Near a Metallic Nanoparticle

Natalia Domenikou 1 , Ioannis Thanopulos 1,* , Vassilios Yannopapas 2 and Emmanuel Paspalakis 1

1 Materials Science Department, School of Natural Sciences, University of Patras, 26504 Patras, Greece;
domenikou.n@gmail.com (N.D.); paspalak@upatras.gr (E.P.)

2 Department of Physics, National Technical University of Athens, 15780 Athens, Greece;
vyannop@mail.ntua.gr

* Correspondence: ithano@upatras.gr

Abstract: We study the nonlinear optical rectification of an inversion-symmetry-broken quantum
system interacting with an optical field near a metallic nanoparticle, exemplified in a polar zinc–
phthalocyanine molecule in proximity to a gold nanosphere. The corresponding nonlinear optical
rectification coefficient under external strong field excitation is derived using the steady-state solution
of the density matrix equations. We use ab initio electronic structure calculations for determining
the necessary spectroscopic data of the molecule under study, as well as classical electromagnetic
calculations for obtaining the influence of the metallic nanoparticle to the molecular spontaneous
decay rates and to the external electric field applied to the molecule. The influence of the metallic
nanoparticle to the optical rectification coefficient of the molecule is investigated by varying several
parameters of the system, such as the intensity and polarization of the incident field, as well as
the distance of the molecule from the nanoparticle, which indirectly affects the molecular pure
dephasing rate. We find that the nonlinear optical rectification coefficient can be greatly enhanced
for particular incident-field configurations and at optimal distances between the molecule and the
metallic nanoparticle.

Keywords: NOR; PDMs; asymmetric two-level quantum system; plasmonic nanoparticle; zinc–
phalocyanine molecular complex

1. Introduction

The manipulation and tuning of the nonlinear optical properties of quantum systems
(QSs) is important in various photonic applications, as it can enhance the generally weak
interaction between light and quantum matter. A method recently used for the enhance-
ment of nonlinear optical processes in QSs is the placement of the QSs near plasmonic
(mainly metallic) nanostructrures. The localized surface plasmons supported by plasmonic
nanostructures interact with the excitations of the QSs and enhance the nonlinear optical
response of the QSs. Some examples of nonlinear optical phenomena that have been stud-
ied in coupled quantum plasmonic nanostructures are nonlinear Fano resonances in the
energy absorption [1–5], optical transparency and gain without inversion [6–10], controlled
four-wave mixing and Kerr nonlinearity [11–13], as well as optical bistability [14–16].

The above phenomena have been studied in QS with inversion symmetry. Asymmetric
QSs that do not possess inversion symmetry give rise to second-order nonlinearities due
to the occurrence of otherwise forbidden electronic transitions. At the same time, the
permanent electric dipole moments (PDMs) which exist in asymmetric QSs also interact
with light and can therefore modify the nonlinear optical response of the QSs. Some of
the nonlinear optical phenomena that have been studied in isolated asymmetric QSs are
second-order harmonic generation [17], two-photon phase conjugation [18], enhanced
light emission at the terahertz [19,20], creation of high-order harmonic generation [21],
saturation of the nonlinear optical response [22], and efficient generation of correlated
photon pairs [23]. The modification of the population inversion as well as the nonlinear
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and quantum optical properties of bichromatically driven asymmetric QSs have also
attracted significant attention [24–27]. Recently, work has been devoted to the influence
of the PDMs on the optical response of asymmetric QSs in cavities [28,29]. Second-order
nonlinear optical effects have also been studied in QSs near plasmonic nanostructures. For
example, plasmon-enhanced second-harmonic generation [30–32] and difference-frequency
generation [33] have been analyzed in semiconductor quantum dots coupled with metallic
nanoparticles (MNPs).

An important second-order nonlinear optical effect is the nonlinear optical rectifica-
tion (NOR), which has also been studied in molecules and semiconductor quantum dots
near plasmonic nanostructrures [32,34,35]. Specifically, Thanopulos et al. [34] studied
the enhancement of the NOR coefficient of molecules placed near a periodic plasmonic
nanostructure under very weak excitation. The strong enhancement of the NOR coefficient
stems from the suppression of the spontaneous decay rate of the molecules due to the Pur-
cell effect induced by the periodic plasmonic nanostructure. Furthermore, Evangelou [32]
found either suppression or enhancement for the NOR coefficient of a quantum dot near
a spherical MNP under very weak excitation. In that work, the modification of the NOR
coefficient was attributed to the Purcell effect. The influence of the light intensity to the
NOR coefficient of a semiconductor quantum dot near a MNP, without taking into account
the Purcell effect, was studied by Carreño et al. who reported saturation effects [35].

In this work, we study the NOR of an inversion-symmetry-broken QS which is placed
near a MNP, both interacting with an incident electromagnetic field. More specifically,
we consider a polar zinc–phthalocyanine molecule in the vicinity of a gold nanosphere.
First, we derive the corresponding NOR coefficient under external strong field excitation
using the steady-state solution of the relevant density matrix equations. Next, we use
ab initio electronic structure calculations to determine the necessary spectroscopic data of the
molecule under study. In addition, we perform numerical electromagnetic calculations in
order to (a) calculate the modified, due to the presence of the MNP, molecular spontaneous
rates and (b) the electric field acting on the molecule which is the incident field plus
the field scattered off the MNP. In order to quantify the effect of the MNP on the NOR
coefficient, we vary different parameters of the calculation setup, such as the polarization
and intensity of the electric field, as well as the molecular pure dephasing rate. The variation
of the dephasing rate is achieved by varying the distance between the molecule and the
MNP. Lastly, we provide the optimal values of the above parameters for maximizing the
enhancement of NOR coefficient.

The paper is organized as follows. In Section 2, we derive the equation for the NOR
coefficient in the presence of the electromagnetic field using the density matrix equations for
the QS under study. In Section 3, we first introduce the electronic-structure calculations for
the molecule and then present the results for the NOR coefficient in the absence or presence
of the MNP for various parameters of the system. Finally, in Section 4, we summarize
our findings.

2. Theoretical Model

We consider a hybrid structure composed of a polar two-level QS and a MNP, as
depicted in Figure 1, where the distance between the QS and the surface of the MNP is
denoted by d. The ground (|1〉) and the excited state (|2〉) of the QS have energies h̄ω1 and
h̄ω2, respectively, while the corresponding transition dipole moment is given by ~µ12. The
two states of the QS feature unequal PDMs, ~µ11 and ~µ22, respectively, due to the absence
of the inversion symmetry in the QS. As an MNP, we consider a gold (Au) nanoparticle
of radius R = 80 nm; the local dielectric function of Au is obtained from spectroscopic
data [36]. Both the QS and the MNP are embedded in air (refractive index n = 1).
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Figure 1. The quantum system (QS) at distance d from the surface of the metallic nanoparticle (MNP)
with radius R.

The Hamiltonian of the hybrid system is given by

H(t) = ∑
i=1,2

(h̄ωi −~µii · ~E(t))|i〉〈i| − (~µ12~E(t)|1〉〈2|+ H.c.) , (1)

with ~E(t) = ~E0e−iωt + ~E∗0 eiωt, ω being the angular frequency of the field and ~E0 being the
modified external field amplitude due to the presence of the MNP.

In this work, we consider the external electric field being polarized either along the
z-axis or along the x-axis, corresponding to either radially or tangentially polarized external
field with respect to the surface of the MNP, respectively (see Figure 1). We also assume that
the dipole moments ~µ12, ~µ11 and ~µ22 are always parallel to the interacting field polarization
~E0. Therefore, in the following, we suppress the polarization indices of the dipole moments
and external electric fields, and denote µ12 = |~µ12| and Ei

0 = ~E0 (i = x, z).
The amplitude of the external electric field, Ei

0, at the position of the molecule is related
to the amplitude of incident field, E0 f , by the modified field factor |Ei| ≡ |Ei

0|/|E0 f |, which
is obtained by the Mie scattering method [37]. We note that E0 f is related to the incident
irradiation intensity I by |E0 f |2 = 2I/ncε0.

The corresponding modified field factors are shown in panel (a) in Figure 2 as functions
of the distance d between the QS and the surface of the MNP, for QS energy 1.99 eV.
The |Ez| factor decreases monotonically with increasing d, while the |Ex| factor initially
decreases below 1, assumes the minimum value 0.1 at d ≈ 10 nm, and then starts to
increase monotonically. In panel (b) of Figure 2, we present the Purcell enhancement factors
Γi = Γi

0/Γi
0 f , (i = x, z), of a QS with transition dipole moment oriented along the i-axis,

and free-space decay rate value of Γi
0 f = ω3

21µ2
12/3πc3h̄ε0, with ω21 = ω2 −ω1. These are

obtained from the electromagnetic Green’s tensor [37]. We observe that the Γz enhancement
factor decreases monotonically, and, in general, it is larger than the Γx enhancement factor.
The latter decreases up to d ≈ 34.5 nm and increases thereafter very slowly.

Figure 2. (a) The modified field factors of the field applied to the molecule and (b) the Purcell
enhancement factors of the QS as function of the distance d of the QS to the surface of the MNP.
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In order to describe the dynamics of the system within the density matrix approach,
we define the population difference ∆(t) = ρ22(t)− ρ11(t) and the optical coherence σ(t)

σ(t) = ρ12(t)e−iωt+ 2i|µ|
h̄ω (ER sin(ωt)−EI cos(ωt)), (2)

where µ = µ22 − µ11. In Equation (2), the modified field amplitude is written as a complex
number Ei

0 = ER + iEI . It follows that the equations for optical coherence and population
difference be given by

σ̇(t) =−
[

1
T2

+ iδ
]

σ(t)

+ [iΩR(A + B) + ΩI(A− B)]∆(t),
(3)

∆̇(t) =− 1
T1

[∆(t) + 1]

− 2[iΩR(A + B) + ΩI(A− B)]σ∗(t)

+ 2[iΩR(A∗ + B∗)−ΩI(A∗ − B∗)]σ(t),

(4)

with δ = ω − ω21 being the field detuning, and Ωm = µ12Em/h̄ (m = R, I) being the real
and imaginary part of the complex Rabi frequency expressed as Ω0 = ΩR + iΩI = µ12Ei

0/h̄.
In Equations (3) and (4), we also introduced

A =
+∞

∑
n=−∞

(−i)n Jn(αR)Jn(αI), (5a)

B =
+∞

∑
n=−∞

(−i)n Jn+2(αR)Jn(αI), (5b)

with Jn(·) denoting the nth-order ordinary Bessel function, and αm = 2|µ|Em
h̄ω (m = R, I).

We note that for a nonpolar system, i.e., µ = 0, the parameters A and B are equal to 1 and 0,
respectively [35].

We also note that T1 and T2 in Equations (3) and (4) are influenced by the presence of
the MNP, due to the relation 1

T2
= 1

2T1
+ γd, where T1 = 1/Γi

0, (i = x, z), is the directional
relaxation time, T2 is the corresponding dephasing relaxation time, and γd is the pure
dephasing rate of the QS, respectively.

The steady-state solutions of Equations (3) and (4) are obtained as

σ∞ = −T2[iΩR(A + B) + ΩI(A− B)]

× 1− iT2δ

1 + T2
2 δ2 + 4T1T2|Ω∗0 A + Ω0B|2 ,

(6)

∆∞ = − 1 + T2
2 δ2

1 + T2
2 δ2 + 4T1T2|Ω∗0 A + Ω0B|2 . (7)

For the calculation of the NOR coefficient, we need the induced polarization P of the
QS, which is given by P = P1 + P2, with

P1 =
1
2

Nµ(1 + ∆), (8)

P2 = Nµ12(ρ12 + ρ21). (9)

where N is the effective electron volume density of the QS. The first term, P1, which includes
the PDMs, is the main contribution to P, while the second term, including the transition
dipole µ12, is a small contribution to P, which, of course, becomes important when the
PDMs are equal [22].
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The NOR coefficient can be determined using the Equations (7) and (8), in conjunction
with the equation P = ε0χ

(2)
0 |Ei

0|2/4, due to the following identity [35]:

ε0χ
(2)
0 |Ei

0|2
4

= Nµ12(σ∞B + σ∗∞µ) +
N
2

µ(1 + ∆∞) , (10)

which finally leads in our case to the χ
(2)
0 coefficient, which is central in this work, given by

χ
(2)
0 (δ = 0, I) =

36Nπ2c6ε0|µ|
ω2

21(Γ
2
i + 2Γiγ̄d)µ

2
12

× 1

1 + 36π2c6 h̄2ε2
0δ2

ω2
21(Γi+2γ̄d)2µ4

12
+ 144π2c5ε0|Ei |2 I

ω6
21n(Γ2

i +2Γi γ̄d)µ
2
12

,
(11)

with γ̄d = γd/Γi
0 f (i = x, z). We note that the values of Γi and |Ei| depend on the distance

d between the QS and the MNP. We also note that in deriving Equation (11), we have
introduced the approximation A = 1 and B = 0 in Equations (6), (7), and (10), since
the numerical values of these two parameters are very close to 1 and 0, respectively. In
the next section, we present the results obtained by applying Equation (11) on a realistic
molecular QS.

3. Results and Discussion
3.1. The Zinc–Phthalocyanine Molecular Complex

We demonstrate the nonlinear optical response of a polar two-level QS, as presented in
the previous section on a zinc–phthalocyanine molecular complex shown in Figure 3, which
has recently been synthesized [38]. We chose this molecule because its large transition
dipole moments between the ground and first excited electronic state, as well as the notable
difference between the corresponding PDMs due to its inversion symmetry violation, lead
to pronounced NOR effects. We stress that this is just a typical molecule that has these
properties, and the effects that we describe below also apply to other molecules that possess
similar properties. In fact, currently there is intensive interest in the nonlinear optical
properties of molecules under the interaction with laser fields and several interesting and
potentially useful experimental results have been presented, see, e.g., the works in [39,40].

Z

C

Figure 3. The polar molecular complex used: the zinc–phthalocyanine complex is composed of
carbon (gray), hydrogen (white), oxygen (red), nitrogen (blue), and zinc (light blue) atoms. The
complex is not planar; however, the phthalocyanine part of the complex is planar, coinciding with the
zx-plane, as schematically shown.

In our calculations presented below, the ground and first singlet excited electronic
states of this complex are the states |1〉 and |2〉 of the QS, respectively. The corresponding
molecular spectroscopic parameters are obtained by ab initio electronic structure methods,
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after geometry optimization of the molecular structure of state |1〉 at the DFT/B3LYP/6-
311+G∗ and for state |2〉 at the TD-DFT/B3LYP/6-31-G∗ level of theory [41].

From the ab initio calculations, we obtain the QS transition energy h̄ω21 = 1.99 eV, as well
as the values of the PDMs and the transition dipole moments, as given in Table 1. Moreover,
the free-space spontaneous decay widths used are Γz

0 f ≈ 13.6 MHz and Γx
0 f ≈ 22.3 kHz when

the corresponding transition dipole moment is along the z-axis and the x-axis, respectively.

Table 1. Ab initio obtained values of dipole moments (in Debye) of the ground and first singlet excited
electronic state of the molecular complex shown in Figure 3.

Dipole Moments/D z-axis x-axis

µ11 7.2746 1.9557
µ22 6.7071 1.5723
µ12 −3.2476 0.1312

3.2. NOR of the Zinc–Phthalocyanine Complex

In Figures 4 and 5, we present the NOR coefficient χ
(2)
0 in the absence or presence of

the MNP as a function of various parameters in the case of no pure dephasing, γd = 0.

Figure 4. The χ
(2)
0 as function of δ for various intensities in absence of the MNP and γd = 0. The QS

transition dipole moment is along the z-axis (a) and along the x-axis (b).

Figure 5. The χ
(2)
0 (δ) as function of δ for various intensities in the presence of the MNP and γd = 0.

(a) The µ12 is along the z-axis and d = 50 nm. (b) The µ12 is along the x-axis and d = 34.5 nm.

More specifically, in Figure 4, we present the χ
(2)
0 (δ) at various intensities I, for a QS

with γd = 0 and a transition dipole oriented either along the z-axis [panel (a)] or along the
x-axis [panel (b)], in the absence of the MNP (i.e., d → ∞). The latter means that γ̄d = 0,
Γi = 1, and |Ei| = 1. The largest values of χ

(2)
0 (δ), for all intensities I, are obtained for

δ = 0. The corresponding values for χ
(2)
0 (δ = 0) are given by

χ
(2)
0 (δ = 0, I = 0; d = ∞) =

36Nπ2c6ε0|µ|
ω2

21µ2
12

. (12)
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and

χ
(2)
0 (δ = 0, I 6= 0; d = ∞) =

χ
(2)
0 (δ = 0, I = 0; d = ∞)

1 + 144π2c5ε0 I
ω6

21nµ2
12

. (13)

We observe that the χ
(2)
0 (δ = 0) value in each panel is maximized in the absence of

the electric field. When I 6= 0, the system reaches saturation as the field intensity increases,
resulting in a smaller value for χ

(2)
0 (δ = 0) due to the larger denominator in Equation (13).

Moreover, since χ
(2)
0 (δ = 0) is inversely proportional to µ2

12, the NOR coefficient assumes
larger values in the bottom panel than in the top panel of Figure 4. This is because µ2

12 is
smaller along the x direction than in the z direction, as shown in Table 1.

In order to assess the influence of the MNP on the NOR coefficient, in Figure 5, we
investigate the NOR coefficient at various intensities I, for γd = 0, in the presence of the
MNP, i.e., for Γi 6= 1 and |Ei| 6= 1. The QS is located at d = 50 nm and d = 34.5 nm while
its transition dipole moment is along the z- [panel (a)] and x-axis [panel (b)], respectively.
These distance values are chosen in order to have the smallest Purcell enhancement factor
in each case, according to Figure 2. Again here, the largest values of χ

(2)
0 for all values of I

are obtained at δ = 0 and they are provided by

χ
(2)
0 (δ = 0, I = 0; d) =

χ
(2)
0 (δ = 0, I = 0; d = ∞)

Γ2
i

, (14)

and

χ
(2)
0 (δ = 0, I 6= 0; d) =

χ
(2)
0 (δ = 0, I = 0; d)

1 + |Ei |2
Γ2

i

144π2c5ε0 I
ω6

21nµ2
12

. (15)

In Figure 5, we observe that χ
(2)
0 (NOR) is much stronger for tangential polarization

of the external field (panel (a)) than for the radial one. By comparing with the results of
Figure 4 (absence of MNP), when I = 0, χ

(2)
0 is suppressed by a factor equal to 0.06 for

radial polarization, and enhanced by a factor equal to 5.47 for tangential polarization of the
external field. This observation can be rationalized with the help of Equation (14) where
it can be seen that the χ

(2)
0 (δ = 0, I = 0) is inversely proportional to the Γ2

i factor in this
case. Moreover, when I 6= 0, the NOR suppression or enhancement, related to the radial
and tangential polarization of the external field, is not as pronounced as in the cases shown
in Figure 4. This is due to the presence |Ei|2/Γ2

i factor in the denominator of Equation (15).
In the next figures, Figures 6 and 7, we study how the pure dephasing rate γd affects

the NOR coefficient of the polar QS in the absence or presence of the MNP, respectively.

Figure 6. χ
(2)
0 (δ = 0) as a function of intensity I, in the absence of the MNP and for various values of

γd. The QS transition dipole moment is along the z-axis (a) and x-axis (b), respectively.
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Figure 7. χ
(2)
0 (δ = 0) as a function of the intensity I in presence of the MNP for various γd. (a) The

µ12 is along the z-axis and d = 50 nm. (b) The µ12 is along the x-axis and d = 34.5 nm.

In Figure 6, we present χ
(2)
0 (δ = 0) as a function of the intensity I, for various γd, in

the absence of the MNP, i.e., for Γi = 1 and |Ei| = 1. We find that χ
(2)
0 (δ = 0) decreases

monotonically as I increases due to saturation effects. We note that the field is polarized
along the x-axis, the saturation requires intensity three orders of magnitude smaller than for
the field being polarized along the z-axis. For γd = 0 and no external field, the χ

(2)
0 (δ = 0)

coefficient assumes its largest values, according to Equation (13). For non-zero γd, the
χ
(2)
0 (δ = 0) values in the absence of the MNP are given by

χ
(2)
0 (δ = 0, I; d = ∞) =

36Nπ2c6ε0|µ|
ω2

21(1 + 2γ̄d)µ
2
12
· 1

1 + 144π2c5ε0 I
ω6

21n(1+2γ̄d)µ
2
12

; (16)

accordingly, the nonlinear optical behavior of QS is suppressed due to the presence of the
γ̄d factor in both factors of the product of Equation (16).

Now, in presence of the MNP, for any intensity, the χ
(2)
0 (δ = 0) coefficient for γd = 0

is given by Equation (15), while in the case of γd 6= 0, it is given by

χ
(2)
0 (δ = 0, I; d) =

36Nπ2c6ε0|µ|
ω2

21(Γ
2
i + 2Γiγ̄d)µ

2
12
· 1

1 + 144π2c5ε0|Ei |2 I
ω6

21n(Γ2
i +2Γi γ̄d)µ

2
12

. (17)

We note that in Equation (17), for a given non-zero value of γd and I, it is the quantities
|Ei|2, Γ2

i and γ̄d that determine the suppression of the χ
(2)
0 (δ = 0), in comparison with

the γd = 0 cases. Accordingly, in the presence of the MNP, χ
(2)
0 (δ = 0) in Figure 7

is suppressed (for radially polarized field (panel (a))), at twice the intensity, while it is
enhanced (tangentially polarized (panel (b) field)), at half of the intensity, when we compare
it with the results shown in Figure 6.

Next, in Figure 8, we investigate χ
(2)
0 (δ = 0) as a function of the distance d between

the QS and the MNP, for z- (panel (a)) and x-polarized (panel (b)) external field, for various
values of I and no pure dephasing. The values of χ

(2)
0 (δ = 0) for I = 0 are given by

Equation (14), while for I 6= 0, they are given by Equation (15).
In the top panel of Figure 8, we observe that χ

(2)
0 (δ = 0) increases with increasing d,

due to the decrease of Γz for a z-oriented transition dipole moment of the QS (see Figure 2b).
On the other hand, in the bottom panel of Figure 8, for x-oriented external field, we observe
that χ

(2)
0 (δ = 0) increases up to d < 34.5 nm and decreases monotonically beyond this

value. For I 6= 0, χ
(2)
0 (δ = 0) is suppressed in comparison with the I = 0 case due to

saturation effects which are evident in both panels in Figure 8. Moreover, we observe that
for the tangentially polarized field, the largest value of χ

(2)
0 (δ = 0) occurs at a shorter

distance d than for the case of the radially polarized field.
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Figure 8. χ
(2)
0 (δ = 0) as a function of d, for δ = 0 and γd = 0, and different values of the intensity I.

The QS transition dipole moment is along the z-axis (a) and x-axis (b), respectively.

Lastly, in Figure 9, we present the nonlinear optical response of the QS as a function of
d for various I and for γd = Γi

0 f . For I = 0, χ
(2)
0 (δ = 0) is provided by

χ
(2)
0 (δ = 0; d) =

36Nπ2c6ε0|µ|
ω2

21(Γ
2
i + 2Γiγ̄d)µ

2
12

. (18)

Accordingly, we observe that χ
(2)
0 (δ = 0) is suppressed by a factor of 1.49 and 5.68

for radially (panel (a)) and tangentially (panel (b)) polarized fields, respectively, when
compared with the case of no pure dephasing presented in Figure 9.

Figure 9. χ
(2)
0 (δ = 0) as a function of d, for δ = 0 and γd = 0, and different values of the intensity I,

but for γd = Γi
0 f . The QS transition dipole moment is along the z-axis (a) and x-axis (b), respectively.

For non-zero intensity, in the case of a tangentially polarized field, we observe that as
the intensity increases, the highest value of χ

(2)
0 (δ = 0) occurs at slightly larger d, than in

the case of no pure dephasing (Figure 8b). We note that for γd > Γx
0 f , we find (not shown

here) that the highest value of χ
(2)
0 (δ = 0) occurs at about d = 34.5 nm; however, in this

case, the NOR process becomes very weak, with an almost vanishing χ
(2)
0 (δ = 0).

4. Conclusions

We have investigated the influence of an MNP on the phenomenon of NOR in an
inversion-symmetry-broken molecular complex, modeled as a polar two-level QS, under
external light illumination. Thus, for such a system, we have derived analytically the
equations of the NOR coefficient of the QS and obtained the spectroscopic parameters of
the molecular complex, a polar zinc–phthalocyanine complex, via ab initio methods. The
NOR process of an inversion-symmetry-broken QS, under weak field intensity, was found
to be proportional to the difference of the PDMs and inversely proportional to the square
of the transition dipole moment of the QS.

In particular, we investigated the NOR coefficient as a function of various parameters
of the QS, MNP, and incident light configuration, such as the intensity and polarization of
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the external field, the distance of the QS to the MNP, the directional decay time of the QS,
and the pure dephasing rate of the QS.

We found that in the presence of a MNP, when the electric field is polarized radially
with respect to the MNP surface, the NOR is suppressed, while it is enhanced when
the field is polarized tangentially. For both polarization directions, as the external field
intensity increases, the NOR coefficient decreases due to saturation effects. Further, when
we increase the pure dephasing rate of the QS, the NOR decreases. We also observed that,
for increasing distance d, the NOR of the QS is enhanced for radial polarization; in contrast,
when the polarization is tangential, NOR is enhanced up to some distance, but then it is
slowly suppressed with increasing d. Lastly, we found that in presence of the MNP, for
the tangential polarization of the field, the NOR process of the QS is more efficient when
compared with the free-space case, for certain values of the above variables.

Our findings can be of particular interest for topical quantum technology and nanopho-
tonic applications.
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Abstract: Sintered silver (Ag) die-attach has attracted much attention in power systems with high
power density and high operating temperature. In this paper, we proposed a novel surface mod-
ification method for Ag nanoparticles with organic amines as a coating agent for enhancing the
pressureless sintering performance. This work systematically introduced the Ag nanoparticle modifi-
cation process, Ag paste preparation, and sintering process and compared the changes in the sintering
performance of Ag nanoparticles after modification with four different alkyl chain lengths of amines.
The study showed that the sintered films of Ag nanoparticle pastes modified with n-octylamine
(NOA) can achieve the lowest resistivity of the sintered film and the highest shear strength of the
bonded joints. The resistivity of the sintered Ag film is affected by the grain size and microscopic
morphology, and the strength of the bonded joints is also related to the sintering density and the
amount of organic residues. The thermal behavior of the Ag particles coated with different amines
is measured by thermal analysis. Finally, the mechanism of NOA-modified Ag nanoparticles to
improve the sintering performance is proposed. This study can provide effective data and theoretical
support for the further promotion and application of nano-Ag pressureless sintering.

Keywords: Ag nanoparticle paste; pressureless sintering; surface modification; high-strength joint;
die-attach

1. Introduction

With the rapid development of electric vehicles, smart grids, wireless communications,
and other fields, silicon-based semiconductor devices have been unable to meet the high
temperature, high power, and other service requirements in terms of its operation junction
temperature which is below 200 ◦C and voltage blocking capabilities. Wide band gap
(WBG) semiconductors, such as SiC and GaN, with the advantages of high switching
frequency, high breakdown field strength, high bonding energy, high thermal conductivity,
high temperature operation, and radiation resistance, have become the developing direc-
tion of new generation power devices [1–5]. At the same time, its packaging methods and
interconnect materials become a real challenge in nowadays power packaging technology,
for the materials used in high temperature electronic packaging must be able to withstand
such conditions. Traditional tin-based solders are not suitable for the development needs of
wide-band-gap semiconductor because the interconnect performance declines dramatically
at service temperatures above 150 ◦C [6–12]. Diverse high temperature die attach materials
have been studied. Gold-based and zinc-based solder alloys have limited their widespread
application in power device die attachment due to their high cost, brittleness of intermetal-
lic compounds (IMCs), and poor corrosion resistance. Although transient liquid phase
bonding (TLP) can achieve bonding at lower temperatures (250–300 ◦C) and shorter times
and obtain higher remelting temperatures, the reliability of its bonding is also vulnerable
to intermetallic compound (IMCs) brittleness [13–19].
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At present, Ag sintering is a promising technology for power device interconnects.
Ag paste has low temperature sintering capability and its sintered structure has high
temperature resistance as well as excellent electrical conductivity, thermal conductivity,
and high reliability, which can meet the requirements of reliable electrical connection and
heat dissipation of high power and high junction temperature chips [20–24]. According
to previous reports [25,26], different sintering temperatures, pressures, heating times, and
sizes and shapes of the Ag particles all affect the sintered Ag microstructure and sintering
performance. The classical sintering process can be carried out at temperatures ranging
from 200 to 300 ◦C with the sintering pressure range from 10 MPa to 40 MPa [27]. How-
ever, the pastes in which the powder particles are a few to several micrometers in size
are processed at temperatures above 250 ◦C and at pressures higher than 10 MPa, which
may increase the risk of chip damage and increase the process difficulty of chip fabrication.
Therefore, the development demand for pressureless sintering Ag technology has become
an increasing urgent need. According to the size effect, the surface energy of Ag particles
will increase dramatically when they reach the nanometer scale, and the diffusivity of Ag
atoms will be significantly enhanced during the sintering process. Therefore, nano-Ag
pastes have become the primary material for the development of pressureless die-attach
technology. Meanwhile, with the development of nanotechnology, the synthesis process
of Ag nanoparticles has gradually matured, and the manufacturing cost has been well
controlled, which provides the necessary technical support for the industrial application
of nano-Ag paste. However, smaller Ag nanoparticles can easily form micron-sized ag-
glomerates at room temperature due to their overactive surface energy, which reduces the
sintering drive of the Ag paste during the sintering process and leads to degradation of
the sintering performance. Therefore, how to avoid the spontaneous agglomeration of Ag
nanoparticles at room temperature deserves further study. Based on the present state of
research [28], the main method to prevent nano-Ag agglomeration is to add a coating agent
during the synthesis of Ag monomers with Ag precursors. The types of coating agents
are generally classified as polymers and small molecule compounds. Generally, polymers
with carboxylate, amino, or hydroxyl functional groups possess high decomposition tem-
perature, such as polyacrylic acid (PAA) [29,30] and polyvinylpyrrolidone (PVP) [31–33],
and organic matter will remain after sintering and bonding, which influence their sintering
quality. Small molecule compounds are always with long alkyl chains and polar heads,
such as alkanethiols [34–36], alkylamines [37], and carboxylic acids [38], which present
a relatively wide range of decomposition temperature. Therefore, choosing the small
molecule compound coating agent with a suitable decomposition temperature becomes the
critical issue to enhance the anti-agglomeration property and the sintering performance. At
the same time, in general, the synthesis of Ag monomers also suffers from the long time
required and the instability of the product.

At present, there are few studies on the surface modification of commercial Ag
nanoparticles. Based on the demand, this work proposes a novel method for surface
modification of commercial Ag nanopowders by organic amines, which was then pre-
pared into nano-Ag paste for pressureless die-attach application. Four kinds of amines
(n-octylamine, dodecylamine, hexadecylamine, and octadecylamine) were utilized to mod-
ify nano-Ag powders by washing, dispersing, and freeze-drying processes, and sintering
and bonding experiments were conducted to character the microstructure, shear strength,
resistivity, and cross-sectional porosity of these Ag pastes. Based on the experimental
results, we found that the performance of the amine-modified Ag nanoparticles with differ-
ent chain lengths differed dramatically after sintering. This is related to the difference in
their boiling points. Then, the mechanism of organic amine modified Ag nanoparticles to
enhance low temperature sintering properties was proposed.
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2. Materials and Methods
2.1. Materials

The commercial nano-Ag powder used in this paper was purchased from Guangdong
Lingguang New Material Co., Ltd. (Zhaoqing, Guangdong, China), Octylamine, dodecy-
lamine, hexadecylamine, octadecylamine, ethanol, tert-butanol, and polyol ether organic
solvents in Ag paste were purchased from Shanghai Aladdin Bio-Chem Technology Co.,
Ltd. (Shanghai, China), and all reagents were of analytical grade without further purifica-
tion. The upper and lower substrates are DBC (Direct Bonded Copper) ceramic substrates
with Ni/Au surface coating layer, purchased from Jiangsu Ferrotec Semiconductor Co.,
Ltd. (Yancheng, Jiangsu, China).

2.2. Surface Modification of Ag Nanoparticles

In this paper, four amines with different alkyl chain lengths are introduced as coating
agents for Ag nanoparticles, which are n-octylamine (C8H19N, NOA, boiling point ~179 ◦C),
dodecylamine (C12H27N, DDA, boiling point ~258 ◦C), hexadecylamine (C16H35N, HDA,
boiling point ~322 ◦C), and octadecylamine (C18H39N, ODA, boiling point ~349 ◦C). The
coating agents were used to prevent agglomeration of nanoparticles during preservation
and before sintering. The detailed process of surface modification is described as follows.
Firstly, 2 g of commercial Ag nanoparticles were mixed with 30 mL of ethanol and then
subjected to ultrasonic dispersion and freezing centrifugation to remove organic impurities
from the surface of the Ag particles. The cleaning process was conducted 3 times for
better removal of surface impurities. Then, 30 mL of ethanol, and 0.04 g of organic amines
were mixed with the cleaned Ag powder, and the excess organic amines were removed by
ultrasonic dispersion and freezing centrifugation. Next, the nanoparticles were dispersed
into a mixture of tert-butanol and ethanol, placed in a refrigerator for 6 h, and then freeze-
dried for 10 h. Finally, the obtained surface-modified Ag nanoparticle powder was collected
for further use.

2.3. Modified Nano-Ag Paste Preparation and Bonding Process

The four amine-modified Ag nanopowders were mixed with organic solvents as
respective, and the homogeneous nano-Ag paste was formed by high-speed stirring. The
paste had an Ag content of 85 wt.% to achieve a suitable viscosity for the dispensing process.
The organic solvents in the Ag paste are ethylene glycol, terpineol and polyethylene
glycol 200, which can be completely evaporated at 250 ◦C. The pastes prepared from
unmodified Ag nanoparticles and Ag nanoparticles modified with different amines were
defined as Ag-0, Ag-NOA, Ag-DDA, Ag-HDA, and Ag-ODA, respectively. The bonding
substrate is DBC ceramic substrate with 5-µm thick Ni layer and 70-nm thick Au layer
coated on the surface of the Cu layer of the DBC. The upper and lower substrate sizes are
3 × 3 × 0.3 mm and 6 × 6 × 0.3 mm to simulate practical application scenarios. The DBC
substrates were removed from the surface contaminants on the substrate by sonication in
ethanol for 5 min before use. The Ag paste was coated on the surface of the lower DBC
substrate by a dispensing process, and then the upper substrate was placed on the Ag
paste to form a sandwich bonding structure. Figure 1 shows a schematic diagram of the Ag
paste preparation and bonding process. The interconnected joints in this experiment were
achieved by pressureless sintering of the prepared sandwich samples under environmental
conditions. During the bonding process, the sample was placed on a heating plate and
heated from 30 ◦C to 250 ◦C at a steady heating rate of 16 ◦C/min, held for different times
(10 min, 30 min, 60 min) and then cooled naturally. The heating curve of the sintering
process is shown in Figure S1.
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2.4. Measurement and Characterization

To examine the coating effect of Ag nanoparticles, Fourier transform infrared absorption
spectroscopy (FT-IR, Invenio R, Beuker, Karlsruhe, Germany), energy dispersive X-ray energy
spectroscopy (EDS, FEI Nova Nana SEM 450, FEI, Hillsboro, OR, USA), and X-ray photoelec-
tron spectroscopy (XPS, Thermo Scientific Escalab 250xi, Thermo Fisher Scientific, Waltham,
MA, USA) were used for surface composition analysis. The resistivity of the sintered Ag
films was measured by a 4-point probe system (Loresta-GP MCP-T600, Mitsubishi Chemical,
Kanagawa, Japan). Physical phase identification of sintered Ag films was conducted by
X-ray diffractometry (XRD, D8 ADVANCE A25, Beuker, Karlsruhe, Germany). The bond
strength of Ag-Au joints was evaluated by a chip shear tester (DAGE4000, Nordson DAGE,
Aylesbury, UK), with a shear head speed of 100 µm/s and a shear height of 50 µm from
the lower substrate surface. The average value of shear strength was calculated after testing
6 joints in each group. Clear and accurate cross-sectional structures of the bonded joints
were prepared by a grinding and polishing machine (Tegramin, Struers, Ballerup, Denmark).
The microscopic morphology of commercial Ag nanoparticles was observed by transmission
electron microscopy (TEM, JEM-ARM200F, JOEL, Tokyo, Japan). The sizes of commercial
Ag nanoparticles were measured by image processing software (Nano Measurer version 1.2,
Shanghai, China). The structural features of Ag nanoparticles, sintered Ag films, and bonded
joints were characterized by field emission scanning electron microscopy (FE-SEM, FEI Nova
Nana SEM 450, FEI, Hillsboro, OR, USA). The porosity of the joint cross-section was calculated
with the Image pro Plus (version 6.0, Media Cybernetics, Silver Spring, MD, USA) software.
The thermal behavior of different amine-modified Ag nanoparticles was measured using
a thermogravimetric analyzer (TGA/DSC 2, Mettler Toledo, Greifensee, Switzerland) at a
holding time of 60 min at 250 ◦C. The measurements were conducted at an air flow rate of
100 mL/min and a heating rate of 10 ◦C/min.

3. Results and Discussion
3.1. Characterization of Commercial Ag Nanoparticles

Due to the problems of unstable product batches, unknown surface organics. and poor
sintering performance of commercial Ag nanoparticles, we introduced a nano-Ag surface
modification process to improve the stability and sintering performance of Ag nanoparticle
pastes. Figure 2a shows the transmission electron micrograph (TEM) of commercial Ag
nanoparticles with spherical and quasi-spherical shapes. Figure 2b shows the particle size
distribution of Ag nanoparticles. The average particle size is approximately 50 nm, and the
distribution is concentrated between 30 nm and 80 nm. Figure 2c shows the XRD diffraction
pattern of commercial Ag nanoparticles, indicating a high purity with no other impurities.
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3.2. Analysis of the Effect of Organic Amine Modification on the Surface of Ag Nanoparticles

Figure 3 shows the FT−IR spectra of different organic amine modified Ag nanopar-
ticles. In fact, n-octylamine, dodecylamine, hexadecylamine, and octadecylamine are
all primary amines and will have two moderate intensity stretching vibration peaks at
3500–3100 cm−1, while no such stretching vibration peaks can be found on the amine-
modified Ag powder. Combined with other related reports [35,39,40], it can be inferred
that –NH2 undergoes coordination reactions with Ag atoms to form Ag–N bonds, so that
the characteristic peaks of N–H cannot be detected. Meanwhile, in the FT−IR spectra of
NOA, DDA, HDA, and ODA treated Ag powders, we find a faint stretching vibration peak
near 2750 cm−1, which is a stretching belonging to the –CH2– group on the amino chain,
which further proves the presence of amines. Figure 4a–d show the EDS energy spectra
for NOA, DDA, HDA, and ODA modified Ag powders, respectively. The characterization
results clearly show the characteristic peaks of elemental N, providing evidence that the
organic amines were not removed during the cleaning process. However, we found that
the proportion of N elements varied in different amine-modified Ag powders, which may
be related to the number of carbon chains of the amine. Specifically, longer carbon chains
will have a more significant spatial site resistance effect, which could weaken the ability
to coordinate with Ag atoms [41]. In addition, in order to further observe the elemental
and chemical states on the surface of organic amine-modified Ag nanoparticles, different
modified Ag particles are analyzed by XPS. The binding energies in the XPS spectrum of
the modified Ag particles shown in Figure 5 are calibrated by using the binding energy
of C 1s (284.8 eV). Figure 5a shows the high resolution spectrum of Ag 3d, the splitting
of the 3d double peak spanning 6 eV, which shows that the Ag nanoparticles are metallic
in nature [42]. Meanwhile, no peaks related to Ag oxide compounds (367.3 eV for AgO
and 367.7 eV for Ag2O) are found [43]. Interestingly, the Ag 3d5/2 spectrum binding
energy of Ag particles modified with NOA and DDA shifted to a higher binding energy
(368.4 eV), while the Ag 3d5/2 spectrum binding energy of Ag particles modified with
HDA and ODA decreased (368.0 eV), compared to the Ag 3d5/2 standard number binding
energy (368.2 eV). The main reason for this occurrence is the transfer of electrons due to
the interaction of organic amine and Ag nanoparticles, which is similar to other related
reports [42,44–46]. Figure 5b shows the N 1s high-resolution spectrum, which provides
conclusive evidence for the organic amine coating on the surface of the Ag nanoparticles,
and the weaker peak intensity may be caused by the low organic amine content. In order
to further confirm the absence of Ag oxide compounds in the organic amine modified Ag
powder, we conducted the analysis by XRD, as shown in Figure S2. The above results show
that all four different organic amines can form effective coating layers on the surface of
Ag nanoparticles.
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3.3. Resistivity of Ag Paste Sintered Films

Electrical resistivity is a critical parameter for die-attach materials and related to the
current handling capability and electrical power loss [47]. Different amine modified nano-
Ag pastes were sintered at 250 ◦C for 30 min to prepare the sintered films, and the effect
of the amine type on the resistivity was studied, as shown in Figure 6. The film prepared
with Ag-NOA has the lowest resistivity of only 7.31 µΩ·cm, which is approximately four
times higher than that of bulk silver (1.6 µΩ·cm). The resistivity of the film prepared with
Ag-DDA increased to 12.02 µΩ·cm, but it was still lower than that of the films prepared
with Ag-0 (19.63 µΩ·cm). However, the resistivity of the films prepared by Ag-HDA and
Ag-ODA is significantly increased to 58.66 µΩ·cm and 80.16 µΩ·cm, respectively, which
are much higher than those of the films prepared by Ag-0. The results show that the type
of amine has a significant effect on the film resistivity. NOA modification has the highest
conductivity, while HDA and ODA modifications could weaken the conductivity.
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To investigate the influence mechanism on resistivity, the crystal structures and surface
morphologies of the sintered films of different amine modified Ag pastes were characterized
by XRD and SEM, as shown in Figures 7 and 8. There are five main diffraction peaks marked
in Figure 7, namely (111), (200), (220), (311), and (222), which correspond to the crystalline
plane of the pure Ag phase. These XRD diffraction peaks are consistent with the standard
powder diffraction card (JCPDS No. 03-065-2871) for the Ag face-centered cubic crystal
structure, and no other diffraction peaks of impurities are detected. The sintered Ag films
prepared with Ag-NOA and Ag-DDA have sharp peaks, which indicates a high degree
of crystallization of the film structure and the formation of well-crystallized Ag films.
However, the sintered Ag films prepared with Ag-HDA and Ag-ODA show relatively
weak peaks, indicating a low degree of crystallization of the film structure. In addition, we
calculated the grain size of the particles in each Ag film using the Debye–Scherrer formula,
as shown in Table 1. It can be clearly found that the grain size of Ag-NOA sintering
(55.0 nm) is much larger and more crystalline than that of Ag-0 (35.66 nm) at a 2θ value
of approximately 38◦. The grain size of Ag-DDA (44.29 nm) is slightly larger than that of
Ag-0. However, the grain sizes of both Ag-HDA and Ag-ODA are smaller than that of Ag-0,
which further confirms the above analysis for crystallinity.
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Figure 7. XRD diffractograms of 30 min films sintered with different organic amine modified
Ag pastes.
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Table 1. Particle size of nano-Ag crystals in sintered films of different organic amine modified
Ag pastes.

Ag Paste 2θ (◦) FWHM Size (nm)

Ag-0 38.07556 0.24636 35.6559
Ag-NOA 38.2275 0.15977 55.00541
Ag-DDA 38.00677 0.19828 44.29276
Ag-HDA 38.1224 0.26087 33.67741
Ag-ODA 38.04315 0.36849 23.836

Figure 8a shows the SEM images of commercial Ag nanoparticles at room temperature,
showing partial spontaneous agglomeration, which is a common phenomenon of metal
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nanoparticles due to the size effect. Figure 8b–f show SEM images of the films prepared
from Ag-0, Ag-NOA, Ag-DDA, Ag-HDA, and Ag-ODA, respectively. It can be observed
that the microstructure of the films has significant differences in sintering morphology,
particle size, and degree of contact. The Ag-0 prepared films show an irregular crystal
structure, uneven size of sintered particles, poor state of particle connection, and less
sintered neck, indicating insufficient sinter formation. The film prepared by Ag-NOA
formed a smooth surface and a uniform and continuous microporous structure, which
means that it is already in a relatively adequate sintered state, consistent with the lower
resistivity of the Ag-NOA film. Although the Ag film prepared by Ag-DDA also has a
relatively dense sintering structure, the Ag particles are still not well connected in some
areas, which may account for the increased resistivity. For the Ag films prepared by Ag-
HDA and Ag-ODA, we can clearly observe that the degree of connection between Ag
nanoparticles is significantly reduced and there are still some Ag particles in an isolated
state, which indicates that sufficient sintering has not occurred, resulting in a rapid increase
in resistivity.

Combining the obtained results, it can be revealed that the Ag-NOA film has the
lowest resistivity and the best sintering density. Then, the film was prepared by sintering
Ag-NOA at 250 ◦C for 10, 30, and 60 min to investigate the effect of holding time on
resistivity, as shown in Figure 9. The film resistivity after 10 min of holding is 11.28 µΩ·cm,
which is approximately seven times higher than that of bulk Ag. When the holding time
is increased to 30 min, the resistivity decreased to 7.31 µΩ·cm. When the holding time
reaches 60 min, the film resistivity continues to decrease to 5.3 µΩ·cm, which is only about
three times the resistivity of bulk Ag and can meet the needs of industrial applications. The
above experimental results show that the resistivity decreases with the increase of holding
time, while the decrease trend slows down after 30 min sintering.
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Figure 9. Resistivity of Ag-NOA films for different holding times.

In order to explore the mechanism of holding duration on resistivity of Ag-NOA film,
the crystal structure and surface morphology of Ag film were characterized by XRD and
SEM, as shown in Figures 10 and 11. The five main diffraction peaks marked in Figure 10,
similar to the XRD characterization above, correspond to the crystalline plane of the pure
Ag phase, and no impurity diffraction peaks were detected. With a continuous increase
in the holding time, the diffraction peaks of the Ag films become sharper, which indicates
an increasing degree of crystallization of the film structure. We calculated the particle size
of Ag nanocrystals in Ag-NOA film at different holding times with the Debye–Scherrer
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formula, as shown in Table 2. With the increase of sintering time, we find that the particle
size increases, which is consistent with the XRD diffraction peak analysis.
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Figure 10. XRD diffraction patterns of Ag-NOA films at different holding times.
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Figure 11. SEM images of Ag-NOA films with different holding times at 250 ◦C (a) 10 min (b) 30 min
(c) 60 min.

Table 2. Particle size of nano-Ag crystals in Ag-NOA sintered films at different holding times.

Time (min) 2θ (◦) FWHM Size (nm)

10 38.1475 0.25118 34.97926
30 38.2275 0.15977 55.00541
60 38.2751 0.14933 58.85945

The surface morphology of Ag-NOA sintered film with different holding times was
characterized by SEM, as shown in Figure 11. With the increase of holding time, the
sintering of Ag nanoparticles gradually becomes adequate. The microstructure is looser
after holding for 10 min, and the Ag particles are irregular in shape and size, with a low
degree of connection. As the holding time increases to 30 min, the sintered connection of
Ag particles increases, and a larger sintered neck is formed. After a hold time of 60 min,
the independent Ag particles have disappeared and the Ag particles are in good contact
with each other, forming a denser sintered network structure. At the same time, the
surface pores decreased, indicating that the Ag particles have achieved sufficient sintering.
Therefore, increasing the holding time can promote the adequate sintering and diffusion of
Ag particles to form a uniform and dense sintering structure, resulting in a lower resistivity
of the film.
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It can be concluded from the above analysis that highly conductive Ag films can be
obtained by selecting suitable amine modified Ag nanoparticles for the preparation of Ag
paste. The microstructure of the film prepared by Ag-NOA is uniform and dense with a
large Ag crystal composition when held at 250 ◦C for more than 30 min, but some pores
still exist, which cannot be avoided during the sintering process [48,49]. It should be noted
here that the particle size of Ag nanoparticles calculated with XRD data belongs to primary
particles. However, the particle size shown in SEM is formed by aggregated particles
(secondary particles) [41].

3.4. Shear Strength of Bonded Joints

In order to evaluate the effect of different amine-modified Ag nanoparticles on the
bond strength, a shear strength test was conducted on these samples. Figure 12 shows the
shear strength of the joints after 30 min of sintered bonding with different amine modified
Ag pastes, indicating that the use of the appropriate chain length amine is essential for
the formation of high-strength joints. The average shear strength of Ag-0 bonded joints
without the introduction of organic amines is 35.7 MPa. The average shear strength of
the bonded joints with Ag-NOA is substantially increased to 61.8 MPa, indicating that
the NOA-modified Ag particles can significantly enhance the bond strength of the joints.
However, for the base Ag-DDA paste, the average shear strength of the bonded joints
decreases to 50.78 MPa, which may be related to the increase in the number of carbon
chains. The average shear strengths of Ag-HDA and Ag-ODA bonded joints are 34.98 MPa
and 33.73 MPa, respectively, and this result was similar to the strength of unmodified
joints. In fact, under the same conditions, the higher the number of carbon chains of the
same kind of organic substance, the higher its boiling point. The boiling points of the four
amines used in this paper increase with the number of carbon chains. Combined with the
above analysis, we speculate that the boiling point of the amine may influence the bonding
strength of the modified Ag paste, indicating that the modification of low boiling point
amine can enhance the bonding performance. The thermal analysis of the modified Ag
particles is further discussed in the following mechanistic explanation.
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Figure 12. Shear strength of bonded joints with different organic amine modified Ag pastes sintered
for 30 min.

The shear strength test above shows the optimal bonding performance of Ag-NOA
joints. To investigate the effect of Ag-NOA on the bonding strength at different holding
times, we added comparative experiments with holding times of 10 min, 45 min, and
60 min, as shown in Figure 13. The joint strength increases sharply when the holding time
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increases from 10 min to 30 min, and then increases slightly after 30 min and finally reaches
the maximum value of 69.3 MPa at 60 min. The above results indicate that joint strength is
positively correlated with holding time. The increase in sintering time leads to an increase
in joint strength, which is consistent with existing reports [25,50,51]. Meanwhile, in order to
investigate the difference of holding time on the shear strength of the four amine-modified
Ag paste bonded joints, a comparison experiment was conducted, and the joint strength
results are shown in Figure S3.
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Figure 13. Strength of Ag-NOA bonded joints at different holding times.

The fracture surface morphology of the joint is further characterized to investigate
the shear strength with different modification agents. Figure 14a–e show the SEM images
of the fracture surfaces of bonded joints sintered with different Ag pastes for 30 min. The
Ag-0 joints form fewer triangular ductile stretches of different orientations between the
Ag particles. The Ag layers at both the Ag-NOA and Ag-DDA sections tilt at a large
angle along one direction, forming a plastic fracture. The Ag-NOA shows greater plastic
tensile deformation and a denser sintered structure, indicating a very strong bond between
the sintered Ag structure and the DBC substrate. The Ag-DDA exhibits a denser porous
structure and a large honeycomb-like structure with tensile deformation. However, the
plastic deformation of the Ag-HDA fracture surface is significantly reduced and is no
longer sharp, showing a similar morphology to that of the Ag-0 joint. This indicates
that the sintering ability of the modified Ag paste is weakened after modification with
HDA. The nanoparticles in the fracture surface of the Ag-ODA joint do not undergo large-
scale deformation and the fracture position is close to the interface of the DBC substrate.
Compared to other joints, the conversion from cohesive damage to adhesive damage is
observed. This phenomenon may be related to the ODA organic residues in the bonded
structure, which prevents the sintering diffusion between the Ag particles and results in
weakening of bonding strength. Therefore, the results of the fracture surface analysis are
consistent with the measuring results of shear strength.

To explore the reasons for the difference in strength of Ag-NOA paste with different
holding times, SEM images of the fracture surface of Ag-NOA joints with holding times
of 60 min are observed, as shown in Figure 14f. It is found that the sections at 60 min
have a tighter sintered structure and longer plastic tensile deformation than sections at
30 min, which indicates that sufficient sintering between Ag particles has occurred to form
joints with shear strengths up to 69.3 MPa. This is understandable because the increase
in holding time helps the thermal decomposition of the organic matter in the Ag paste,
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which promotes the sintering diffusion between the Ag particles to form a high-density
interconnected structure.
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To investigate the relationship between the cross-sectional morphology of the joint and
the bond strength, we prepared cross-sectional observation specimens by metallographic
polishing method. Figure 15 shows the cross-sectional SEM characterization of the bonded
specimens based on different Ag pastes. Figure 15g–i correspond to the partial high
magnification features of Figure 15a–f, respectively. All joints held sintering for 30 min,
except for Figure 15f,l, which present joints formed by holding under Ag-NOA sintering
for 60 min. The pore size and porosity have a significant effect on the bonding performance
of the joints, so we calculated the porosity of six types of joints using the Image-Pro Plus
tool. In the unmodified case, there are obvious pores of different sizes in the cross-section
of Ag-0 joints (Figure 15a,g) with a porosity of 11.71%, and the unevenly distributed pores
lead to a reduction in shear strength. After the introduction of the lower boiling point NOA
coating agent, it can be observed that large areas of Ag particles fuse together to form a
uniform and continuous sintering network with a significant reduction in porosity to 5.3%
and a very tightly bound Ag-Au interface (Figure 15b,h). The Ag-DDA joint also forms a
denser sintered structure, but its pore size has slightly increased compared to Ag-NOA,
and the porosity increases to 10.91%. Although a relatively dense sintered structure is
formed in some regions of the Ag-HDA joint cross-section, large voids with 12.84% porosity
are found by high magnification (Figure 15j), and the bonding line at the Ag-Au interface
is also clearly visible, which indicates that the complete diffusion of nanoparticles at the
binding interface is not formed. Interestingly, we find that the porosities of Ag-0, Ag-DDA,
and Ag-HDA are similar, but the pore size of the latter two is significantly larger than that
of the former, and these large pores can sprout and expand into cracks [52], leading to a
decrease in shear strength. The Ag-ODA joint cross-section shows larger and more pores,
and the sintered Ag structure is looser (Figure 15e). This may be due to the failure of the
high boiling point ODA to volatilize and decompose sufficiently, and the organic residue
prevents the sufficient diffusion of Ag particles. Meanwhile, the bonding connection at
the Ag-Au interface is weaker near the interface (Figure 15k), and isolated Ag particles
are present.
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Figure 15. Cross-sections of pristine Ag pastes and different amine modified Ag paste bonded
joints (a) Ag-0 (b) Ag-NOA (c) Ag-DDA (d) Ag-HDA (e) Ag-ODA (f) Ag-NOA holding for 60 min,
(g–l) corresponding to partial enlargements of (a–f), respectively.

To investigate the effect of holding time on the cross-section of Ag-NOA joints, the
holding time was increased to 60 min. Figure 15f,l show the cross-sectional morphology of
the Ag-NOA joints at a holding time of 60 min. The morphology of the Ag particles can
hardly be observed, and sufficient diffusion is achieved at the Ag–Au bonding interface.
Figure 15f,l show the cross-sectional morphology of the Ag-NOA joints at a holding time
of 60 min. The morphology of the Ag particles can hardly be observed, and sufficient
diffusion is achieved at the Ag–Au bonding interface. Compared to the Ag-NOA joints at a
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holding time of 30 min, the porosity is slightly reduced to 3.43%. This can be explained
here by the relationship between the diffusion coefficient and diffusion length as follows:

D = D0 exp
(
−Qd

RT

)
(1)

L = (2D × t)
1
2 (2)

where D0, Qd, R, T, and t are the temperature-independent preexponential, diffusion
activation energy, gas constant, absolute temperature, and diffusion time, respectively.
According to the equations, when the sintering holding time is extended from 30 min
to 60 min, the diffusion length will only increase by 1.4 times, which is not a significant
effect for sintering [53,54]. This indicates that increasing the holding time can enhance
the sintering density of Ag-NOA joints to a lesser degree, which is verified by the small
increase in shear strength.

The chemical compositions of different Ag bonded joint cross-sections were char-
acterized by EDS energy spectra, as shown in Figure 16. The content of Ag in the joint
is compared to determine the content of organic residue in the joint. The Ag contents
in the cross-section of Ag-NOA and Ag-DDA joints are relatively higher with the Ag-0
joints, reaching 97.0 wt.% and 96.4 wt.% with relatively fewer organic residues at 30 min
of holding time. However, the Ag content in the Ag-HDA and Ag-ODA joints is reduced
relative to the Ag-0 joints, with values of 95.1 wt.% and 93.4 wt.%, respectively. It may be
that with the increase in the number of carbon chains, the higher boiling point of organic
amines is not easily decomposed and volatilized, which is not beneficial to the sintering
and diffusion of Ag particles. When the holding time is increased to 60 min, the Ag content
in the Ag-NOA joints slightly increases to 97.4 wt.%, which is similar to that of the Ag-NOA
joints at a holding time of 30 min. This indicates that most of the organic matter in the
Ag-NOA joint has been volatilized and decomposed at a holding time of 30 min.
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3.5. Sintering Mechanism

Figure 17 shows the DSC curves of different amine modified Ag nanoparticles sintered
at 250 ◦C with a holding time of 60 min, which helps to understand the sintering behavior
of the Ag paste. Within the holding time of 5 min, exothermic peaks are observed for both
unmodified Ag powders and different amine modified Ag powders. Interestingly, we find
that the exothermic peaks of the four amine modified Ag nanoparticles appear successively
with increasing boiling points. The NOA and DDA modified Ag particles show exothermic
peaks at holding times of 0.8 min and 2 min, which are earlier than the appearance of
exothermic peaks for unmodified Ag particles. However, the exothermic peaks of HDA
and ODA modified Ag particles appear later than those of unmodified Ag particles. Based
on the above analysis of the sintered Ag film and bond strength, we speculate that the
earlier appearance of the exothermic peak facilitates deeper sintering diffusion between the
Ag particles and improves the size and density of the sintered neck growth between the Ag
particles. This is consistent with the results above that low boiling point amine modified
Ag particle pastes have lower resistivity and higher joint strength.
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Figure 17. DSC curves of different amine modified Ag nanoparticles with holding time of 60 min at
250 ◦C.

The analysis based on the above results shows that the selection of suitable amine
coating agents to modify the Ag nanoparticles helps to improve the sintering performance
of the paste. In this paper, the sintering performance of amine modified Ag pastes with
different boiling points is compared and NOA was found to have the best modification
effect. Therefore, we speculate on the sintering mechanism, as shown in Figure 18. The
whole sintering process can be divided into a low-temperature stage and a high-temperature
stage. For the unmodified Ag particles, the exposed Ag nanoparticles with high surface
activity will drive surface diffusion at room temperature or lower heating temperatures,
resulting in a non-densified diffusion behavior and the formation of low-activity micron-
sized agglomerated Ag structures. The non-densified diffusion behavior of nano-Ag
in the low-temperature stage reduces the driving force required for densified diffusion.
Therefore, it is difficult to obtain excellent sintering density when sintering in the high-
temperature stage.
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Figure 18. Sintering mechanism of NOA modified Ag nanoparticle paste.

After modification by NOA, the –NH2 group undergoes a coordination reaction with
Ag atoms to form Ag–N bonds attached to the surface of the particles. Due to the presence
of the NOA coating layer, the Ag nanoparticles exhibit better dispersion and stability in
the preparation of Ag paste and storage at room temperature. In the low-temperature
stage, Ag nanoparticles do not directly trigger the sintering behavior, but first wait for the
decomposition of low boiling point NOA on the particle surface. This limits the generation
of low-density sintered structure formation of Ag nanoparticles at low heating temperature
and promotes the main diffusion of Ag nanoparticles to change from surface diffusion
to grain boundary diffusion and lattice diffusion. Smaller Ag nanoparticles with large
surface-to-volume ratio can provide enough energy to stimulate grain boundaries and
lattice diffusion, which can form a large, sintered grain size and high-density sintered
structures at high temperature stage.

In addition, the other three higher boiling point amine modified Ag particles take
longer to decompose the coating agent when sintered at 250 ◦C, and even too much organic
matter can remain. In particular, residual organic matter can weaken the sintering diffusion
between Ag particles and inhibit the densification of Ag sintering.

Based on the above analysis, it can be concluded that the commercial Ag nanoparticles
can be effectively modified and the pressureless sintering performance of the Ag pastes can
be enhanced by selecting the appropriate organic amine with the proper treatment process.
The Ag paste prepared by using n-octylamine modified Ag nanoparticles has low resistivity
and high bonding strength. Its surface morphology is uniform and dense, consisting of
larger silver grains and fewer organic residues.

4. Conclusions

In this paper, a novel surface treatment process based on commercial Ag nanoparticles
is proposed that can prevent the agglomeration of Ag nanoparticles and enhance the
Ag paste sintering performance. This method is simple, efficient, and time-saving to
operate. Four types of amine modified Ag particles with different boiling points are used
to prepare pastes, the effect of amine type on the sintering performance is investigated,
and its application in pressureless die attachment is discussed. The results show that the
-NH2 group in the organic amine adsorbs on the surface of Ag particles, forming an organic
coating layer and preventing the agglomeration of Ag particles at room temperature. The
sintering properties of Ag pastes are closely related to the amine used, since the amine
influences the thermal decomposition of the Ag particles, resulting in different grain
sizes, sintering structures, and organic residues. The grain size and sintering density
after sintering impact the resistivity of the film, with larger grains and higher density
improving the electrical conductivity of the film. Ag-NOA has the lowest resistivity of
7.31 µΩ·cm at 250 ◦C with 30 min holding time, and the result is significantly better than
that of the unmodified film. After increasing the holding time to 60 min, the resistivity
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slightly decreased to 5.3 µΩ·cm. The micro-morphology, porosity, and organic residues of
sintered Ag affect the shear strength of bonded samples. The Ag-NOA joint has a bond
strength of up to 61.8 MPa at 250 ◦C with 30 min holding time. The fracture surface shows
a clearly plastic deformation structure. The cross section shows a dense sintered network
with the lowest porosity and the highest interface connectivity. The EDS energy spectra
showed the least organic residues after Ag-NOA sinter bonding. Increasing the holding
time can promote the full diffusion sintering of Ag particles. The shear strength was
slightly increased to 69.3 MPa at 250 ◦C with 60 min holding time. In addition, we have
proposed the corresponding sintering mechanism based on the excellent sintering effect
achieved by NOA-modified Ag nanoparticle paste, explaining the influence of the organic
amine modification on the sinter formation of Ag nanoparticles in the low-temperature
stage and high-temperature stage. The study provides effective experimental data and
theoretical support for pressureless sintering technology, which has good potential for
practical application in power device packaging.
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Abstract: The dwindling supply of fossil fuels has prompted the search for an alternative energy
source that could effectively replace them. Potential renewable energy sources such as solar, wind,
tidal, and geothermal are all promising but each has its own drawbacks. Hydrogen gas on the other
hand can be combusted to produce energy with only water as a byproduct and can be steadily
generated via the aqueous media hydrolysis reaction of Sodium Borohydride (NaBH4). This study
successfully synthesized fused carbon spheres derived from sugar and decorated them with platinum
nanoparticles to form a novel composite material (PtFCS) for catalyzing this reaction. The platinum
nanoparticles were produced by reducing chloroplatinic acid in a solution with sodium borohydride
and using sodium citrate as a capping agent for the nanoparticles. Transmission electron microscopy
(TEM), Energy-dispersive X-ray spectroscopy (EDS), Fourier-transform infrared spectroscopy (FTIR),
and X-ray diffraction (XRD) were used to characterize and determine the size and shape of the Pt
nanoparticles (PtNPs) and fused carbon spheres. TEM was able to determine the average size of
the fused carbon spheres to be 200 nm and the average size for the PtNPs to be 2–3 nm. The PtFCS
composite was tested for its ability to catalyze the hydrolysis of NaBH4 under various reaction
conditions including various solution pH, various temperatures, and various dosages of sodium
borohydride. The catalyst was found to perform the best under acidic solution conditions (pH 6),
producing hydrogen at a rate of 0.0438 mL/mgcat·min. The catalyst was determined to have an
activation energy of 53.0 kJ/mol and could be used multiple times in succession with no loss in the
volume of hydrogen produced. This sugar-derived composite catalyst shows promise and could be
implemented as a sustainable catalyst for the generation of hydrogen fuel.

Keywords: hydrogen; nanoparticles; carbon; catalysis; sustainability; energy; green chemistry;
environment; metals; platinum

1. Introduction

It is no secret that the world is overly reliant on fossil fuels as an energy source with an
estimated 84.3% of all global energy being derived from these limited and environmentally
damaging fuels [1]. The combustion of these fuels is the number one source of greenhouse
gases such as carbon dioxide (CO2), and some models predict that the reserves of coal,
oil, and natural gas may be depleted in as little as 105, 35, and 37 years, respectively [2,3].
Thus, there has been a considerable global research effort that has focused on developing
an alternative energy source that is not only clean but also abundant. There are multiple
promising candidates for renewable energy including solar, wind, tidal, geothermal, and
hydrogen, each with its own set of benefits and drawbacks [4–14]. Solar energy, for example,
is a promising candidate as energy from the sun is the most abundant energy source we
have currently. Direct solar energy can be used to boil water, cook food, or even dry
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food for storage, replacing the fossil fuels that are more typically used [5]. Solar panels
have gained traction as a way to convert photovoltaic energy into electricity; however,
current solar panels are often expensive to produce and lack efficiency [6]. Wind energy is
another renewable source that is abundant and, through modern technology, has managed
to become relatively free of pollutants [7]. Opponents of wind energy point out that
the development of wind farms has led to an increase in noise pollution and that wind
turbines have disrupted the flight patterns of some bird species resulting in deaths from
collisions [8]. Tidal energy is a relatively new renewable energy source that is promising
due to it being one of the most predictable forms of renewable energy [9]. The main concern
with tidal energy is that there have not yet been enough studies on the environmental
impacts. There are concerns over the impacts the construction of tidal energy devices will
have on local species, as well as economic concerns over how these structures will affect
shipping routes [9]. Geothermal energy is another energy source that is highly consistent
like tidal energy; however, the main drawbacks of geothermal energy are inefficiency
compared to other renewable energy sources and a high initial cost to implement [10,11].
Hydrogen, which has an atomic number of 1, is the most abundant element in the universe
and primarily exists in a diatomic gaseous state. Hydrogen gas is unique not only in that it
can be combusted to produce energy, but that there are no harmful byproducts produced
via this reaction, only water. This abundance and environmentally friendly bioproduct
make hydrogen gas an extremely promising choice as a renewable energy source to replace
the world’s reliance on fossil fuels. Hydrogen gas, however, is not without its drawbacks
as the main issue standing in the way of a widely implemented hydrogen fuel economy
lies in the struggle to efficiently store it. There are two main methods of hydrogen storage,
first, keeping hydrogen in its diatomic gaseous state and compressing the gas into tanks,
and second, cooling the gas down into a liquid to be stored in refrigerated tanks. The first
method is relatively simple, however, there are safety concerns associated with compressing
the highly combustible gas. The refrigeration technique also is not ideal as the energy cost to
cool and store the gas would essentially offset the benefits of using the fuel. A different way
to store hydrogen that has gained attention in recent years is storage within the structure of
a chemical species. A class of chemicals known as metal hydrides is capable of storing large
percentages of hydrogen in their structure. Sodium borohydride (NaBH4), for example,
contains 10.8% hydrogen by weight and when mixed in and reacted with water, produces
hydrogen gas steadily over time (1) [15]. The main drawback of this reaction, however, is
that the gas is produced too slowly to be effectively utilized.

NaBH4 + 2H2O→ NaBO2 + 4H2 (1)

Transition metals have been extensively studied for their catalytic ability that stems
from their incomplete valence shells and their ability to transfer electrons. Precious metal
catalysts in particular have been studied for their catalytic ability and this team as well as
others have explored catalysts made from these metals including gold, silver, palladium,
and platinum to make this reaction more efficient [16–23]. Nanomaterials made using
these metals and more common metals such as zinc have been used for hydrogen gener-
ation [24–29], antibacterial effects [30], gas detection [31], optoelectronic properties [32],
and as catalyst [33,34]. Platinum metal, in particular, is commonly used as a catalyst in
its bulk state for hydrosilation reactions [22], oxidation of methane [35], and in catalytic
converters [36], while as nanoparticles (PtNPs), platinum has been used as a catalyst for
the hydrogenation of alkynes [37], in hydrogen fuel cells [38], and in hydrogen genera-
tion reactions [18,39]. Metal nanoparticles make excellent catalysts due to their increased
surface area over bulk materials; however, it has been noted that nanoparticles have a
tendency to agglomerate in solutions, decreasing their catalytic effectiveness [40]. A way
to mitigate this agglomeration is through the use of a support material, which gives the
nanoparticles a surface to disperse on and bind to rather than each other. There are dif-
ferent support materials available, however, support materials made from carbon are an
attractive option due to their high surface area and tensile strength [41]. Additionally, there
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is an environmentally friendly aspect to using carbon over other materials, since carbon is
regularly found in the environment, and structures made of it have an easier time breaking
down. In this study, we aimed to synthesize and characterize a novel catalyst comprised
of platinum nanoparticles supported on a fused carbon sphere composite (PtFCS). This
material was then tested for its effectiveness as a catalyst in the water-splitting reaction of
sodium borohydride under a variety of different reaction conditions including different pH
conditions, solution temperature conditions, and doses of NaBH4 added to the solution.
The activation energy of this reaction as catalyzed by PtFCS was then able to be determined
and was compared to other catalysts used in the hydrolysis of sodium borohydride.

2. Experimental
2.1. Synthesis of Platinum Nanoparticles

The platinum nanoparticles (PtNPs) were synthesized via the reduction of chloropla-
tinic acid (Cl6H2Pt). Then, 48 mL of 10 mM beta cyclodextrin solution was mixed with
1 mM of chloroplatinic acid. The mixture was stirred for 30 min. After that, 0.25 mL of
180 mM sodium borohydride (NaBH4) was added slowly to the mixture. The solution
was stirred for 2 h. The nanoparticle solution was centrifuged at 10,000 rpm for 15 min to
remove unreacted reactants.

2.2. Synthesis of Fused Carbon Spheres and Nanocomposite Catalyst

In order to synthesize the fused carbon sphere support material, dextrose was first
dissolved into deionized water resulting in a solution with a 0.5 M concentration. The
dextrose solution was then poured into the polytetrafluoroethylene inside the body of
a stainless-steel reaction vessel so that there was a 3:2 ratio of air to dextrose solution.
The stainless-steel reaction vessel containing the solution was then placed into an oven
which was heated to 473 K and left overnight, which resulted in the desired fused carbon
spheres (FCS). Once the fused carbon spheres had been formed, the solution was filtered
via vacuum filtration to collect all solid material. The solid material was then washed
several times with deionized water and left out at room temperature to dry.

The fused carbon sphere composites were produced by incipient wetness impregnation
of 100 mg of fused carbon spheres by 2 mL of the PtNPs aqueous solution. First, the dried
fused carbon spheres were placed into a small beaker. Next, the nanoparticle solution
was poured over the top of the powdered fused carbon spheres and stirred well at room
temperature. The resulting mixture was then stored at 333 K for two days to facilitate
the evaporation of excess water from the composite material. After the two days had
passed, the dried material was collected and stored until needed for characterization or the
catalytic trials.

2.3. Characterization

The PtFCS material was first characterized via transmission electron microscopy (TEM,
JEM-2100F) to confirm the adhesion of the nanoparticles to the surface of the spheres as well
as to confirm the final morphology of the nanoparticle-coated fused carbon sphere composite.

Energy-dispersive X-ray spectroscopy (EDS, ThermoScientific UltraDry, Waltham, MA,
USA) allowed us to determine what elements were present within the chemical structure
of the catalyst. The surface structure of the material after reusability trials was shown by
scanning electron microscopy (SEM, ThermoScientific UltraDry, Waltham, MA, USA).

Fourier-transform infrared spectroscopy (FTIR, Shimadzu IR-Tracer 100, Kyoto, Japan)
allowed us to determine any functional groups present in the catalyst and supported
the identification of the nanoparticles. Finally, powder X-ray diffraction (P-XRD, Rigaku
MiniFlex II Benchtop X-ray Diffractometer, Tokyo, Japan) was implemented in order to
further confirm any chemical species within our material.
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2.4. Catalysis

The setup consisted of two vacuum flasks connected to one another by a thin plastic
tube. One flask was designated as the reaction chamber inside of which the hydrolysis
reaction of sodium borohydride catalyzed by platinum-decorated fused carbon sphere
composites occurred. The second flask contained only deionized water, which would be
displaced by the hydrogen generated in the first flask. Both flasks were sealed via rubber
stoppers, however, the second flask, containing the DI water to be displaced, included
a second thin plastic tube that ran through the rubber stopper that sealed the second
flask. This second hose then hung over the mouth of a plastic cup that was placed on a
microbalance scale. The scale was then balanced and any water that was displaced by
hydrogen gas would drip into the cup so that the mass could be measured. When sodium
borohydride was added to the first flask and carefully sealed, hydrogen gas would begin to
fill the first flask. Once that flask was full of hydrogen gas, the gas would move through
the thin plastic tubing that connected the two flasks. As the gas filled the second flask, the
deionized water present in the flask would be forced up the thin plastic tube that was going
through the rubber stopper and would begin filling the cup on the micro balance scale.
This scale was connected to a laboratory computer and a measurement program was run,
which recorded the measured mass of the water displaced every 0.25 s. This experiment
was run at a variety of pH levels (6, 7, 8), temperatures (283, 288, 295, 303) K, and NaBH4
doses (625, 925, 1225) µmoles to determine optimal reaction conditions. All reactions were
stirred using a magnetic stir bar for the full two hours of the trial except in the cases of the
temperature-controlled trials, which required insulation that interfered with the magnetic
stir plate.

3. Results and Discussion

The novel PtFCS catalyst was characterized via transition electron microscopy as
shown in Figure 1. Figure 1A depicts the structure of the fused carbon sphere backbone as
a collection of semi-round fused objects with a diameter ranging from about 180 to 250 nm.
Zooming in on these spheres revealed the presence of nanoparticles, which can be seen
in Figure 1B–D. The nanoparticles can be seen spread across the fused carbon spheres in
Figure 1B or in more concentrated groups as in Figure 1C,D. From these images, the average
size of the nanoparticles was determined to be about 2.9 nm. Despite some grouping, it is
clear from these images that the platinum nanoparticles are dispersed across the materials,
showing the fused carbon sphere successfully prevented major agglomeration.
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After TEM, the PtFCS catalyst was characterized using EDS (Figure 2). The two main
elements of the PtFCS were carbon and platinum. Carbon was the most abundant element
in the composite material as the fused carbon sphere backbone is derived from carbon-
based dextrose. the platinum peaks had a low number of counts; however, this is most
likely due to the small nanoparticle size and the dispersion of nanoparticles across the
fused carbon sphere backbone. The percentage of Pt loading is 1.57% ± 0.5 (Wt%).
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Figure 2. EDS spectra for PtFCS material.

PtFCS as well as fused carbon spheres with no nanoparticles on them were charac-
terized via XRD analysis (Figure 3). A broad peak seen around 23 degrees was observed
in the fused carbon sphere material, which is indicative of the graphitic characteristics of
carbon-based materials [42]. Expectedly, this peak was also seen in the PtGLM composite
since the fused carbon sphere support makes up a majority of the catalyst. The remaining
peaks seen around 39.9◦, 46.4◦, 67.9◦, and 81.6◦ all correspond to the (111), (200), (220), and
(311) planes for the face-centered cubic structure of platinum nanoparticles (ICDD PDF
70-2431). The EDS spectra from Figure 2 confirm that there is platinum within the sample,
and the TEM images from Figure 1 showed small nanoparticles; therefore, this XRD analysis
further confirms that the metal present on the support material is platinum nanoparticles.
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The final method of characterization of the PtFCS material was through FTIR analysis
(Figure 4). Fused carbon nanospheres that contained no nanoparticles were also analyzed
for comparison purposes. There did not appear to be not much of a difference in the
locations of the peaks seen in the two materials, which could indicate that the addition of
nanoparticles did not significantly change the fused carbon sphere structure. Three major
peaks were seen in the materials that are indicative of the dextrose used to prepare the
fused carbon spheres. The broad stretch from 3600–3000 cm−1, the small peak at 2900 cm−1,
and the peak at 1700 cm−1 represent the hydroxyl (OH), alkane (C-C), and carbonyl (C=O)
functional groups of dextrose.
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The novel PtFCS composite was tested for its catalytic ability at NaBH4 doses of
625 µmol, 925 µmol, and 1225 µmol (Figure 5). At a dose of 625 µmol, the volume of
hydrogen produced by the reaction was observed to be 10.7 mL, resulting in a generation
rate of 0.0089 mL/mgcat·min for the two-hour trial. The dose of the NaBH4 was then raised
to 925 µmol which increased the volume of hydrogen generated and the generation rate
to 21.2 mL and 0.0180 mL/mgcat·min, respectively. Finally, the dose was further raised to
1225 µmol the volume and rate further increased to 26.6 mL and 0.0222 mL/mgcat·min.
It is clear from these data that as the dosage of NabH4 is increased, so did the amount
of hydrogen generated from the reaction. Based on Equation (1), this result follows the
equilibrium law as the increase in the dose of a reactant shifts the reaction to produce
more product.
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PtFCS was next tested for its catalytic ability under acidic conditions (pH 6), neutral con-
ditions (pH 7), and basic conditions (pH 8) (Figure 6). The reaction under acidic conditions or
pH 6 was observed to produce 52.5 mL of hydrogen gas at a rate of 0.0438 mL/mgcat·min. A
solution pH of 7 or neutral conditions resulted in a hydrogen generation rate of 0.0180 mL/
mgcat·min and a volume of 21.2 mL of hydrogen gas. When the pH of the solution was
raised to a basic pH of 8, a decrease in hydrogen generation was observed, with only 4.9 mL
of hydrogen gas being generated after two hours of reaction time, resulting in a reaction
rate of 0.0041 mL/mgcat·min. Based on these results, it is evident that the higher the pH
of the reaction solution, the less hydrogen gas would be generated and that the opposite
would occur for lower pHs. These results are consistent with the work of previous teams
that have explored this reaction [15,35].
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Figure 6. PtFCS catalyzed hydrolysis of NaBH4 at various pH’s.

The catalytic ability of PtFCS to hydrolyze NaBH4 was also tested at the following
temperatures: 283 K, 288 K, 295 K, and 303 K (Figure 7). The temperature of the reaction was
first raised to 303 K, which resulted in a volume of hydrogen produced to be 30.8 mL at a
rate of 0.0257 mL/mgcat·min. At room temperature (295 K), the reaction produced 21.2 mL
of hydrogen gas at a rate of 0.0180 mL/mgcat·min. When cooled to 288 K, the hydrogen
generation rate slowed to 0.0082 mL/mgcat·min producing only 9.8 mL of hydrogen gas.
Finally, when the reaction solution was further cooled to 283 K, the reaction appeared to
slow even further, producing only 7.6 mL of hydrogen gas at a rate of 0.0063 mL/mgcat·min.
These results show a direct relationship between the temperature of the reaction solution
and the volume of hydrogen gas that was produced. Since higher temperatures resulted in
more hydrogen gas being produced, it was determined that this reaction is endothermic.

Once the temperature study (Figure 7) had been completed, the data could be used
to find the activation energy of the reaction as catalyzed by PtFCS. Each temperature
tested was entered into the Arrhenius Equation (2) where k is equal to the rate constant
of the reaction at each temperature. A is equal to the pre-exponential factor, Ea is the
activation energy of the reaction, R is the universal gas constant, and lastly, T represents
the temperature tested.

k = Ae−
Ea
RT (2)

The natural log of the rate constant (k) of the reaction at each tested temperature (T)
was then plotted against 1000 divided by that temperature to create an Arrhenius plot
(Figure 8). The equation of the line from this plot allowed for the activation energy of this
reaction as catalyzed by PtFCS to be calculated as 53.0 kJ/mol. This activation energy was
then compared to other catalysts for this reaction as seen in Table 1.
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Figure 7. PtFCS catalyzed hydrolysis of NaBH4 at varying temperatures.
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Table 1. Comparison of Activation energies for the catalyzed hydrolysis of NaBH4.

Catalyst Ea (kJ mol−1) Temperature (K) Reference

Ni 71 273–308 [43]
Raney-Nickel 63 273–308 [43]

Co 75 273–308 [43]
Co/MWCNTs 63.8 303–318 [44]

CoB-zeolite-HCl 42.5 293–323 [45]
MCCC 64.3 303 [46]

Pt–Pd/CNTs 19 302–332 [47]
Au/MWCNTs 21.1 273–303 [48]
Ag/MWCNTs 44.5 273–303 [17]
Pd/MWCNTs 62.7 273–303 [19]

BCD-AuNP 54.7 283–303 [16]
PtNPs 39.2 283–303 [18]

Pd Nanocup 58.9 283–303 [49]
AgNPs 50.3 273–303 [50]

AgNP-FCS 37.0 273–303 [51]
Pt/C 45 298–313 [52]
PGO N/A 298 [53]

PtFCS 53.0 283–303 This Work

When compared to other catalysts used for this hydrolysis reaction (Table 1), PtFCS
shows relatively comparable activation energy. It has lower activation energy than bulk
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metal catalysts such as nickel, as well as certain transition metal composite catalysts such as
Ag/MWCNTs, however, it is not as low as others. Despite this relatively average activation
energy, many of the catalysts that have a lower activation energy use support materials that
are not as sustainable as fused carbon spheres, since fused carbon spheres can be derived
simply from dextrose.

The final catalytic study performed on PtFCS was its ability to be used multiple times
consecutively. A standard trial was begun at pH 7, 295 K, and using 925 µmol of NaBH4
which was run for a full two hours with magnetic stirring. After the first two hours
had been completed, an additional 925 µmol NaBH4 was added to the reaction vessel
and quickly closed, marking the start of a second two-hour trial. This same method was
then repeated for an additional three trials for a total of five trials (Figure 9). Across the
five trials, there was an observed average volume of 30.5 mL of hydrogen gas produced
per trial. It was noted that the first two trials produced similar volumes of hydrogen
gas with each subsequent trial increasing amounts. One possible explanation is that the
platinum nanoparticle supported on the fused carbon sphere catalyst was becoming more
catalytically activated with each subsequent trial, a phenomenon previously reported by
Deraedt et. al. 2014 [54]. They theorized that the BH4

− forms strong hydridic bonds with
the nanoparticles, stabilizing them and allowing for further catalyzation over the long
term. After the reusability trials, the catalyst was collected and examined by P-XRD, FTIR,
and SEM-EDS.
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Figure 9. Catalytic reusability of PtFCS after five consecutive trials.

The P-XRD spectra of PtFCS after reusability experiments are shown in Supplementary
Materials Figure S1. The broad peaks at 23◦ indicated the graphitic characteristics of carbon-
based materials. The peaks at 39◦, 46◦, 67◦, and 81◦, which correspond to the (111), (200),
(220), and (311) lattice planes of platinum nanoparticles were smaller. As discussed above,
it could be due to BH4

− forming strong bonds with nanoparticles, which affected the
crystallinity structure. The inset of Figure S1 indicated the P-XRD of sodium borohydride.
The signature peaks of sodium borohydride at 29◦, 41◦, and 48◦ were observed on the
PtFCS after reusability trials [55].

The Supplementary Materials Figures S2 and S3 indicate the FTIR of sodium borohy-
dride and PtFCS after reusability trials. Both B-H bending and stretching functional groups
at 1327 cm−1, 1095 cm−1, and 2276 cm−1 were observed on the FTIR spectra of PtFCS. The
functional groups O-H, C-C, and C=O of PtFCS were still retained after reusability trials.

The surface structure of PtFCS after reusability trials is shown in Figure S4. Through
the mapping elements on the surface, it was observed that the distribution of boron was
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matched with that of platinum. It highly supported BH4
− surrounding and stabilizing the

platinum nanoparticles, which maintained their catalytic efficiency.
A proposed mechanism for the hydrolysis of NaBH4 by the PtFCS catalyst is depicted

in Scheme 1. First, a borohydride ion (BH4
−) attaches itself to a platinum nanoparticle

resting on the surface of the fused carbon sphere material. A nearby water molecule then
attacks the boron from the borohydride and splits, leaving a hydroxyl group and releasing
a hydrogen gas molecule. This can happen up to three more times, releasing four diatomic
gas molecules in total. After the fourth hydrogen gas molecule is produced, the remaining
tetrahydroxyborate [B(OH)4] molecule can detach from the platinum nanoparticle and
allow for another BH4

− to take its place.
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4. Conclusions

In conclusion, the successful synthesis of the novel PtFCS composite was confirmed
through the use of FTIR, XRD, TEM, and EDS analysis. The catalyst was tested at various
temperatures, pH conditions, and doses of NaBH4 revealing that the reaction has an
activation energy of 53.0 kJ/mol, which is competitive compared to similar catalysts. This
catalyst produced the most hydrogen under the reaction conditions of pH 6, a temperature
of 295 K, and a dosage of 925 µmol of NaBH4. When tested for its structural stability, it
was found that the same amount of catalyst could be used at least five times in a row
with increasing volumes of hydrogen being produced with later trials. This could indicate
that with each use, the catalyst becomes further activated. Since the fused carbon sphere
backbone is synthesized from dextrose and the catalyst can be used multiple times without
a decrease in hydrogen production, this novel catalyst shows promise as a sustainable
way to produce hydrogen gas. This work can be expanded upon in a few ways. First, the
conditions we already tested could be taken further, i.e., more temperatures and more pHs.
Additionally, different metals such as gold, silver, and palladium could be tested to see how
composite catalysts made from these metals compare to this metal and previous materials.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nano13131994/s1, Figure S1: P-XRD of PtFCS after reusability trials.
The inset showed the P-XRD of sodium borohydride. The red color showed the signature peaks of
sodium borohydride. Figure S2: FTIR of sodium borohydride (NaBH4). Figure S3: FTIR of PtFCS
after reusability trials. Figure S4: (a) SEM of PtFCS after reusability trials; (b) mapping of boron (B);
(c) mapping of carbon (C); (d) mapping of platinum (Pt).
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Abstract: Near-infrared (NIR) persistent luminescence (PersL) materials have demonstrated promis-
ing developments for applications in many advanced fields due to their unique optical properties.
Both high-temperature solid-state (SS) or hydrothermal (HT) methods can successfully be used to
prepare PersL materials. In this work, Zn1.33Ga1.34Sn0.33O4:0.5%Cr3+ (ZGSO:0.5%Cr3+), a newly
proposed nanomaterial for bioimaging, was prepared using SS and HT methods. The results show
the crystal structure, morphology and optical properties of the samples that were prepared using
both methods. Briefly, the crystallite size of the ZGSO:0.5%Cr3+ prepared using the SS method is
~3 µm, and as expected, is larger than materials prepared using the HT method. However, the growth
process used in the hydrothermal environment promotes the formation of ZGSO:0.5%Cr3+ with more
uniform shapes and smaller sizes (less than 500 nm). Different diameter ranges of nanoparticles
were obtained using HT and ball milling (BM) methods (ranging from 25–50 nm) and by using SS
and BM methods (25–200 nm) as well. In addition, the SS-prepared microstructure material has
stronger PersL than HT-prepared particles before they go through ball milling to create nanomaterials.
On the contrary, after BM treatment, ZGSO:0.5%Cr3+ HT and BM NPs present higher PersL and
photoluminescence (PL) properties than ZGSO:0.5%Cr3+ SS and BM NPs, even though both kinds
of NPs present worse PersL and PL compared to the original particles before BM. To summarize:
preparation methods, whether by SS or HT, with additional grinding as a second step, can have a
significant impact on the morphological and luminescent features of ZGSO:0.5%Cr3+ PersL materials.

Keywords: persistent luminescence; phosphors; nanomaterials; Zn1.33Ga1.335Cr0.005Sn0.33O4; hydrothermal;
solid state

1. Introduction

Persistent luminescence (PersL) refers to the phenomenon where a material continues
to emit light after the excitation source has been removed [1]. PersL is applied in many
fields, such as anti-counterfeiting [2,3], information storage [4–8], thermal sensors [9],
lighting [10–15] and imaging [16–19]. In terms of imaging, the development of nanoprobes
that can emit deep-red or near-infrared (NIR) light has attracted the attention of the scientific
community [20–26]. Specifically, NIR PersL is an emerging imaging modality that is quickly
gaining popularity in the field of bioimaging, due to the key advantage of PersL being
able to provide a long-term, low-background signal, making it ideal for sensitive imaging
applications [27–32]. PersL can be easily activated with UV/visible light and X-rays,
making it a versatile tool for imaging in a range of environments and conditions [33–36].

We first reported these persistent luminescence (PersL) Zn(1+x)Ga(2−2x)SnxO4:Cr3+

spinel materials at micrometric size in 2020 [37], following our previous results obtained on
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ZnGa2O4:Cr3+ in 2011 [38]. Past works mainly focused on the Cr3+-doped gallate materials,
such as ZnGa2O4: Cr3+(ZGO) [18,39–43], Zn(1+x)Ga(2−2x)GexO4: Cr3+(ZGGO) [44] and
Zn(1+x)Ga(2−2x)SnxO4:Cr3+(ZGSO) [37]. Furthermore, recent papers dealing with spinel
materials doped with Ni, Yb and Er ions have recently been reported [3,8,24,45]. Important
applications of PersL were documented for in vitro and in vivo imaging, and these applica-
tions were widely developed through the respective authors’ research laboratories [46–48].
Cr3+ is an ideal candidate that provides the deep-red/near-infrared PersL at ~700 nm due
to the 2E→ 4A2 transition, with some contribution of a large band in longer wavelengths
from the 4T2 → 4A2 transition [49–51]. Through Sn4+-doping, the persistent luminescent
performance of Cr3+-doped zinc gallate is improved due to the increase of spinel anti-
site defects, especially for visible-light charging [37], which makes it very promising for
bioimaging applications. Some researchers have worked on different synthesis methods,
however, there are no reports regarding the comparison of various synthesis methods
within the same paper, namely the solid-state (SS) synthesis method with ball milling (BM)
and hydrothermal synthesis (HT) method with BM. Furthermore, PersL is quite interesting
to study as the property is very sensitive to the defects of crystalline quality. Indeed, traps
and recombination centers should be carefully controlled.

In this study, we prepare Zn1.33Ga1.335Sn0.33O4:0.5%Cr3+ (ZGSO:0.5%Cr3+) PersL ma-
terials using both SS and HT methods, as shown in Scheme 1. Even though these two
methods have been widely used for other materials in the industry, they have yet to be
applied to ZGSO:0.5%Cr3+. We then report our comparison of the structure, morphology
and optical properties, and use BM to downsize these compounds to nanoscale. Following
this procedure, we provide details on the optical features of ZGSO:0.5%Cr3+ nanomaterials.
Finally, in order to move toward applications, the properties of ZGSO:0.5%Cr3+ while
suspended in water are presented, including concentration and size effects. This paper sug-
gests that ZGSO:0.5%Cr3+ nanoparticles could be valuable probes for further bioimaging
applications, using the appropriate synthesis method.
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2. Materials and Methods
2.1. Materials

For the solid state method: zinc oxide (99.99%, Strem Chemicals, Newburyport,
MA, USA), gallium oxide (99.99%, Strem Chemicals, Newburyport, MA, USA), tin oxide
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(99.99%, Strem Chemicals, Newburyport, MA, USA), chromium oxide (99.99%, Alfa Aesar,
Karlsruhe, Germany).

For the hydrothermal method: zinc nitrate hexahydrate (>99%, Alfa Aesar, Karl-
sruhe, Germany), gallium oxide (99.999%, Alfa Aesar, Karlsruhe, Germany), nitric acid
(35 wt%), tin chloride pentahydrate (98%, Alfa Aesar, Karlsruhe, Germany), chromium (III)
nitrate nonahydrate (99.9%, Alfa Aesar, Karlsruhe, Germany), ammonia solution (30 wt%),
hydrochloric acid (50 mmol L−1). All the chemicals were used as received without fur-
ther purification.

2.2. Hydrothermal (HT) Method

The synthesis of ZGSO:0.5%Cr3+ refers to our previous reports [19,41], in which the tin
concentration was optimized. In this method, 8.94 mmol of gallium oxide (99.999%, Alfa
Aesar) was dissolved in 10 mL of concentrated nitric acid (35 wt%) under hydrothermal
conditions for 48 h at 150 ◦C. Next, 10 mL of a solution containing 17.82 mmol of zinc nitrate
hexahydrate (>99%, Fluka), 4.42 mmol tin chloride pentahydrate (98%, Alfa Aesar) and
0.07 mmol chromium (III) nitrate nonahydrate (99.9%, Alfa Aesar) was added to the vessel
under vigorous stirring. All the chemicals are designed corresponding to the stoichiometric
composition of Zn1.33Ga1.335Cr0.005Sn0.33O4 (ZGSO:0.5%Cr3+). The pH level of the solution
was adjusted to 7.5 using ammonia solution (30 wt%), the mixture was stirred for 3 h at
room temperature and then transferred to a stainless-steel autoclave, in which it was kept
for 24 h at 120 ◦C. Under these conditions, the hydrothermal synthesis method ranges
from about 105–107 Pa (1–100 bars) considering hydro and solvothermal methods, but at a
temperature of about 120 ◦C the pressure does not exceed 40 bars [52,53]. The resulting
solid was washed several times with water and ethanol and subsequently dried at 60 ◦C
for 2 h. 1 g of the obtained solid was sintered in air at 750 ◦C for 5 h in a tubular oven.

2.3. Solid State (SS) Method

The ZGSO:0.5%Cr3+ powder sample was synthesized by a high-temperature solid-
state method beginning with binary oxides. According to the stoichiometric ratio of the
compounds, the raw material mixture was prepared. Briefly, 17.82 mmol of ZnO, 8.94 mmol
of Ga2O3, 4.42 mmol of SnO2 and 0.035 mmol of Cr2O3, corresponding to the stoichiometric
composition of Zn1.33Ga1.335Cr0.005Sn0.33O4 (ZGSO:0.5%Cr3+), were weighed and ground
homogenously in an agate mortar and the mixture was introduced into an alumina crucible.
Next, the crucible was placed in a high-temperature furnace at 1300 ◦C for 6 h in the air
to produce the final sample [38]. After cooling to room temperature, the phosphors were
ground into fine powders.

2.4. BM Treatment

The ZGSO:0.5%Cr3+ powders (~500 mg) prepared using both methods were crushed
by a Pulverisette 7 Fritsch Planetary Ball Mill, with the addition of 1 mL of 5 mM HCl
solution, at the speed of 1000 rpm for 1 h. The mixture was transferred into a round-bottom
flask and vigorously stirred for 24 h at room temperature. The final ZGSO:0.5%Cr3+ NPs
were selected from the polydisperse colloidal via centrifugation on a SANYO MSE Mistral
1000 (SpectraLab Scientific Inc. 38 McPherson St. Markham, ON, Canada) at 3500 rpm for
5 min. To optimize the ball milling conditions using the Pulverisette 7 Fritsch Planetary Ball
Mill program, it is possible to fine tune the speed (between 0~1000 rpm) and time (0~4 h).
By changing these parameters, we found the best conditions (at a speed of 1000 rpm for
1 h), as proposed in the manuscript.

2.5. Pellets Preparation for Spectroscopy Measurement

For all dry powder luminescence measurements via spectroscopy, a pellet containing
60 mg of the prepared material and 180 mg of KBr was prepared. We compacted the
powder to form a whole pellet body with φ10 mm, with 2 mm thickness under uniaxial
pressure of 5 MPa. Pellet samples are further used for optical spectroscopy measurements.
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2.6. Characterization
2.6.1. X-ray Diffraction (XRD)

XRD of ZGSO:0.5%Cr3+ was performed on an X-ray diffractometer (XPert PRO, PAN-
alytical, Malvern Panalytical Ltd., Malvern, UK) equipped with a Ge111 single crystal
monochromator selecting the Kα1 radiation wavelength of the Cu X-ray tube (0.15405 nm).

2.6.2. Transmission Electron Microscopy (TEM)

Observations of ZGSO:0.5%Cr3+ particles were carried out on a FEI® Tecnai Spirit
G2 TEM (ThermoFisher Scientific Inc., Hillsboro, OH, USA) working with an acceleration
voltage of 120 kV. For the analysis, one drop of particle suspension is deposited on a carbon
film-coated copper grid.

2.6.3. Photoluminescence (PL)

Visible and deep red (or NIR-I) photoluminescence (PL) measurements of dry ZGSO:0.5%Cr3+

microstructured materials and NPs were performed using a CCD camera cooled at −65 ◦C
and coupled to a monochromator (Acton Spectra Pro 2500, Princeton Instruments, Trenton,
NJ, USA), at 300 grooves per mm, centered at 500 nm.

2.6.4. PL Excitation Spectroscopy

PL Excitation measurements of the dry ZGSO:0.5%Cr3+ microstructured materials and
NPs were carried out using an Agilent Cary Eclipse UV/Vis spectrophotometer.

2.6.5. Persistent Luminescence (PersL)

The dry ZGSO:0.5%Cr3+ microstructured materials and NPs samples were thermally
de-trapped at 70 ◦C before each experiment and then kept in the dark. The samples were
excited with a UV lamp for 5 min at 290 K, and after cutting off the excitation, the afterglow
was recorded for up to 60 min at the same temperature. The signal was followed with the
same camera as in the PL experiment. Afterglow decay curves were obtained by integrating
the intensity of the PersL spectra as a function of time.

2.6.6. Photoluminescence Lifetime (PL Lifetime)

To measure the PL lifetime (PL decay curves), we use a pulse EKSPLA laser (8 ns,
10 Hz) with tunable wavelengths from UV to NIR for the excitation, and for the detection,
an intensified CCD camera (ICCD) cooled at −65 ◦C, coupled to a monochromator (Acton
Spectra Pro, Princeton Instruments), with a grating of 300 grooves per mm, centered at
500 nm. The data of the decay curve were collected using Winspec software V2.6A for some
PersL decay profiles we used either the Imax Roper Pixis camera with an integration time
of 1 s (and measured the decay just after stopping the excitation) or the Optima Biospace
Lab camera described below.

2.6.7. Thermoluminescence (TL)

Thermoluminescence (TL) measurements were performed using a closed-cycle He-
flow cryostat (Sumitomo Cryogenics HC-4E) attached to a Lakeshore 340 temperature
controller. The samples were cooled down to 10 K and irradiated with a UV lamp for
10 min. Next, the TL curves were recorded at a 10 K/min incline while heating up to
470 K. The signal was recorded using an ICCD camera (Roper Pixis 100) coupled to a
visible monochromator (Acton Spectra Pro, Princeton Instruments), at 300 grooves per mm,
centered at 500 nm).

2.6.8. Persistence Luminescence of ZGSO:0.5%Cr3+ NPs Suspension

Dry ZGSO:0.5%Cr3+ NPs were weighted and dispersed into DI water filling 2 mL Ep-
pendorf, (weighing, according to the targeted concentration, from 0.2 mg/mL to 2 mg/mL),
via ultrasonic dispersion. ZGSO:0.5%Cr3+ NPs in suspension (series of concentration from
0.2 to 2 mg/mL) are transferred into a 96-well plate (0.3 mL for each suspension hole),
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and irradiated under a UV lamp for 2 min. The excited suspension was then observed
using an Optima camera (Biospace Lab, Nesles-la-Vallée, France) for 5 min of acquisition
in bioluminescence mode. After collection, M3-vision software was employed for data
treatment.

3. Results and Discussion
3.1. Crystal Structure

ZGSO:0.5%Cr3+ possesses a normal spinel structure belonging to the cubic lattice system
with two tetrahedral and four octahedral sites per formula unit, as shown in Figure S2 in the
Supplementary Materials. The ZGSO matrix is comprised of cubic, close-packed oxides
with space group Fd-3m [37]. Ga3+ cation size (0.76 Å, CN = VI) is smaller than the Zn2+

(0.88 Å, CN = VI) and Sn4+ (0.83 Å, CN = VI) cations, respectively. The radius of trivalent
cations in octahedral site Cr3+ (0.755 Å) is close to that of Ga3+, and therefore Cr3+ is
inclined to occupy the octahedral Ga3+ sites. In this structure, a part of the Zn occupies the
tetrahedral sites, while the rest of the Zn2+, as well as all Ga3+, and Sn4+ are expected to
occupy the octahedral sites [41]. To confirm the crystal structure of our materials, Powder
XRD measurements were conducted and analyzed, as shown in Figure 1. The XRD results
show that ZGSO:0.5%Cr3+ can be successfully prepared using both HT and SS methods.
All of the recorded diffraction peaks in the XRD pattern are basically consistent with the
standard ZnGa2O4 card (ICSD No. 81105) with a slight shift in the diffraction peaks due to
the presence of Sn4+ inside the structure with a larger radius than Ga3+.
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Figure 1. XRD patterns of Zn1.33Ga1.335Sn0.33O4:0.5%Cr3+ (ZGSO:0.5%Cr3+) prepared using solid-state 
(SS) or hydrothermal (HT) methods. 

3.2. Microscopic Investigation 

Figure 1. XRD patterns of Zn1.33Ga1.335Sn0.33O4:0.5%Cr3+ (ZGSO:0.5%Cr3+) prepared using
solid-state (SS) or hydrothermal (HT) methods.

3.2. Microscopic Investigation

Transmission electron microscopy (TEM) was used to determine the microstructure of
the ZGSO:0.5%Cr3+ samples (see Figure 2), prepared using both methods, ZGSO:0.5%Cr3+

SS (a–c) and ZGSO: Cr3+ HT (d–f). These microscopy images show that particle sizes of
ZGSO:0.5%Cr3+ prepared using the solid-state method are larger than 1 µm. In fact, most of
the particles are about 3 µm (see Figure 2a). Their irregular shape is due to a higher degree
of agglomeration, and the formation of crystalline structures, as in the electron diffraction
(ED) results of the polycrystal, could be approximated by an annular diffraction spot (in
Figure 2c). On the contrary, the growth process used in the hydrothermal environment
promotes the formation of ZGSO:0.5%Cr3+ HT materials with smaller sizes (less than
500 nm, not shown here), and more uniform shapes (in Figure 2d) when compared to
the ones obtained using the SS method. The ED of the particles prepared using the HT
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method also shows the formation of single crystal-like nanostructures with regular shapes
(in Figure 2f).
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To obtain nanoparticles from both methods, it is necessary to grind the particles a
second time, to reduce the size of the grains. This leads to size dispersion, as seen in
Figure 2b. Nanoparticles with different diameter ranges could be further extracted using
SS and BM (sizes in the range of 25–200 nm) as seen in Figure 2b, and ranging from
25–50 nm for HT and BM, as seen in Figure 2d,e. Monodisperse and smaller average-
sized nanoparticles are obtained for ZGSO:0.5%Cr3+ HT and BM in comparison to the
ones prepared using solid-state and ball milling. Particles are selected via high-speed
centrifugation (speed of 1000 rpm for 1 h). For example, ZGSO:0.5%Cr3+ NPs with average
sizes of ~25, ~35 and ~50 nm can be separately selected for further measurements in
Section 3.4. Usually, there is less than a 10% margin of error in determining the NPs sizes
(for example, NPs diameter = 25 nm ± 2 nm; 50 nm ± 5 nm).

3.3. Optical Properties

The effect of the preparation method on the optical properties of the Zn1.33Ga1.335Sn0.33O4:
0.5%Cr3+ (ZGSO:0.5%Cr3+) was also analyzed. Normalized PL excitation spectra mon-
itoring emission at 700 nm (shown in Figure 3a) presents large UV excitation peaks (at
wavelengths below 370 nm) for all samples. This can be attributed to the band gap energy
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of these materials. The other two excitation peaks located at ~425 nm and ~580 nm, respec-
tively, typical of the trivalent chromium (4A2→4T1 and 4A2→4T2 transitions, respectively)
can be observed as well. Throughout both synthesis methods and comparisons of excitation
bands before and after BM, no band shift could be observed. This suggests that, in all cases,
Cr3+ is under the same crystal field and environment. This indicates that Sn4+ content
remains at the same level in both cases, as the introduction of Sn4+ instead of Ga3+ in this
ZGSO matrix drastically modifies the crystal field around Cr3+, and therefore its excitation
wavelength, as reported by Pan et al. [37]. The presence of these bands also indicates that
Cr3+ can be directly excited through the 4A2 → 4T1 (4F) and 4A2 → 4T2 (4F) transitions.
After BM treatment, the excitation peaks of both ZGSO:0.5%Cr3+ samples do not move,
which means that the decrease in size to nanoscale does not change the Cr3+ crystal field.
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Figure 3. (a) PL Excitation with λem = 700 nm, (b) emission spectra with λexc = 275 nm, (c) lifetime
curve (λexc = 450 nm), (d) PL digital images of the ZGSO:0.5%Cr3+ phosphors prepared using solid-
state or hydrothermal methods, before and after BM treatment, in dry powder form during excitation
with a UV lamp (λexc = 254 nm, room temperature).

As can be seen from the emission spectra obtained under excitation at 275 nm (UV
excitation) in Figure 3b, both synthesized samples before BM have a strong emission peak
at ~700 nm in the deep red (or NIR-I) range. While the emission peak is mainly caused by
the 2E→ 4A2 transition of Cr3+, there is a small contribution from the 4T2→ 4A2 transition,
as these levels are in thermal equilibrium [38]. In relation to their emission bands, there
is a higher PL intensity ratio of Cr3+ 4T2 → 4A2 transition over 2E→ 4A2 transition in the
solid-state samples compared to the samples obtained using the HT method [54,55]. When
samples were treated by BM for HT and SS, an increased contribution of the 4T2 →4A2
transition was found. The increase of 4T2 → 4A2 to 2E→ 4A2 ratio after BM suggests the
creation of new non-radiative energy loss paths after obtaining the nanoparticles, possibly
due to the formation of surface defects, which is a side effect of the BM procedure and also
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explains the poor signal to noise ratio in samples after BM. In Figure 3d, the image obtained
during UV excitation of the samples clearly shows that after BM there is a significant
decrease in the PL intensity.

Lifetime was used for the evaluation of the optical properties of materials, with a
focus on their efficiencies. For the 2E emission level of Cr3+ in ZGSO, a lifetime value of
around 3 ms was found for the material prepared using the HT method, while for the
material prepared using the SS method, its lifetime value is around 1.6 ms when excited at
450 nm. Even after changing the excitation wavelengths through a large excitation energy
range from 254 nm to 550 nm, Cr3+ 2E manifold lifetime does not change significantly
(Figure S1). It is at first quite surprising to find higher lifetime values for the material
prepared using the HT method, as the calcination temperature is lower, which usually
leads to lower crystallinity and the existence of additional non-radiative paths, decreasing
the average lifetime. However, in PersL phosphors, as trapping is the most relevant effect,
this suggests that during excitation, traps are being filled, which would reduce the lifetime
of the manifold. This will be investigated in more detail in the following section (see
Figure 4d) with thermoluminescence glow curves. In the case of ZGSO:0.5%Cr3+, one must
also consider that in the solid-state elaboration method, there is also a higher contribution
of the 4T2→ 4A2 transition, which also explains the lower lifetime value when compared to
the samples prepared using the HT method. After BM, lifetime values for both preparation
methods decrease. 2E manifold lifetimes decrease from 3 ms to 0.95 ms for hydrothermal
method and from 1.69 ms to 0.69 ms for solid-state one, respectively, corroborating the BM
effect on the PersL intensity. As for the PL intensity, lifetime measurements show that the
BM creates alternative, non-radiative pathways, as the 2E manifold’s lifetime decreases
drastically following the formation of nanoparticles.
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To evaluate the PersL properties of ZGSO:0.5%Cr3+ prepared using solid-state (SS)
or hydrothermal (HT) methods, before and after BM treatment, their decay curves in a
longer time range were collected (in Figure 4b) by monitoring Cr3+ emission at ~700 nm
after 5 min of UV excitation. The nature of the antisite defects and mechanism of persistent
luminescence for this family of materials is well known [36,37] and will not be discussed in
detail in this work. When comparing the PersL of the four samples, samples prepared using
the solid-state method appear to be the most effective. When comparing both materials
before BM, the higher synthesis temperature of the material prepared using the solid-state
method is responsible for a higher crystallinity, and due to the thermodynamic nature
of the defect formation, there is also a higher concentration of controlled defects useful
for PersL using this synthesis method. Controlled defects mean that the defect’s depth
is well adapted to the persistent luminescence, namely at about 0.5–0.7 eV below the
conduction band. However, after BM and nanoparticles extraction, both materials have lost
significant performance, with the one prepared using the HT method remaining slightly
superior. The crucial effects of BM leading to performance losses can be attributed to
the formation of quenching defects and non-radiative pathways, interfering with energy
storage in controlled defects and antisites, for instance, favorable to PersL, thus decreasing
their PersL performance [56]. In terms of emission profiles (see Figure 4a,c), the samples
prepared by the solid-state method have a higher relative contribution of the 4T2 → 4A2
emission, as also recognized from photoluminescence features.

As PersL is closely related to the existence of traps, the traps depth profile was studied
by their thermoluminescence glow curves (λexc = 254 nm, Figure 4d). Notice that traps
depths about 0.5–0.7 eV below the conduction band roughly correspond to peaks in the
thermoluminescence glow curves around 250 to 350 K. For both materials prior to BM,
the thermoluminescence glow curve shows maximum emission around 255 K. This, as
shown previously for ZGSO [19,37], suggests that an important part of ZGSO’s traps
are outside the optimal temperature range for long persistent phosphors, being quickly
thermalized at room temperature. However, this is indeed favorable for bio-imaging, as
the intensity in the first minutes will therefore be enhanced [37]. In both cases, the bands
are large, with full width at half maximum (FWHM) of 145 K and 160 K for solid state and
hydrothermal methods, respectively. The broadness of this band is a consequence of the
formation of SnGa

◦ and ZnGa’ defects acting as electron and hole traps, respectively, when
Sn4+ is added to ZnGa2O4 [37]. In terms of absolute intensity, through signal-to-noise ratio
comparison, the sample prepared by solid-state has a much higher thermoluminescence
intensity. This is in correlation with the higher PersL of this sample, and is likely related,
as stated previously, to the thermodynamics of defect formation at higher temperatures,
allowing more energy storage.

3.4. Colloidal Stability and PersL Properties of NPs in Suspension

Taking into account further applications of ZGSO:0.5%Cr3+ PersL NPs for bioimag-
ing as presented previously [57], circulating NPs could have a long journey via blood
circulation (pH ≈ 7.4) until they reach their target or are trapped by the liver, for in-
stance. Therefore, suspension in water is an important step for the stability characteristic
of the ZGSO:0.5%Cr3+ PersL NPs, even though suspension in water is different from the
real in vivo system and environment. Respectively, ZGSO:0.5%Cr3+ SS and BM NPs and
ZGSO:0.5%Cr3+ HT and BM NPs are washed via DI water twice and then dispersed into
DI water via ultrasonic dispersion into. Both kinds of NP’s suspension samples with
a concentration ~0.2 mg/mL are pipetted into a cave (3 mL). The stability of the NP’s
suspension is characterized by the sedimentation behavior of NPs in water suspension.
Figure 5a shows the colloidal stability of ZGSO:0.5%Cr3+ NPs dispersed in water after
BM treatment of materials prepared using both the solid-state (SS) and hydrothermal (HT)
methods. As can be seen in Figure 5a, up to at least 6 h, there are no apparent changes in
the stability or decantation of the solid. Subsequently, the PersL NPs in suspension were
excited by UV (254 nm) for 2 min, as shown in Figure 5b. The PersL decay curves of the sus-
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pension samples are reported in Figure 5c. PersL NPs in suspension with ZGSO:0.5%Cr3+

prepared using the HT method present higher intensity and longer durations than those
prepared using the SS method, which is correlated to the PersL results obtained from
the dry NPs after BM. This may be related to the controlled growth conditions and the
smaller particles formed during the HT synthesis (as seen in TEM) and slower reaction
rates in the hydrothermal environment. The HT reaction condition can help preserve the
luminescent centers and reduce the formation of quenching defects even after BM. Thus,
ZGSO:0.5%Cr3+ NPs can present more effective optical properties when made using the
HT method. Furthermore, ZGSO:0.5%Cr3+ HT and BM NPs also show remarkable optical
stimulated luminescence (OSL) properties (Figure 5d) when excited by a NIR laser diode.
This corresponds to light-induced trap redistribution. The suspension of ZGSO:0.5%Cr3+

HT and BM NPs presents desirable optical stimulated PersL property over several cycles
after excitation under 980 nm laser (see Figure 5e).
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Figure 5. (a) Suspension stability measurement of the NPs obtained using the solid-state or hydrother-
mal methods, ZGSO:0.5%Cr3+ NPs dispersed in water for up to 6 h, (b) scheme of UV excitation
for PersL of ZGSO:0.5%Cr3+ NPs suspension, (c) PersL decay curves of the suspension (0.2 mg/mL
dispersed ZGSO:0.5%Cr3+NPs prepared using both methods). (d) scheme and (e) decay curve of NIR
optical stimulated luminescence of the ZGSO:0.5%Cr3+ HT NPs with ~25 nm diameter in 0.2 mg/mL
water suspension. (Excitation by 980 nm laser diode with three cycles).

To better understand the nanoparticles’ size effect on PersL properties in suspension,
suspension samples of ZGSO:0.5%Cr3+ NPs (0.2 mg/mL in DI water) were prepared, for
both the SS and HT methods, using NPs with average sizes of 25, 35 and 50 nm (with <10%
size errors, when determining average particle size under TEM). NPs were selected via
careful centrifugation. Figure 6a shows the total counts of PersL intensity (5 min acquisition
time), monitored at 700 nm, for the three ZGSO:0.5%Cr3+ NP sizes obtained using the SS
method after BM treatment. Meanwhile, their decay curves are shown in Figure 6c. The
same was repeated for ZGSO:0.5%Cr3+ NPs obtained using the HT method after BM, as
can be seen in Figure 6b,d. All signal acquisitions of the suspension samples started 1 min
after a 2 min irradiation with UV light. Higher average particle sizes yield higher persistent
luminescence signal intensity, as they have a lower surface-to-volume ratio. Due to this
lower ratio, less energy is lost through surface ligands and defects. When comparing both
methods, one can observe that the PersL intensity of nanoparticles prepared using the HT
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method is about 50 times more intense than the one prepared using the SS method with
similar particle sizes.
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Figure 6. (a,b) Total counts of PersL of ZGSO:0.5%Cr3+ NPs prepared using solid-state and hy-
drothermal methods, with different diameters in suspension (in water) with 0.2 mg/mL and (c,d) their
respective decay curves (acquisition time of 5 min, starting 1 min after stopping 254 nm excitation).

To understand the relationship between the PersL and the ZGSO:0.5%Cr3+NPs’ mass con-
centration in suspension, the suspension samples with a series of concentration (0.5 mg/mL,
1 mg/mL and 2 mg/mL) were prepared for both SS and HT methods, using nanoparticles
of average size (~25 nm, as measured by TEM). Figure 7a shows the total counts of PersL
(5 min. acquisition) monitored at 700 nm NPs obtained using the SS method, after BM treat-
ment. Their respective decay curves are presented in Figure 7c. Similarly, the total counts
of the ZGSO:0.5%Cr3+ suspensions prepared using the HT method and their respective
decay curves are shown in Figure 7b,d. As expected, a concentration increase is responsible
for a significant increase in collected PersL signals. The signal intensity collected from
ZGSO:0.5%Cr3+ NPs obtained using the HT method is around 50 times higher than that of
the NPs obtained using the SS method for a given concentration.
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4. Conclusions

In this work, Zn1.33Ga1.335Sn0.33O4:0.5%Cr3+ (ZGSO:0.5%Cr3+) deep-red persistent lu-
minescence phosphors were successfully prepared using solid-state (SS) and hydrothermal
(HT) methods. The characterization results clearly show the significant impacts of the grind-
ing method on the structural, morphological and luminescent properties of ZGSO:0.5%Cr3+.
Briefly, the SS method, without further grinding, leads to irregularly shaped particles, and
a crystallite size of the ZGSO:0.5%Cr3+ phosphor over 1 µm. Furthermore, SS-prepared
micrometric phosphors exhibit high efficiency in terms of persistent luminescence (PersL)
duration, which is correlated to the high-temperature reaction. This method leads to the
narrowing of defects’ energy measured by thermoluminescence (TL) and their localiza-
tion below the conduction band, as evidenced by the TL glow curve observed between
250–300 K. Even after mechanical ball milling (BM) treatment, the size of the NPs is hardly
reduced to reach 25 nm, while their PersL intensity drastically decreases.

On the other hand, for those prepared using the HT method, the growth process of the
nanoparticles in the hydrothermal environment promotes the formation of ZGSO:0.5%Cr3+

with more uniform shapes and smaller sizes, thus even after a BM treatment, the size of
NP products are easily reduced, and their PersL is proportionally less reduced than NPs
obtained from the top-down solid state process. For both preparation methods, BM creates
new non-radiative energy loss paths, possibly due to the formation of surface defects,
which leads to a significant decrease in the PL intensity, a shorter PL lifetime, and weaker
PersL performance.
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To conclude, on one hand, for applications where particle size is not critical, such as
anti-counterfeiting and lighting, ZGSO:0.5%Cr3+ prepared using the SS method shows more
effective persistent luminescence properties than those prepared using the HT method, and
is therefore the optimal choice. On the other hand, when nanoparticles are required, such as
in bioimaging and theranostics [58–60], ZGSO:0.5%Cr3+ HT and BM NPs are indeed more
interesting, presenting higher luminescent intensity and longer PersL duration compared
to ZGSO:0.5%Cr3+ SS and BM NPs. This is observed in both dry powder and suspension.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/nano13152175/s1, Figure S1. Lifetime decay profiles of Zn1.33Ga1.335Sn0.33O4:Cr3+

(ZGSO:0.5%Cr3+) phosphors prepared by (a) solid-state and (b) hydrothermal methods before BM,
under the different wavelengths of the laser excitation. Figure S2. (a) Crystal structure of the ZnGa2O4
normal spinel. The blue spheres represent Zn, red spheres represent O, and yellow spheres represent
Ga. (b) Polyhedral view of a complex spinel. Tetrahedral sites are expected to be filled by Zn2+ ions,
the octahedral sites are filled by the remaining Zn2+ ions and all Sn4+ and Ga3+ ions.
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Abstract: Most common wastewater treatment technologies for ion extraction and recovery rely on
pumping wastewater through ion-exchange columns, filled with surface-functionalized polymer
microspheres. To avoid the energetically intensive process of pumping large quantities of water
through ion-exchange columns, alternative technologies are being developed, such as water-floating
membranes containing ligands. In this context, innovative materials could be deployed. Here, we
report nanostructured paraffine wax microspheres capable of floating on water, a design based on
Pickering emulsion technology, where Janus nanoparticles act both as emulsion stabilizers and as
ligand carriers. In the process of emulsification of molten wax in water, followed by cooling, the
branched polyethylenimine (bPEI) carrying Janus nanoparticles are trapped at the molten wax/water
interface, forming spherical microspheres or colloidosomes decorated with nanoparticles. The
paraffine wax colloidosomes stabilized by ligand-carrying Janus nanoparticles are capable of floating
on water and show high metal ion extraction capacities towards Cr(VI), Co(II), Ni(II), Cu(II) and
Zn(II). In addition, we demonstrate that the ions can be recovered from the colloidosomes and
that the colloidosomes can withstand several extraction/recovery cycles with little or no loss in the
absorption capacity.

Keywords: Janus nanoparticles; colloidosomes; metal ion extraction; wastewater treatment;
Pickering emulsions

1. Introduction

The development of energetically efficient wastewater treatment technologies for
the removal of small organic pollutants or heavy metal ions is of paramount importance
for maintaining a clean environment and mitigating current water pollution problems.
The advantages and drawbacks of various existing technologies for metal ion removal
from wastewater, such as chemical precipitation, ion exchange, adsorption, membrane
filtration, coagulation and flocculation, flotation, electrochemical treatment, etc., have been
extensively reviewed [1]. Finding alternative technologies to the currently existing methods
that avoid secondary pollution, generation of solid waste, are energetically efficient and
have low operation costs could be achieved by deployment of advanced materials, and
this represents a forthcoming challenge for fundamental science and engineering. In this
context, for extraction and removal of metal ion pollutants or hydrological mining of noble
metals, liquid membranes technologies such as bulk liquid membranes (BLMs), emulsion
liquid membranes (ELMs) [2], supported liquid membrane (SLMs) [3] supported ionic
liquid membranes (SILM) [4], or polymer inclusion membranes (PIM) [5,6], nanoparticles
incorporated into an absorptive film [7], have been proposed as energetically efficient
alternatives to classical methods. All these alternative methods involve the interfacial
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transfer of the metal ions from the water phase into a liquid organic phase or a solid-state
polymer containing chelating agents. For example, in ELMs methods, the oil-in-water (o/w)
emulsion, with the organic phase containing a chelating agent, is stirred in a reservoir until
the ion extraction is completed. For a large interfacial area and efficient extraction, small
emulsion droplets are required, however, droplet coalescence and emulsion stability are
the limiting factors of the method, which must be resolved [8]. One possible solution to
solve the emulsion stability in ELMs is to use the more stable Pickering emulsions, which
are emulsions stabilized by nanoparticles or amphiphilic Janus nanoparticles (JNPs) [9,10].
In this case, amphiphilic nanoparticles such as JNPs can play a double role, as emulsion
stabilizers in ELMs but also as ligand carriers, whereas ligands can be immobilized on
the surface of the nanoparticle by specific surface grafting techniques. In this work we
synthesize amphiphilic JNPs, which carry ligands and are also interfacially active, being
capable of partitioning at the oil-water interface and are thus able to stabilize Pickering
emulsions. JNPs are asymmetric nanoparticles consisting of at least two lobes differing in
their chemical composition or surface properties. The contrasting properties between lobes
give rise to an intrinsic amphiphilic property resembling molecular surfactants [11,12].
With the help of these ligand-carrying amphiphilic JNPs, we emulsify molten paraffin
wax to create o/w emulsions. The proof of concept of this technology is illustrated in the
cartoon of Scheme 1. By emulsifying the molten wax in water, colloidosomes are obtained,
which have a monolayer of amphiphilic JNPs at their surface. Amphiphilicity is key to the
emulsification ability of the JNPs [13]. Colloidosomes can be defined as microcapsules with
a shell of nanoparticles, which are obtained by self-assembly of nanoparticles at the interface
between two immiscible liquids, most commonly water and oil [14]; these colloidosomes
can be employed directly for ion extraction. Although the molten wax colloidosomes
cannot preserve their integrity in ion extraction and recovery cycles, upon cooling, the
liquid molten paraffin droplets solidify, generating surface nanostructured microspheres
by trapping the Janus nanoparticles at the interface. The aim of this work is to show
that water-floating wax microspheres decorated with ligand-carrying JNPs, which result
from the solidification of wax-in-water Pickering emulsions, can be successfully employed
for metal ion extraction, as depicted in Scheme 1. Furthermore, the resulting solid-state
colloidosomes/microspheres can be easily regenerated and re-used in many metal ion
extraction cycles. The great advantage of using wax colloidosomes over liquid emulsions is
that the wax colloidosomes, in absence of stirring, float on the surface of the water which
greatly simplifies the collection process, eliminating the need for filtration and further
processing steps. The novelty of this work consists in obtaining paraffin microspheres
decorated with amphiphilic JNPs that carry ligands and employing them in ion extraction
technologies. In addition, their ability to float on water surfaces makes them attractive for
the fact that they can be easily collected by water-sweeping barriers and thus minimize the
microparticle loss in the water and water pollution with microplastics. This could be a great
advantage for the treatment of wastewater, especially in comparison to more energetically
intensive techniques based on pumping water through ion exchange columns and can be
more practical than the above-mentioned liquid-based floating membrane technologies
SLM, ELM and PIM. The collected microspheres from the water surface can be regenerated
by the recovery of the absorbed ions in acidic water and can be reutilized in ion extraction,
see Scheme 1. To demonstrate this, we use amphiphilic Janus nanoparticles and solid
Pickering emulsion for the recovery of Cr(VI), Co(II), Ni(II), Cu(II), Zn(II), which are among
the most common heavy metal ions found in wastewater.
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somes, and microspheres decorated with ligand-carrying JNPs; (B) Principles of the method for
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2. Materials and Methods
2.1. Materials

Styrene (St) (>99%), divinylbenzene (DVB) (80%), sodium 4-vinylbenzenesulfonate (NaVBS)
(>90%), ammonium persulfate (NH4)2S2O8 (APS) (>98%), 2,2′-azobis(2-methylpropionitrile)
(AIBN) (>98%), ammonium hydroxide solution (NH4·OH) (28%) and basic alumina (Al2O3)
(≥98%), 3-(triethoxysilyl)propionitrile (TESPN) (97%), 3-(triethoxysilyl)propyl-methacrylate
(TSPM) (99%), sulfuric acid (H2SO4) (95.0–98.0%), branched polyethyleneimine (bPEI, Mn ≈
10,000 by GPC, Mw ≈ 25,000 by LS) and paraffin wax (mp 53–58 ◦C) were purchased from
Sigma-Aldrich (Buchs, Switzerland). N,N’-diisopropylcarbodiimide (DIC) (99%) was purchased
from Acros Organics (Basel, Switzerland). St and DVB were passed through basic alumina to
remove the stabilizer before usage. AIBN was purified by re-crystallization twice from methanol
and stored at −20 ◦C before usage. Other reagents were used as received. Ultrapure water
(UPW; conductivity c = 0.055 µS/cm and resistivity, ρ = 18.2 MΩ cm at 298 K) was obtained
from an Arium 611 VF water purification system (Startorius stedim biotech, Aubagne, France),
and it was used as the aqueous medium in all experiments.

2.2. Synthesis of PS Seed Nanoparticles

The surfactant-free emulsion co-polymerization of styrene (St), divinylbenzene (DVB)
and sodium vinylbenzenesulfonate (NaVBS) was performed according to a procedure we
have previously reported [10,15].
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2.3. Synthesis and Surface Modification of Janus Nanoparticles

To differentiate between the multiple types of particles and lobe size ratios, the notation
JNP-X-Y was adopted, where X is the predominant surface group on the P(3-TSPM) lobe
(e.g., CN) and Y is the volume of 3-TSPM/3-TSPCN mixture in mL per 1 g of PS seed NPs.

The synthesis procedure is described in the example of JNP-CN 2 mL. Reagent quanti-
ties used for the synthesis of the homologous series (JNP-CN 2 to JNP-CN 4 mL) are given
in the Supporting Information (SI).

A suspension of 2 g PS seed NPs in UPW was deoxygenated by bubbling Ar gas under
stirring at room temperature (RT). 3 mL 3-TSPM, 1 mL 3-TSPCN and 40 mg AIBN were
mixed in a scintillator vial and sonicated for a few seconds to dissolve the AIBN. A total
of 11 mL of argonated UPW was added to the mixture, which was then cooled to approx.
−40 ◦C using an ice/acetone bath. The mixture was emulsified by ultrasonication (Branson
Sonifier 450, 1⁄2 inch processing horn, Branson Ultrasonics Dietzenbach, Dietzenbach, Ger-
many, 2 min at 50% intensity). The monomer-in-water emulsion (which is an o/w emulsion)
was added to the dispersion of PS seed NPs using a syringe. The reaction mixture was
left to stir at RT for approx. 3 h. 15 droplets of NH4OH (30% aq. sol.) were then added
to adjust the pH to 9. The polymerization was carried out under an Ar atmosphere while
stirring at 70 ◦C for approx. 12 h. The JNPs were purified by centrifugation/resuspension
in ethanol (EtOH) and UPW (three cycles each).

The JNP-CN were then hydrolyzed to JNP-COOH in HCl 2.5 M under reflux for
approx. 12 h. The particles were washed by centrifugation/resuspension in UPW until the
supernatant had a neutral pH.

2.4. Grafting of bPEI to the Janus Nanoparticles

The JNP-bPEI used for the metal ion extraction studies was synthesized using an
excess of bPEI and DIC. The quantities of the reagents used for the bPEI loading study are
given in the Supplementary Materials.

To a suspension of 2 g JNP-COOH in dry N,N-dimethylformamide (DMF), 10 mL
DIC was added. The reaction mixture was left to stir under an Ar atmosphere for 15 min.
200 mg bPEI (10% m/m in relation to JNP-COOH) was dissolved in a small volume of
DMF and added dropwise. The mixture was left to stir at RT for approx. 12 h. The particles
were washed by centrifugation/resuspension, once in a solution of DMF/H2O (9:1), twice
in EtOH and three times in UPW.

2.5. Preparation of Wax Colloidosomes

2500 mg paraffin wax with a melting point of 53–58 ◦C (CnH2n+2, n = 24–36 estimated
from melting point [16]) was added to a suspension of 250 mg JNP-bPEI in 50 mL UPW.
The mixture was heated to 80 ◦C using a water bath. After the wax was completely molten,
the phase-separated mixture was emulsified by sonication (Branson Sonifier 450, 1⁄2 inch
processing horn, 40 s at 50% intensity). The emulsion was then cooled rapidly using an
ice/acetone bath. The solidified wax colloidosomes were filtered off, washed with copious
amounts of UPW, and left to dry at RT. The dry colloidosomes were Au-sputtered (Quorum
Q150 RS Plus, 20 mA for 30 s), (Quorumtech, Laughton, UK) for characterization by SEM.

2.6. Metal Ion Extraction and Recovery

To test the extraction capacity of the synthesized materials, 50 mg JNP-bPEI or 250 mg
colloidosomes were suspended in 5 mL of a metal salt solution with c = 10 mmol/L at the
natural pH of UPW (pH 5.5 ± 0.5). After mechanical shaking at 5000 rpm for 10 min, the
samples were left undisturbed for approx. 12 h. The JNP suspensions were centrifuged at
10,000 rpm for 20 min and the supernatant was collected for analysis. The particles were
washed through three cycles of centrifugation/resuspension in UPW. The colloidosome
samples were filtered (10 µm pore size) and the filtrate was collected for analysis. The
colloidosomes were washed with copious amounts of UPW. The supernatant and filtrate
obtained from experiments using JNPs and colloidosomes, respectively, were diluted to
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a metal ion concentration of approx. 50 mg/L and acidified to prevent the formation of
metal hydroxides during analysis. Standard solutions for calibration were prepared from
the corresponding metal salts in UPW.

The metal ion concentration in the diluted supernatant and filtrate were analyzed
using Inductively coupled plasma-optical emission spectrometry (ICP-OES) (ICP-OES 5100,
Agilent Technologies, Basel, Switzerland) and compared to the initial concentration. The
metal ion extraction capacity qe (mg/g) was calculated by:

qe =
(ci − ce) V

mP
(1)

where ci (mg/L) is the initial concentration, ce (mg/L) is the extracted concentration, V (L)
is the volume of the sample, and mP (g) is the dry mass of the sorbent.

The washed JNPs and colloidosomes were then resuspended in 5 mL 0.5% H2SO4
by means of mechanical shaking at 5000 rpm for 10 min. To aid redispersion, the JNP
samples were also sonicated for 10 min. The samples were then left undisturbed for approx.
12 h. The particles were separated from the aqueous medium as described previously.
Supernatant and filtrate were analyzed using ICP-OES, and the metal ion recovery capacity
qr (mg/g) was calculated by:

qr =
cr V
mP

(2)

where cr (mg/L) is the concentration of metal ions recovered from the particles, V (L) is the
volume of the sample, and mP (mg) is the dry mass of the particles.

The JNPs and colloidosomes were washed as described previously, and the entire
procedure was repeated at least three times. All ICP-OES measurements were performed
in triplicate.

2.7. Statistical Analysis of the Data

To have a proper understanding of the reproducibility of the extraction and recovery
of the ions by both the JNPs and wax microspheres, we have repeated all ICP-OES mea-
surements at least three times. For each extraction step, we have repeated the procedure
three times; in this work, the average value of the obtained extraction capacity qe is given
in the graphics together with the standard deviation obtained for each measurement. The
same statistical treatment was done for measurements of the ion recovery capacity qr of
the materials tested, i.e., JNPs and microspheres. The total error of the measurement σtotal
was considered to be the total standard deviation from two sources, namely the error in
the ICP-OES measurements σmeasurement and that of extraction or recovery experiments
σexperiment:

σtotal =
√
(σmeasurement)

2 +
(
σexperiment

)2

To determine if the means of the two groups are significantly different, a standard
independent (two-sample) t-test was used.

3. Results and Discussions
3.1. Synthesis and Functionalization of Janus Nanoparticles (JNPs)

Polystyrene seed PS seed-NPs with an average diameter of 305 ± 3 nm were synthe-
sized using surfactant-free emulsion polymerization, according to Scheme 2. Onto these
PS seed NPs, a second lobe was grown through a seeded emulsion co-polymerization of
3-(trimethoxysilyl)propyl-methacrylate (TSPM) and 3-cyanopropyltriethoxysilane (TESPN)
monomers followed by phase separation, see Scheme 2, resulting in Janus nanoparticles
bearing -CN groups on the second lobe (JNPs-CN) according to previously reported meth-
ods published by our group [10,15]. The size of the second lobe relative to the PS lobe could
be adjusted by varying the volume of TSPM and TESPN monomers in relation to a reference
weight of 1 g of PS NPs. Thus, a homologous series of JNPs-CN was created by using
2 mL, 3 mL and 4 mL of monomers per 1 g of PS NPs. The nitrile groups on the surface
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of the second Janus lobe were hydrolyzed under reflux in hydrochloric acid, resulting in
Janus nanoparticles bearing carboxylic acid surface functional groups (JNPs-COOH), as
shown in Scheme 2. The conversion was confirmed through IR spectrometry (Figure S1)
and the pH-dependent measurement of the surface zeta potential in Figure S2 and the
comparative values of the homologous series of JNPs in Table S1. Through SEM imaging it
was confirmed that the appearance of the particles was not altered by the acid treatment
(Figure S3), a testament to the good chemical stability of polymeric JNPs.
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3.2. Selective Grafting of bPEI on One Janus Lobe

N,N’-Diisopropylcarbodiimide (DIC), a coupling agent commonly employed in pep-
tide chemistry, was used to selectively graft branched polyethylenimine (bPEI, Mn ≈ 10,000
by GPC) on the second Janus lobe bearing carboxyl functional groups JNPs-COOH, ac-
cording to Scheme 2. This was the only reaction where the main solvent was not water.
The success of the reaction was confirmed through IR spectrometry (Figure S1) and the
pH-dependent measurement of the surface zeta potential (Figure S4). The appearance of
the JNPs under the SEM remained unchanged (Figure S5) and a corona of bPEI on the
TSPM/TESPN Janus lobe is too thin to be visible.

3.3. Interfacial Activity of JNP-bPEI Homologous Series

The interfacial activity of JNP-bPEI at the heptane/water interface was determined
using the pendant drop method (OCA 25, DataPhysics). A droplet of an aqueous suspension
of JNPs was formed in n-heptane and the curvature of the droplet fitted to the Young–
Laplace equation. The interfacial tension (IFT) of a pure heptane/water interface at 25 ◦C is
γ = 50.71 mN·m−1 [17]. In the presence of the JNPs-bPEI, the IFT decreases vs. time due to
interfacial adsorption. In Figure S6 it is shown that the interfacial activity, as judged by the
lowest values of the IFT reached in the plateau, is significantly larger at lower pH values,
which can be explained by the protonation of the bPEI grafted on the second Janus lobe.
With the protonation of the bPEI, the surface of the second Janus lobe becomes more polar
and produces a good amphiphilic contrast to the less polar PS lobe.

Furthermore, we investigated the influence of the Janus lobe ratio on the interfacial
activity of the JNP-bPEI. The influence of the lobe size ratio on the interfacial activity of the
particles is demonstrated in Figure 1. The IFT of all suspensions starts out ±1 mN·m−1 of
the pristine heptane/water IFT value and then slowly declines as the particles reach the
interface. This also indicates the absence of fast-acting molecular surfactants. It is apparent
that increasing the size of the hydrophilic bPEI-modified P(3-TSPM) lobe increases the
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interfacial activity of the particles (compare curves A, B and C in Figure 1). A similar
observation has been reported for similar JNPs by Wu et al. [10,18] and was attributed to
the hydrophilic-lyophilic balance of the JNPs, which is also called the Janus balance [19].
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Figure 1. The IFT evolution vs. time of the heptane/water interface in the presence of the Janus
nanoparticles (50 mg/mL in the aqueous phase) of the homologous series (A) JNP-bPEI 2 mL,
(B) JNP-bPEI 3 mL, (C) JNP-bPEI 4 mL.

Furthermore, the IFT is greatly affected by JNP-bPEI concentration, with a minimum
value of ≈ 33 mN/m for a concentration of 300 mg/mL, see Figure S7.

3.4. Preparation of Wax Colloidosomes

Colloidosomes consisting of paraffin wax (melting temperature, Tm = 53–57 ◦C) and
10% m/m bPEI-modified JNPs were prepared by emulsifying molten wax in an aqueous
suspension of JNPs through sonication, followed by rapid cooling. The washed colloi-
dosomes were characterized using SEM (Figure 2). The diameters of the colloidosomes
obtained by using the homologous series of JNPs (JNP-bPEI 2 mL to JNP-bPEI 4 mL) were
not significantly different (Figure S8). On average, the diameter of the colloidosomes is
d = 15.8 ± 0.3 µm. Figure S9 also shows the qualitative difference in the packing densities
of the JNP-bPEI 4 mL vs. JNP-bPEI 2 mL on the surface of the wax colloidosome.

3.5. Extraction of Metal Ions by JNPs

JNP-bPEI 2 mL was employed in the extraction of metal ions: Cr (VI), Co(II), Ni(II),
Cu(II) and Zn(II). The procedure consisted of adding 10 mg/mL JNP-bPEI to a metal ion
solution with a concentration of 10 µmol/mL, the conditions were kept constant throughout
all ion extractions as described in the experimental section. The photograph in Figure 3
shows the color of JNP-bPEI 2 mL, after extraction/absorption of Cr (VI), Co(II), Ni(II),
Cu(II) and Zn(II). Furthermore, to quantitatively determine the absorption capacity for
each metal ion, i.e., metal ion load, the concentrations of metal ions in the supernatant were
analyzed using Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES)
and compared to the initial concentration. The metal ion extraction capacity qe (mg/g) was
calculated with the formula given by the Equation (1) [20].
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Figure 3. Photograph of the JNP-bPEI 2 mL after absorption of Cr (VI), Co(II), Ni(II), Cu(II), Zn(II)
and centrifugation.

Figure 3 shows the color change of the particles occurring upon the absorption of
certain metal ions, and Figure 4 shows the measured metal ion extraction capacity qe of
the JNP-bPEI 2 mL. Furthermore, we have determined the number of metal ions that
can be recovered, extracted from the JNP-bPEI 2 mL. The recovery was performed in
acidic conditions according to the procedures described in the experimental section. The
supernatant was analyzed using ICP-OES, and the metal ion recovery capacity qr (mg/g)
was calculated with formula given by the Equation (2).
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To test the metal ion absorption capacity and recovery by JNPs with multiple duty
cycles, the JNPs were washed as described previously, and the entire procedure was
repeated up two or five times for Cu(II). After an initial decrease of roughly 25% after the
first cycle, the extraction/recovery capacity of JNP-bPEI 2 mL remains unchanged for at
least four subsequent cycles, Figure S10.

3.6. Metal Ion Extraction Performance in the Homologous Series of JNPs

The metal ion extraction and recovery performance in the homologous series of JNPs,
with the varying Janus lobe size was investigated for Cr(IV) and Cu(II). One way to
indirectly prove the presence of bPEI on the P(3-TSPM) lobe is by increasing its surface
area and observing the effect on the metal ion extraction capacity. In the homologous series
of JNP-bPEI 2 mL, 3 mL, 4 mL, by increasing the TSPM/TESPN lobe size while the PS lobe
remains unchanged, the surface area of the bPEI covered TSPM/TESPN lobe also increases,
thus the extraction capacity of the JNPs should also increase. To quantitatively assess this,
due to the fact that in the extraction/recovery experiments we have used the same mass
of particles, see Table S2, we must be careful to consider the mass of a single particle also
increases with an increase in the TSPM/TESPN lobe, which means that fewer nanoparticles
will be present in a given mass of JNPs used for extraction. A normalization procedure was
devised to account for this effect. Since the average volumes of the individual lobes VPS,
VTSPM and their average densities ρPS = 1.03 g/mL, ρTSPM/TESPN = 1.07 g/mL are known,
the average mass of a single particle can be calculated according to the following equation:

mJNP = VPS × ρPS + VTSPM/TESPN × ρTSPM/TESPN (3)

From this, the approximate number of JNPs in a given dry mass of particles mw can be
calculated using the following equation:

NJNP =
mw

mJNP
(4)

To make the trends of qe and qr of the homologous series visible, the mw values
were normalized for an arbitrary particle number of 1012 and by plugging in the obtained
values in Equations (1) and (2) the normalized metal ion extraction qNe and recovery qNr
efficiencies are obtained. The un-normalized and normalized values with Cr(VI) and Cu(II)
are depicted in Figure S11 and Figure S12. Normalized values indicate a significant increase
in the extraction and recovery capacities with increasing TSPM/TESPN lobe size in the
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homologous series JNP-bPEI 2 mL, 3 mL and 4 mL. The extraction and recovery capacities
of the tested homologous series are listed in Table S2. In comparison, Tan et al.16 reported qe
≈ 32 mg/g for both Cu(II) and Cr(VI) for their PEI-PS nanoparticles. This is a factor of 5.3
and 2.1 higher than the values found during this study for Cu(II) and Cr(VI), respectively.
One possible explanation could be the smaller size of PEI-PS as compared to JNP-bPEI,
which results in a higher surface area. Furthermore, PEI-PS is completely covered in bPEI,
while only half of JNP-bPEI is covered.

It is instructive to compare the maximum ion uptake obtained for the JNP-bPEI
(where the bPEI is a multidentate ligand brush or corona), with the maximum ion load of
other micro- and nanoparticles carrying other types of ligands, immobilized in different
ways, capable of forming chemical or physical bonds with the metal ion. Among these,
most noteworthy are ion imprinted polymer (IIP) micro- and nanoparticles (with ligands
immobilized in the bulk of the polymer, capable of chemical bonding with the metal ion),
core-shell micro- and nanoparticles whereas the shell is constituted of IIPs, micro- and
nanoparticles carrying surface ligands, micro- and nanoparticles carrying anionic functional
groups such as ion-exchangers, or agro-based biomasses (capable of interacting with metal
ions via physical bonds), etc. Judging purely by the number of ligands a particle can carry,
the metal ion uptake capacity for each technology is also expected to decrease with the
decrease in ligand carrying capacity of the particulate material, in the following order: IIPs
> core-shell IIPs surface immobilized ligands > surface immobilized ligands and ligand
brushes > ion-exchangers and biomasses.

For example, the reported ion uptake capacity by JNPs for Zn(II), 4 mg/g, see Figure 4,
is higher than the non-chelating physical adsorbing biomasses, whereas the reported
maximum ion uptake capacity of biomasses by biosorption of Zn(II) was found to be
around 1.688 mg/g for eucalyptus bark, 1.028 mg/g for mango bark and 0.45 mg/g for
pineapple fruit peel at a particle size of 0.5 mm [21]. On the other hand, it is expected
that the ion-imprinted polymer nanoparticles (IIPs-NPs) offer the best ion uptake capacity,
whereas, for the Co(II) for example, the maximum loading capacities reported ranged
between 78.3 to 96.6 mg/g by core-shell nanoparticles obtained by constructing an IIP
shell of Co-polyacrylamide onto SiO2 nanoparticles [22] and 74 mg/g by an IIP shell of
Co-dithizone/poly(methacrylic)acid [23] onto magnetic Fe3O4 core nanoparticles. On the
other hand composite chelating IIPs-NPs constituted by a shell of polyamidoxime and a
silica core PAO/SiO2, showed a maximum Cu(II) ion uptake of 10 mg/g [24], which is
comparable to the Cu(II) ion uptake by JNP-bPEI of 6 mg/g, see Figure 4. Even so, the Ni(II)
ion absorption capacity of an ion-imprinted polymer (IIP) obtained by copolymerization of
a Ni-dithizone complex with 4-vinylpyridine and ethyleneglycoldimethacrylate (EGDMA)
is 1.3 mg/g [25] The value found for Ni(II) for JNP-bPEI in this study is higher by a factor
1.5, see Figure 4. Tan et al. [20] have reported ion extraction capacities between 20 and
40 mg/g for Cu(II), Co(II), Ni(II) and Cr(VI) for polystyrene nanoparticles modified as in
the current case with a bPEI ligand brush or corona Thus, it can be concluded that the
JNP-bPEI exhibit a good ion extraction or ion-uptake capacity, comparable to the extraction
capacity of other ligand carrying micro- and nanoparticles obtained with other technologies,
in the expected performance range.

3.7. Metal Ion Extraction by JNPs Supported by Wax Colloidosomes

The wax colloidosomes obtained by stabilizing the molten wax with JNP-bPEI were
also employed in the metal ion extraction and recovery cycles, see Figure 5.

As already mentioned, the great advantage of these materials, JNPs and JNP decorated
colloidosomes, is the ability to employ them in interfacial extraction technologies, with the
main benefit of ease of deployment, collection and recovery from the water’s surface and
re-deployment on the surface of the water for the subsequent metal ion extraction/recovery
cycles. To test the versatility of these JNPs-decorated wax colloidosomes in such technolo-
gies, we have deployed them for Cu(II) extraction. The graph in Figure 6A shows the
extraction efficiencies qe for three consecutive cycles from fresh 10 mM Cu(II) solutions,
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as described in the experimental section. In a different experiment, two portions of 6 g of
colloidosomes were used to extract Cu(II) from the same 10 mL solution with an initial
concentration of 10 mM. After the first extraction cycle, the concentration of copper in the
solution was reduced to 4 mM and after the second extraction cycle, the concentration of
Cu(II) decreased further to 0.3 mM, see Figure 6B,C. The numbers are in good agreement
with the extraction capacities qe calculated by the “differential concentration” method: (qe
≈ 0.55 mg/g Colloidosome ≈ 8.7 µmol/g ≈ 52 µmol Cu(II)/6 g Colloidosome; 10 mL soln.
with c = 10 mM→ 100 µmol Cu(II)). The photographs in Figure 6B,C clearly demonstrate
that a floating layer of 6 g of wax colloidosomes decorated with JNP-bPEI 3 mL, placed
above a water solution of Cu(II) ions, and after brief shaking to ensure the wetting of the
nanoparticles, is capable of almost complete interfacial extraction of the ions overnight.
Next, the metal-loaded colloidosomes can be easily collected from the water’s surface and
dried; see the color change from white to blue of colloidosomes, before and after the Cu(II)
metal ion extraction in the photographs of Figure 6B,C. The experiments were limited only
to extraction, to demonstrate the working principle and versatility of wax colloidosomes
and a recovery cycle for Cu(II) was not made.
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Figure 5. SEM image of the wax colloidosomes decorated with JNP-bPEI 3 mL, employed in interfacial
extraction of metal ions.

It is important to note that the amphiphilicity and the interfacial activity of JNP-bPEI
are important for both emulsification and to ensure the proper orientation of the Janus lobes
at the surface of wax colloidosomes. In this case, good amphiphilic behavior ensures that
the hydrophobic PS Janus lobe is oriented toward the wax surface, while the hydrophilic
lobe covered with bPEI provides a large surface area for capturing metal ions. Therefore,
this aspect is crucial in designing water-floating colloidosomes and employing them in the
interfacial extraction of metal ions.

Furthermore, for a quantitative interpretation of the absorption capacity, both JNP-
bPEI and JNP-bPEI-covered wax colloidosomes were employed in the extraction and
recovery of the Cr(VI) comparative study. Thus, for the preparation of wax colloidosomes,
50 mg JNP-bPEI and 500 mg wax were used. Since not all colloidosome surfaces are fully
covered it is reasonable to assume that the entire quantity of JNPs is incorporated into the
surface of the wax, which for colloidosomes with an average radius of 15 µm, results in a
mass fraction of mJNP/mColloidosome = 10%. Calculating qe and qr based on that assumption,
it becomes apparent that incorporation of the JNP-bPEI into wax does not hinder their
ability to interact with the ions, see Figure 7. It is important to note that the colloidosome
samples were left on a mechanical shaker at 150 rpm overnight to ensure the complete
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wetting of the surfaces. The low density and slight hydrophobicity of the colloidosomes
would otherwise prevent the wetting of the entire material and falsify the results. For
demonstrative purposes, Figure S13 shows a sequence of images taken at 10 min intervals
from a sample of 200 mg colloidosomes shaken in 5 mL aqueous solution containing Cr(VI)
with a concentration of 10 mmol/L, and left to sit undisturbed. After 30 min, the wax
colloidosomes can be found floating on the solution surface with complete separation from
the liquid phase.
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Figure 6. (A) Extraction performance of Cu(II) by wax colloidosomes stabilized with JNP-bPEI
3 mL after 3 consecutive extraction/recovery cycles. (B,C) Qualitative proof of the interfacial ab-
sorption/extraction of Cu(II) ions from water by floating JNP-bPEI decorated wax colloidosomes.
To accurately represent the colors of the solution and the colloidosomes, they were photographed
separately. (B) A layer of white, pristine (unwetted) colloidosomes with a mass of 6 g is floating on
the surface of 10 mL of a blue 10 mM Cu(II) sulfate solution. (C) The sample was mechanically shaken
and then left to separate overnight. After extraction of the solution with an appropriate amount of
colloidosomes, the former becomes colorless while the latter appears bright blue.
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4. Conclusions

It was shown that JNP-bPEI exhibits both of the desired characteristics: amphiphilicity
and capability to absorb metal ions. We have demonstrated that the amphiphilicity of
JNPs is key to enabling new ion extraction and recovery technologies. For example, we
have demonstrated that amphiphilic JNP-bPEI can operate as (a) standalone ion-extraction
agents, capable of absorbing metal ions from water and then transporting these to the
surface where they could be collected and (b) as emulsifiers of molten wax to generate
a new type of carriers capable of floating on the surface of water but also of metal ion
extraction. There are, however, still multiple aspects left to explore. The kinetics of the
extraction and recovery processes could be assessed by analyzing the metal content of
the solutions as a function of time. With the optimized extraction times, the recyclability
experiments using Cr(VI) could be repeated to see if the capacity still degrades. Different
metal ions such as Ni(II) or Co(II) could be used to gather more data concerning the
extraction and recovery capacities. The selectivity towards certain ions could also be
determined—an important parameter when it comes to real-world applications. In future
works, the long-term stability of JNP-bPEI-covered wax colloidosomes should be tested.
The colloidosomes are only viable carriers if the nanoparticles stay attached to their surfaces
even after prolonged agitation. A scale-up of the preparation procedure should also be
attempted, with regard to manufacturing at an industrial scale.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano12213738/s1. Figure S1: FTIR spectra of polystyrene seed
nanoparticles, JNP-CN, JNP-COOH and JNP-bPEI, Figure S2: Zeta potential with pH for JNP-CN
and JNP-COOH, Figure S3: SEM images of JNP-CN and JNP-COOH, Figure S4: Zeta potential with
pH for JNP-bPEI, Figure S5: SEM images of the homologous series of JNPs funcionalized with bPEI,
Table S1: Zeta potential of the homologous series of JNP-CN, JNP-COOH and JNP-bPEI, Figure S6:
Evolution of the interfactial tension of heptane/water in time in the presence of JNP-bPEI with pH,
Figure S7: Interfacial tension of heptane/water in time as a function of JNP-bPEI concentration in
water, Figure S8: SEM images of wax colloidosomes prepared with JNP-bPEI 2–4 mL, Figure S9: SEM
images of colloidosomes, Figure S10: Performance of JNP-bPEI 2 mL after five consecutive extraction
and recovery cycles for Cu(II), Figure S11: Regular and number-normalized Cr(VI) extraction and
recovery values for JNP-bPEI 2–4 mL, Figure S12: Regular and number-normalized Cu(II) extraction
and recovery values for JNP-bPEI 2–4 mL, Table S2: Metal ion extraction and recovery capacities of
the homologous series of JNP-bPEI, Figure S13: Image sequence of colloidosome flotation and images
of filtered colloidosomes.
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Abstract: Innovative materials and technologies capable of extraction and recovery of technologi-
cally relevant metal ions from various water sources, such as lakes, oceans, ponds, or wastewater
reservoirs, are in great demand. Polymer beads are among the most well-known solid-phase ad-
sorbents and ion exchangers employed in metal ion recovery. On the other hand, hydrogels are an
emerging platform for producing innovative adsorbents, which are environmentally friendly and
biocompatible materials. In this work, we take advantage of both technologies and produce a new
type of material by loading nanostructured polymer microsphere adsorbent into a PVA matrix to
obtain a hydrogel polymer microsphere (HPM) composite in the form of a block. The main role of
the poly(4-vinylpyrridine-co-methacrylic acid) microspheres is to adsorb metal ions, such as Cu(II),
from model water samples. The secondary role of these microspheres in the hydrogel is to change the
hydrogel morphology by softening it and stabilizing it under a foam-like morphology. The foam-like
morphology endows these composites with the capability of floating on water surfaces. In this work,
we report, for the first time, an HPM composite capable of floating on water surfaces and extracting
Cu(II) ions from model water samples. This could enable more environmentally friendly hydrological
mining technologies by simply deploying adsorbents on water surfaces for metal ion extraction and
recovery, thus eliminating the need for water pumping and mechanical processing steps.

Keywords: metal ion extraction and recovery; hydrological mining; polymer adsorbents; Pickering
emulsion polymerization technology; hydrogel polymer composites

1. Introduction

Water and aqueous reserves from any source, such as oceans, lakes, or used waters
from domestic, industrial, commercial, or agricultural activities, can be a valuable sec-
ondary resource for raw materials [1,2]. Innovative materials and technologies that can be
deployed in hydrological mining aimed at recovering technologically relevant metal ions
are in great demand. Synergistically, the same materials and technologies can be deployed
for the removal of toxic metal ions from contaminated wastewater. However, recovery of
metal ions must also be economically feasible; thus, materials and technologies that rely
on minimal energy consumption are desirable. The current materials and technologies
for wastewater treatment and purification have been extensively reviewed [3–5]. Thus far,
solid-phase adsorbents and ion exchangers are deployed on a large scale for wastewater
treatment and purification [4]. These could be cheap adsorbents that come from agricultural
waste, food waste, biomass, inorganic materials, natural or synthetic polymers, etc. [6–8].
Among these, engineered nanomaterials could play a significant role [3,4,9], for example,
micro or nanostructured polymers, such as microporous monoliths [10]. Recently, Pickering
emulsion technology [10,11] and hydrogel-based composites [12] have been considered
viable green water-based platforms for the preparation of solid- and semi-solid-phase
adsorbents for the removal of metal ions from water and soil. As already alluded, future
solid-phase adsorbent materials must also address the issue of energy efficiency and play
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the role of enablers for green technologies. For example, one way the energy consumption
can be decreased is to eliminate the need for the energy-intensive process of pumping water
through columns filled with ion exchangers. Instead, water-floating materials could be de-
ployed on the surface of waters and ponds to adsorb polluting heavy metal ions or organic
pollutants. Currently, such innovative materials with self-floating capabilities are being
developed, among which we mention functionalized hollow glass microspheres [13,14],
chitosan-based aerogels [15], graphene oxide aerogels [16,17], self-separating polymers [18],
covalent-organic frameworks (COFs) [19], etc. On the other hand, the synthesis of hydrogels
as adsorbents has been reported with good adsorption capacities [7,12,20,21]. Unfortu-
nately, none of these studies focus on developing water-floating hydrogel or hydrogel
polymer composites for the metal-ion extractions from water. Water-floating capability
can be a great advantage for novel technologies in hydrological mining, as it minimizes
the need for pumping large amounts of water into ion-exchange columns or other energy-
intensive technologies requiring a great number of mechanical operations. In this work,
we address exactly this aspect, and we show that such materials can be prepared and
deployed in the extraction and recovery of some technologically relevant metal ions, such
as Cu(II) metal ions [6]. The material consists of polymer microspheres synthesized via
Pickering emulsion polymerization technology (PEmPTech) [22]. Due to the unique surface
nanostructuring with the silica nanoparticles, these microspheres are perfectly dispersible
in aqueous solutions and hydrophilic hydrogel precursor solutions, thus enabling their
utilization in hydrogel matrices. Thus, we take advantage of both technologies and produce
a new type of material by loading nanostructured polymer microsphere adsorbents into a
PVA/Glycerol hydrogel to obtain a hydrogel polymer microsphere (HPM) composite in
the form of a block. Upon inclusion in the hydrogel, these polymer microspheres can aid
in foaming the hydrogel and stabilizing this foam, endowing the composite with a solid
foam-like structure and water-floating capabilities. Therefore, we have prepared two classes
of HPM composites: (i) hydrogel polymer microsphere blocks (HAM) and (ii) hydrogel
polymer microsphere foams that can float on the surface of water (FAM). These were then
deployed for the extraction and recovery of Cu(II) ions from model water samples. From
a mass transfer perspective, materials that float on the surface may exhibit different ion
adsorption capacities than those that are completely submersible in water. Therefore, in
this work, we analyze, for the first time, this aspect of the capacity of extraction of metal
ions between adsorbents that float and those that are completely submersible in water.

2. Materials and Methods
2.1. Materials

Tetraethylorthosilicate (TEOS) 99%, (3-glycidoxypropyl)trimethoxysilane (Gly) 98%,
divinylbenzene (DVB) technical grade 80%, containing monomethyl ether hydroquinone
as inhibitor, 4-vinylpiridine (4-VP) 95%, containing 100 ppm hydroquinone as inhibitor,
methacrylic acid, (MA) 99% stabilized with 250 ppm 4-methoxyphenol, aluminium oxide
(Al2O3), and 2,2′-Azobis(2-methylpropionitrile) (AIBN) 98% were purchased from Sigma-
Aldrich (Merck, KGaA, Darmstadt, Germany). Poly(vinyl alcohol) (PVA) granules with an
average molecular weight (Mw) of 12.4 × 104 g/mol and a 99–100% degree of hydrolysis
and Glycerol (Gly) (99.6%) were purchased from Acros. Organics (Geel, Belgium). Copper
chloride (II) dihydrate pure p.a. (CuCl2·2H2O) was purchased from Chempur (GmbH
Rueppurrer, Karlsruhe, Germany); hydrochloric acid (HCl) ≥ 37% was purchased from
Fluka (Honeywell Specialty Chemicals, Seelze, Germany); ethanol absolute (EtOH), 99.3%,
toluene, and n-hexane were purchased from Chemical Company; and ammonium hydrox-
ide solution (28–30%) was purchased from analysis EMSURE ACS. Reag. Ph Eur. Supelco.
All reagent-containing inhibitors were passed through aluminium oxide to remove the
stabilizer before usage. All the aqueous solutions were prepared in freshly distilled water.
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2.2. Synthesis and Functionalization of Silica Nanoparticles and Polymer Microspheres

The preparation procedure for silica nanoparticles (NP) and silica nanoparticles func-
tionalized with epoxy (NP-Gly) by reaction with Gly was previously reported [23]. Briefly,
in a 1000 mL round-bottom flask, 9 mL TEOS, 300 mL EtOH, 33 mL H2O, and 27.7 mL
NH4OH were mixed at room temperature and 1000 rpm. Next, 54 mL TEOS dissolved
in 200 mL EtOH was slowly added via separatory funnel (for 3 h), and the final reaction
mixture was left for 24 h at room temperature. After this, the mixture was neutralized
with 18 mL of HCl. The obtained nanoparticles were separated by centrifugation and
washed three times with EtOH and three times with water. The surface functionalization
reaction proceeded by dispersing 1.2 g of silica NPs in 30 mL of EtOH and then pouring
in a 250 mL flask containing 10 mL EtOH, which was purged under Ar atmosphere. The
reaction mixture was stirred at 1000 rpm. Subsequently, 2 mL of Gly was added dropwise.
At the end of the addition time, the reaction mixture was heated and maintained to 60 ◦C
for 24 h. The functionalized nanoparticles were washed three times with EtOH and another
three times with water before being finally redispersed in water.

For the preparation of the polymer microspheres (PMs) via PEmPTech, two vinyl-
bearing monomers, 4-VP and MA, having different polarities, and DVB as crosslinker,
were used for the preparation of three batches of Pickering emulsions, PM1, PM2, and
PM3. These were produced by first adding 30 mg of AIBN radical initiator to a 20 mL
glass scintillator vial, followed by 2.5 mL of equimolar mixture of monomers (MA or
4-VP), 0.5 mL of crosslinker (DVB), and 0.75 mL of porogen solvent—and in our case,
toluene. Next, 5 mg of colloidal particles NP-Gly and 12 mL of water were added. The glass
scintillator vials with Pickering emulsion were then sonicated with a Vortex mixer LLG (Lab
Logistics Group GmbH, Meckenheim, Germany) for 60 s at 3000 rpm, and every Pickering
emulsion was then polymerized in an oil bath for 24 h at 70 ◦C. After the polymerization,
the products were filtered and thoroughly washed with ethanol to remove the unreacted
monomers and were dried at room temperature.

2.3. Preparation of Hydrogel—Polymer Microspheres Composites

First, a homogenous PVA solution with a concentration of 3% was prepared by dissolv-
ing the required amount of polymer in distilled water at 90 ◦C and vigorously stirring for
3 h. After the polymer was completely dissolved, Glycerol was added to obtain a mixture
of 1/2 ratio of PVA/Glycerol and further stirred until complete homogenization. The
HPM composites were prepared by mixing the previously obtained polymer solution with
different quantities of PMs (i.e., 0.45 g and 1 g) so that they resulted in samples with two
ratios of PVA/PMs. These were stirred for five minutes, with 200 rpm, at room temperature,
and after that, were subjected to 10 subsequent cycles of freezing (at −20 ◦C) and thawing
(at room temperature for 8 h). Samples thus obtained were named HAM-1 and HAM-2,
respectively. A different series of samples (i.e., FAM-1 and FAM-2, respectively) were
prepared by following the same recipes as for HAM-1 and HAM-2, with the difference
that after obtaining the solutions, these were foamed and immediately frozen in liquid
nitrogen, then subjected to 10 freezing/thawing cycles. Also, a blank sample (without PMs)
of PVA/Glycerol was obtained by 10 freezing/thawing cycles.

2.4. Measurement of Ion Extraction and Recovery Capacity of HPM Composite

The Cu(II) ion concentration in the diluted supernatant and filtrate were analyzed
using a UV–vis spectrophotometer (DLAB Scientific Co., Ltd., Beijing, China). First,
calibration curves were generated corresponding to maximum absorption wavelength
λmax = 810 nm for CuCl2·2H2O; see Figure S1 in the Supplementary Materials.

For the ion extraction, which refers to the extraction of metal ions from a stock solution, a
weighted amount of HPM was immersed in 100 mL stock solution with a 5× 10−2 M concentration.
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The metal ion extraction capacity qe (mg/g) was calculated with the formula:

qe =
(ci − ce) V

mP
(1)

where ci (mg/L) is the initial concentration of a stock solution or the contact solution, ce
(mg/L) is the extracted concentration, V (L) is the volume of the sample, typically 100 mL,
and mP (g) is the dry mass of the HPM (see Table S1).

For the ion recovery, which refers to the recovery of metal ions from the polymer
adsorbent, the HPM composite was immersed in 50 mL of 5% HCl. The samples were then
left in this condition for approx. 12 h. Supernatant and filtrate were analyzed using UV–vis,
and the metal ion recovery capacity qr (mg/g) was calculated by

qr =
cr V
mP

(2)

where cr (mg/L) is the concentration of metal ions recovered from the HPM composite, V
(L) is the volume of the sample, and mP (mg) is the dry mass of the HPM composite (see
Table S1).

The procedure of extraction–recovery was repeated five times unless otherwise specified.

2.5. Material Characterization
2.5.1. Scanning Electron Microscopy

The materials were investigated with a Verios G4 UC (Thermo Fischer Scientific Inc.,
Eindhoven, The Netherlands) scanning electron microscope (SEM), with a 5 keV beam
energy, using an Everhart–Thornley detector, beam spot 50 pA.

2.5.2. Optical Microscopy

Microspheres and HPM composites were characterized with an IM-5FLD inverted
fluorescence microscope (Optika Srl, Ponteranica, Italy) equipped with (i) an 8W XLED
illumination source for sample analysis under transmitted light; (ii) 5W LED excitation
illumination sources at 470, 560, and 385 nm and blue, green, and UV filter sets for sam-
ple analysis in fluorescence mode; (iii) color digital Camera Optika C-P6, 6.3 MP; and
(iv) OPTIKA PRO VIEW (Optika Srl, Ponteranica, Italy) software for image acquisition and
processing. Samples were characterized with 10×magnification objectives in transmitted
illumination mode.

2.5.3. Contact Angle—Washburn Method

Water contact angle of the nanostructured microspheres obtained by PEmPTech was
determined via the capillary rise method, using the DCAT 15 Tensiometer balance (Data-
Physics Instruments GmbH, Filderstadt, Germany), equipped with the DCATS 32 software
module for calculating the contact angle via Washburn method. The capillary constant
of the PM samples packed in the glass capillary was first determined using hexane. For
comparison, the contact angles of marine sand, which was sieved to a granulation of
<250 µm and calcinated at 850 ◦C, were also measured. After the determination of the
capillary constant, the polymer microsphere was loaded in special glass capillaries with
a porous glass bottom (DataPhysics Instruments GmbH, Filderstadt, Germany), with an
inner diameter of 9 mm, outer diameter of 11 mm, and height of 62 mm, and was filled
with powder up to 22.5 mL dry volume. After filling with powder, the capillary was gently
knocked with a wooden popsicle stick to achieve a compact packing of the powder and
removal of the packing voids. Then, the Washburn capillary was lowered gently until it
touched the water surface; once it touched the water surface, the capillary stopped, and the
water started rising into the capillary packed with powder. The raw data consisted of the
recorded weight of the water intake vs. time. The total duration of the experiment was 40 s.
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2.5.4. Penetration Experiments

Penetration experiments of the HPM composites were conducted with a DCAT 15 Ten-
siometer balance (DataPhysics Instruments GmbH, Filderstadt, Germany), equipped with
the DCATS 35 software module for penetration experiments. The penetration experiments
were conducted with a metal penetration cone as the penetrometer probe. Upon free
hanging of the metal cone from the piezoelectric weighing sensor, the tensiometer bal-
ance registered 20 g, and the software automatically tarred to zero before the penetration
experiments. This cone was lowered slowly onto the soft HPM composite, and upon
contacting the HPM surface, a negative weight due to the opposing force was recorded,
which increased in absolute value with the cone immersion depth. The total penetration
depth of the cone into the HPM was 4 mm. Thus, the raw data recorded by the balance was
the negative weight due to the opposing force to penetration of the cone vs. time. The total
time of the penetration experiments was 30 s.

3. Results and Discussion
3.1. Preparation via PEmPTech and Characterization of Polymer Microspheres

Pickering emulsion polymerization technology (PEmPTech) is a recently developed
green, water-based method, also developed by our group and by others [24,25], for the
facile synthesis of polymer microspheres with nanostructured surfaces. The method utilizes
oil-in-water (o/w) Pickering emulsions, emulsions that are stabilized by silica nanoparticles,
and the dispersed phase is a water-immiscible vinyl-bearing monomer. As a side note, other
groups utilize the same technology for producing microporous polymer monoliths [10]
and asymmetrically structured Janus membranes [26]. The silica nanoparticles utilized in
the current work are 500 ± 10 nm diameter silica nanoparticles modified with glycidyl
functional groups on the surface (see Figure 1A), which have been previously shown to
produce preferentially o/w emulsions [27]. The Pickering emulsions stabilization mecha-
nism by nanoparticles has been previously described, and it is mainly due to the interfacial
adsorption of the silica nanoparticles at the oil–water interface with the formation of a
self-assembled monolayer which acts like a shield preventing the coalescence of the oil
droplets [28].

We have prepared o/w Pickering emulsion, where the oil phase contains MA and 4-VP,
DVB, and a common water-immiscible solvent, toluene. The polymerization mechanism
resembles suspension polymerization. Interestingly, the PEmPTech is extremely versatile,
allowing for a broad spectrum of monomer composition cocktails to be used; for example,
partially water-immiscible vinyl-bearing monomers, as well as completely water-insoluble
monomers, can be used if they have a common solvent or they are miscible with one another.
Upon polymerization of the o/w Pickering emulsion, the dispersed phase, the oil droplets
are converted into [25] poly(4-vinyl pyridine-co-methacrylic acid) polymer microspheres
(see Figure 1B,C), whereas the self-assembled monolayer is now trapped and gives the
microspheres the typical nanostructuring (see Figure 1D), as observed for the microspheres
produced by this technology (PEmPTech). The implications of nanostructuring in the water-
wetting of the polymer microspheres are significant. We have previously demonstrated that
for a hydrophobic polymer whose typical water contact angles are around 80◦, due to the
nanostructuring from a self-assembled monolayer of NP-Gly on the surface of the polymer,
the wettability increases significantly, lowering the water contact angles to values below
60◦ characteristic for a hydrophilic surface [26]. This improvement in water wettability
due to nanostructuring has significant implications for the extraction of metal ions from
aqueous solutions by these polymer microspheres.
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Figure 1. SEM images of (A) silica nanoparticles functionalized with glycidyl, (B) polymer micro-
spheres obtained via PEmPTech, exhibiting nanostructured surface (C,D) due to trapping at the
oil/water interface of a self-assembled monolayer of silica nanoparticles, the Pickering emulsion
stabilizing nanoparticles.

In the current case, for the polymer microspheres synthesized, we have measured the
water wettability of the polymer microsphere powder using the Washburn method [29],
which is based on monitoring the weight of the liquid intake of a powder due to capillary
forces at constant temperature:

cos θ =
µ

C·ρ2
Liquid·γLiquid

·m
t

(3)

where θ is the contact angle (wettability); µ is the viscosity of the contacting liquid; ρ is
the density; γ is the surface tension; m is the mass intake of the liquid; t is the time; and
C is the packing constant dependent on the capillarity, with the capillaries being formed
between the powder grains or nanoparticles. In the current case, the capillary constant for
the polymer microspheres was determined to be C = 1.179 mm5 with hexane (see Figure 2).

From the capillary rise data presented in Figure 2, we can see that the water wettability
of powder consisting of PMs from three different batches is consistent and is distributed
around an average value of the contact angle of 56◦ ± 5◦. Based on this value, we can draw
the conclusion that the PMs can be dispersed reasonably well into an aqueous system, such
as the PVA solution, for the generation of the HPM composites.
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Figure 2. Graph of the liquid intake weight squared vs. time by the capillary packed with powder
consisting of polymer microspheres (PMs). The curve (A) represents batch PM3 wetted by the
hexane, from which the packing constant C was calculated (see Equation (3)). Curves (B), (C), and (D)
represent the water intake with time by the powder consisting of PMs manufactured in three different
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The interaction of the poly(4-vinyl pyridine-co-methacrylic acid) PM with the metal
ion can be evidenced from the FTIR-ATR spectra of the PMs before and after the adsorption
of Cu(II) ions. Figure S2 shows the IR spectra of the 4-VP-co-MA copolymer—Cu(II)
complex. The absorption bands at 1606 (C=N stretching), 1541, 1463, and 1398 cm−1 are
assigned to the characteristic vibration of the pyridine ring [30–32]. The absorption bands
at 1076 and 948 cm−1 could be assigned to the in-plane and out-of-plane C–H bending
of the pyridine ring [30], while the vibration at 1163 and 1076 cm−1 could be assigned
to the single-bond C-O stretch in the carboxyl. The effect of the Cu(II) adsorption by
the PMs can be best observed in the region 1200–1800 cm−1. For example, the peak at
1614 cm−1 is a new peak, strongly enhanced in the presence of Cu(II) ions and representing
the fraction of the coordinated vinyl pyridine rings, i.e., ascribed to the pyridine ring–Cu2+

bond vibration [30,32]. On the other hand, after Cu(II) coordination, the characteristic
vibrations of the pyridine ring mentioned are blue-shifted to 1517, 1452, and 1384 cm−1 [30].
At the same time, the peak at 1705 cm−1, corresponding to the stretching modes of the
carbonyl groups, is strongly enhanced in the presence of the Cu(II) ions, presumably due
to complexation [33], or as Lee et al. ascribe, a liberation of the carbonyl stretching due to
the complexation of the acid hydroxyl group [31]. The characteristic stretching vibration
for the carboxylate group, usually at 1600 cm−1, overlaps with the characteristic bands of
pyridine; therefore, an enhancement of the band at 1600 cm−1 can be coming from both
units, due to pyridinium coordination with the Cu(II) as well as the electrostatic interaction
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of the carboxylic group with the Cu(II) [32,33]. Thus, the data indicate strong interaction
and coordination of the Cu(II) ions by the PMs.

3.2. Preparation, Characterization, and Morphology of HPM Composites

In this work, a series of HPM composites have been prepared, where both their
compositions vary in terms of microparticle content and preparation method. For example,
two categories of HPM composites have been created: (i) simple HPMs with increasing
amounts of microsphere content HAM-1 and HAM-2 and (ii) foamed HPM series FAM-1
and FAM-2 with increasing amounts of polymer microspheres that are capable of floating
on the water surface (see Table S1).

Photographs of the obtained HPMs and the PVA hydrogel are given in Figure S3 in
the Supplementary Materials (SM). From these images (Figure S3), the physical dimensions
of the HPMs vary as a function of composition. Although they were prepared in a silicon
form that had a diameter of 40 mm, the PVA hydrogel containing no microspheres shrunk
by a few millimeters after preparation as compared to the container. The foamed and
non-foamed HPM composite FAM-1 and HAM-1 have retained the lateral dimensions of
the container, but each has a different thickness, albeit the composition stays the same. The
fact that FAM-1 and FAM-2 are thicker than HAM-1 and HAM-2, respectively, is due to the
foaming of the former sample. The foaming in the case of the former sample was preserved
by instantaneous freezing with liquid nitrogen of the hydrogel after mechanical agitation
(shaking). Thus, we can note a difference in morphology between the HAM- and FAM-type
samples, while the PVA hydrogel samples are compact and homogeneous. The HAM- and
FAM-type samples are heterogeneous, and this was evidenced by cutting the hydrogels
and imaging them in the cross-section after the adsorption of Cu(II) ions. Thus, it can be
seen from Figure 3 that the HAM-1 and HAM-2 samples are only colored in intense blue in
the bottom part of the sample (see Figure 3B,C for the bottom layer), where the polymer
microsphere adsorbents have accumulated due to sedimentation during the gelation time.
This is explained by the fact that only the PMs are capable of chemically binding Cu(II)
ions, while the gel itself can only weakly physically adsorb these ions; thus, the middle of
the sample remains white, as with the PVA hydrogel Figure 3A.

The FAM-1 and FAM-2 HPM composite samples (Figure 3D,E) appear structured
similar to a sponge, are more voluminous than the HAM-type samples, and the adsorption
of Cu(II) evidences a heterogeneous distribution of PM, mostly in the bottom part of the
sample, as it can be clearly seen in Figure 3F. The sponge-like structure of the FAM-type
sample endows them with the capacity to float on the surface of the water (see Figure 3G),
while the HAM-type samples are not capable of floating. This capability is the property we
were looking for in HPM composite that could be deployed on the surface of the water to
extract metal ions from waters for hydrological mining and provide a valuable secondary
source for raw materials, such as metal ions.

Further, the softness of the HPM composites was evaluated for the top and bottom of
the samples using the penetration probe, as described in the Materials and Methods section.
The experimental results are presented in Figure 4. Also, penetration experiments were
carried out both at the top and at the bottom of the sample to see if there were differences.
From the penetration experimental data, we observe three major trends, namely (i) the
increase in the softness of the material with the addition and an increasing amount of
polymer microparticles added in the HPM composition; (ii) the samples with microparticles
are anisotropic, they are softer on the top than on the bottom; and (iii) the foamed samples
are softer than the non-foamed samples. For the first case, (i) the addition of polymer
microparticles appears to break the cohesion of the hydrogel and soften it considerably;
the softness increases in the order PVA-Hydrogel < HAM-1 < HAM-2 < FAM-1 < FAM-2
(see Figure 4). In addition, it is also obvious that the addition of polymer microparticles
causes the volume of the sample to change considerably, compared with the dimensions of
the reference PVA-Hydrogel sample with the HAM-1, where the reference sample PVA-
Hydrogel seems rather hard (Figure 4) and compact (Figure S3). This change in volume
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from PVA-Hydrogel to HAM-1 can be attributed to the formation of foam during shaking,
whereas particles are known to stabilize foams. The increase in the degree of softness from
HAM-1 to HAM-2, which differ only in the number of microspheres, appears to support
the hypothesis that additional microspheres cause more foam bubbles. For the second case
(ii), anisotropy of the sample arises during the gelation process, whereas the microparticles
sediment on the bottom part of the sample, while some degree of foam is preserved on top.
For the last case, (iii) the freezing with liquid N2 of the freshly shaken sample preserves
the foam bubbles, while clearly the microspheres sediment on the bottom of the sample.
The degree of softness of the FAM-1 and FAM-2 at the top is comparable, while FAM-
1 is harder than FAM-2. This is probably due to variations in sample preparation and
particle sedimentation.
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Figure 4. Resistance weight of the HPM to cone penetration vs. time for the series of HPM. The
penetration experiment spanned the duration of 30 s for an immersion depth of the cone of 4 mm
into the sample. The penetration tests were executed both to the top and to the bottom of the samples.
The increase in softness of the material is evidenced by a lower absolute weight resistance to cone
penetration. The error bars represent the standard deviation from at least three measurements.

3.3. Role of Morphology of the HPM Composites in Cu(II) Adsorption and Water-Floating Ability

The HPMs were further employed in Cu(II) ion adsorption studies. The experi-
mental procedures for adsorption/extraction of Cu(II) from model water samples with a
5 × 10−2 M concentration were kept the same for the control sample, the PVA hydrogel, the
HAM-1 and -2, and the FAM-1 and -2 samples, as described in the experimental procedures.
Similarly, the Cu(II) ion desorption/recovery studies were kept the same for all samples
and were proceeded by treatment with a 5% HCl solution for a period of 12 h, after which
the concentration of the Cu(II) ion recovered from the material was measured. Both types of
experiments were carried out under gentle stirring of 200 rpm. It can be noted that FAM-1
and FAM-2 samples were floating on the surface of the water (see Figure 3G) both during
extraction and during metal ion recovery experiments. The PVA, HAM-1, and HAM-2
samples stayed submerged in the water, at the bottom, all the time; thus, in the case of these
samples, an enclosing plastic cage with holes to allow water diffusion was manufactured
to isolate the stirrer and avoid the magnetic stirrer physically hitting the sample.

The HAM-1 and HAM-2 samples had a drastic change in color, from white to deep
blue, upon absorption of the Cu(II) ions, even compared to the PVA control hydrogel
samples (Figure S4). Initially, the HPM composites are white in color, as shown in the
image in Figure 5A, and in the optical microscope image (Figure 5A), it can be seen that the
embedded polymer microspheres are rather colorless. When the HPM has been exposed
for 12 h to a 5 × 10−2 M CuCl2·2H2O solution, its color changes to deep blue (Figure 5C),
and the microspheres become intensely blue-colored (Figure 5D). Upon removal from
the Cu(II) ion solution and treatment with a 5% solution of HCl, the HAM-2 changes
color again (Figure 5E), and the microspheres become colorless, as shown in the optical
microscope images in Figure 5F. The same is true for FAM-1 and FAM-2 HPM composites
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(see Figure S5). The difference in morphology between the HAM- and FAM-type samples
noted above is becoming evident after the adsorption of Cu(II) ions. Upon Cu(II) ion
adsorption, the HAM-type non-floating submersible samples and the FAM-type floating
samples are colored in the bottom part of the sample, where the polymer microsphere
mostly accumulated due to sedimentation during preparation (Figure 3B–E).
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Figure 5. (A) Photograph of the as-prepared HPM composite, HAM-2, with the corresponding optical
microscope image (B) taken with a 10×magnification showing the embedded polymer microparticles.
(C) Photograph of the same hydrogel after exposure for 12 h to a 5 × 10−2 M CuCl2·2H2O solution
and the corresponding optical microscope image (D) at 10×magnification, showing a strong blue
coloration of the microspheres. (E) Photograph of the same hydrogel after being kept in a 5%
solution of HCl solution and the corresponding microscope (F) at 10× showing a discoloration of the
microspheres. The scale bar in the microscope images is 100 µm.

Thus, due to their unique morphology, the FAM-type samples are capable of floating
due to the existence of air bubbles in the foamed part of the sample. However, in contrast
to the HAM-type samples, the FAM-type samples show, at least qualitatively, adsorption in
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the bottom part of the samples, in other words, in the part of the sample with fewer bubbles,
where the polymer microsphere adsorbents are concentrated. Next, we will analyze in
quantitative terms how these two types of samples perform with the given difference in
morphologies and the same composition.

3.4. Capacity of Ion Extraction and Recovery of HPM Composites

The capacity for Cu(II) ion extraction qe refers to the adsorption or removal of metal
ions from model water samples, stock solutions of 5 × 10−2 M concentration. However,
because for these materials, we are also interested in the ability to recover the metal ions
from the material, we have also measured the Cu(II) recovery capacity qr, which was
achieved by treating the HPM composites with an acidic solution of 5% HCl. This could
demonstrate that these materials are indeed feasible to be deployed in technologies inter-
ested in recovering raw materials by hydrological mining. Thus, each sample from both
classes of composites, HAM type and FAM type, as well as control samples, the polymer
microsphere adsorbents and PVA hydrogel control samples, have been employed in at
least four cycles of extraction and recovery of Cu(II) ions. The results are presented in
Figure 6. Here, we note that the adsorption capacities calculated with Equations (1) and (2)
were performed for the entire mass of the hydrogel, and Figure 6 shows the effective
qr and qe capacities, meaning that the adsorption capacity of the PVA control sample,
qr = 15.7 mg/g and qe = 11.6 mg/g, accounting for physical adsorption of Cu(II) ion, have
been subtracted from each value. From the results presented, it can be immediately noted
that the capacities of the HAM-type samples are only slightly less than that of FAM-type
samples. Furthermore, while HAM-2 and FAM-2 both contain a double amount of poly-
mer microsphere adsorbents, no significant change in the adsorption capacity within the
experimental error for HAM-2 is observed; both the qe and qr are comparable to those
of HAM-1, while for FAM-2, both the qe and qr are slightly less than that of FAM-1. Fur-
ther, the only parameter that changes between the two sets of samples, HAM and FAM,
is their morphology; thus, the effect of the morphology on the adsorption capacity can
be understood by comparing HAM-1 to FAM-1 and HAM-2 to FAM-2. Here, we note a
decrease in the adsorption performance for the Cu(II) ions of the FAM-2 type samples
(qe = 7.7 mg/g and qr = 5.6 mg/g) compared to the HAM-2 (qe = 11.1 mg/g and
qr = 11.5 mg/g) samples of about 31% for qe and 51% for qr, due to their unique mor-
phology, whereas we hypothesize that the part containing air bubbles causing their floating
ability, contributes less to ion adsorption. Also, a slight change in adsorption capacity can
be noted for the HAM-1 (qe = 12.0 mg/g and qr = 11.8 mg/g) vs. FAM-1 (qe = 9.9 mg/g
and qr = 11.2 mg/g) samples of about 18% for qe and 5% for qr, we believe also due to
their different morphology. By a more careful analysis, however, it can be noted that the
adsorption capacity data in Figure 6 are inversely correlated with the softness of the sample
in Figure 4. In other words, the softer the sample, which is equivalent to saying the more
foamed the sample is, the less adsorption capacity for Cu(II) ions. On the other hand, only
the foamed samples are capable of floating on water. Thus, we conclude the tradeoff for
having water-floating adsorbent samples is only a slight decrease in the adsorption capacity
on the part of the FAM-1 and FAM-2 samples.

In absolute terms, while the difference in adsorption capacity of HAM- and FAM-type
materials with the same chemical composition is only a reflection of material morphology,
the total mass of the Cu(II) ions adsorbed by each HPM composite is due to their chemical
composition. The total mass of Cu(II) ions adsorbed by HPM composite series and the
reference PVA hydrogel is shown in Figure 7, where a clear change in the total mass of
adsorbed metal ions can be seen with the load in the PM adsorbents in the HPM, decreasing
in the order HAM-2 (qe = 42.70 mg/g and qr = 62.3 mg/g) > FAM-2 (qe = 36.12 mg/g and
qr = 50.1 mg/g) > HAM-1 (qe = 34.05 mg/g and qr = 48.8 mg/g) > FAM-1 (qe = 33.44 mg/g
and qr = 48.0 mg/g). HAM-2 and FAM-2 have the same amount of polymer microspheres,
of 1 g, while the HAM-1 and FAM-1 each have an amount of 0.45 g of polymer microsphere
load. Thus, the total mass of adsorbed Cu(II) ions reflects the load of the HPM composite
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with the PM adsorbent. It is important to note that for FAM-1 and FAM-2 samples, there
were no negative effects on their floating capability observed with the PM loading amount.
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In addition, the qe and qr capacities have been monitored with the metal ion extraction
and recovery cycle number, as with HAM-1, for example (see Figure 8). The mass of Cu(II)
ions adsorbed or desorbed from the HPM composite shows no change or loss in capacity
up to the fifth cycle of extraction and recovery. These data strongly indicate that these HPM
composite materials, especially those of FAM-type morphology, are a new technology that
can be successfully deployed on the surface of the water in extraction and recovery of the
metal ions from various water sources, lakes, oceans, ponds, etc., for hydrological mining
of technological relevant metal ions.
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At this point, it is important to compare the current results with the other results
in literature. Functional hydrogels generated from polymers with functionality, such as
amine, amide functional groups, or carboxylic groups, capable of binding metal ions
exhibit excellent adsorption capacities for Cu(II) ions. This should obviously be due to
the high functional group density provided by these polymer chains. For example, for
the recently reported hydrogels obtained from poly(acrylic acid-co-acrylamide), the Cu(II)
ion adsorption capacity was 211.7 mg/g [34], and for the poly(acrylamide-co-sodium
methacrylate) hydrogel the Cu(II) ion adsorption capacity was 24.05 mg/g [35]. The former
is significantly larger than the one reported here, while the qe of the latter is comparable to
that of the HPM composites. On the other hand, chitosan hydrogel beads, with chitosan
being a well-known natural polymer with a high density of glucosamine groups capable of
binding metal ions, have a qe of 130 mg/g. Finally, hydrogel–particle composites, where
both particles and the hydrogel are capable of binding the Cu(II) ions, such as hydrogel–
clay nanocomposites, have shown a qe of 68 mg/g [36], while the hydrogel–graphene
oxide composite has shown a much-reduced qe of 5.99 mg/g for Cu(II) ions [37]. Thus, we
conclude that the Cu(II) ion adsorption capacities obtained in the current work, qe ranging
from 7.7 to 12.0 mg/g, fall in the middle of the high and low range of the values reported
in the literature.

In addition, we have studied the adsorption kinetics of the HAM-2 and FAM-2 ma-
terials, the data presented in Figure 9, and we fitted the adsorption data to three differ-
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ent adsorption kinetic models: (i) pseudo-first-order kinetics, described by the equation
q(t) = qe

(
1− e−k1t

)
, where k1 is the rate constant of the first-order adsorption process,

q(t) is the amount of metal ion adsorbed at any given time, t, and qe at equilibrium [38];

(ii) pseudo-second-order rate expression q(t) = q2
e k2t

1+qek2t , where k1 is the rate constant of
the second-order adsorption process [38]; and (iii) intraparticle diffusion model, which
indicates that the intraparticle diffusion is the rate-limiting step q(t) = kdt0.5 + C, where
the kd is the intraparticle metal ion diffusion constant, and C is an arbitrary constant [39].
The fit parameters are given in Table S2. It can be seen that the best fit to the data was
obtained for the pseudo-second-order kinetics model for HAM-2, followed by the intra-
particle diffusion model for FAM-2. This suggests that the pseudo-second-order kinetics
model dominates the adsorption characteristic for the HAM-2, and the intraparticle diffu-
sion model is characteristic of the FAM-2 material. In reality, the adsorption phenomenon
in the HPM composite cannot be described purely by a single model, but its adsorption
characteristic can be best modeled by a combination of different components kinetics of
the adsorption and diffusion. Thus, it can be said that FAM-2 has a stronger diffusive
component than the HAM-2 composite. Further, judging by the lower value of the rate
constants for FAM-2 in Table S2, but also by the fact that the saturation plateau in Cu(II)
ion intake is reached much later than that of HAM-2 (see Figure 9), we conclude that the
adsorption in FAM-2 is about twice as slow as the adsorption of Cu(II) ions in HAM-2. This
can only be explained by the difference in the morphology of the material, whereas the
foamed FAM-2 composite lengthens the diffusion path of the Cu(II) ions inside the material
to the adsorption sites. Other authors have also related the pseudo-second-order kinetics
to chemisorption rather than physisorption [40].
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4. Conclusions

In this work, we have synthesized HPM composite materials with different mor-
phologies, capable of floating on the surface of water and carrying polymer microsphere
adsorbents for Cu(II) metal ions extraction from water samples. The HPMs have shown a
good adsorption capacity for these metal ions from water samples, and we have shown that
the Cu(II) ions can be easily recovered from these materials. We have demonstrated that
the HPMs in different morphologies, such as water-floating FAM types (foamed hydrogels)
exhibit only a small loss in the extraction capacity in comparison to the non-foamed hy-
drogel HAM types, proving the feasibility of these water-floating materials. Further work
should focus on loading the floating FAM-type HPM composites with additional amounts
of polymer microsphere adsorbents and testing their adsorption performance in complex
matrices of ions, samples of different ionic strengths, competitive adsorption studies, and
even real marine, lake, or wastewater samples spiked with ions of interest. We believe, in
fact, that the HAM and FAM samples have a high technical readiness level to be tested on
real water samples. Thus, future work shall also focus on deploying these materials on
real water samples either in the laboratory or in a water purification station, at least after
the water has been treated with flocculation agents. While these materials are useful in
the recovery of Cu(II) metal ions present in the wastewater produced in various industrial
activities, such as mining, smelters, foundries, electroplating, batteries manufacturing, etc.,
it is also conceivable that these could also be deployed in hydro-mining applications. In
the hydro-mining applications of water-floating adsorbents, the presence of free copper
ions has to be evaluated because the existence of ion species in the given environmental
conditions or the presence of bio-produced ligands can lower the concentration of Cu(II) to
insignificant levels [41,42]. Nevertheless, areas with excess Cu(II) ions can be identified that
produce stress to phytoplankton and aquatic life, and such adsorbents could be involved in
environmental remediation and hydro-mining. Further, it may also be of interest to use
HAM-type materials in soil remediation applications.
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10.3390/nano13192619/s1, Figure S1. UV–vis absorption spectrum of 5 × 10−2 M CuCl2·2H2O
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(B), and the foamed HPM composite FAM-2 (C); Figure S4. Photograph of the HAM-1 (left) and PVA
hydrogel control sample without adsorbent microspheres (right) after being in contact with a stock
solution of 5 × 10−2 M CuCl2·2H2O for 12 h, showing a significant change in color from white to
deep blue; Figure S5. Photograph of the FAM-2 HPM composites, before and after adsorption of
Cu(II) ions from a 5 × 10−2 M solution of CuCl2·2H2O; Table S1. Composition of the HPM composite
series in the form of hydrogel and foam; Table S2. The fit parameters of the kinetic adsorption of
Cu(II) ions by the HAM-2 and FAM-2 to three different models, as indicated by the equations in the
text, and r represents the goodness-of-fit parameter.
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Abstract: In this work, we have synthesized copper nanoforms (Cu NFs) using ascorbic acid as
a reducing agent and polyvinylpyrrolidone as a stabilizer. Elemental characterization using EDS
has shown the nanostructure to be of high purity and compare well with commercially sourced
nanoforms. SEM images of both Cu NFs show some agglomeration. The in-house NFs had a better
even distribution and size of the nanostructures. The XRD peaks represented a face-centered cubic
structure of Cu2O. The commercially sourced Cu NFs were found to be a mixture of Cu and Cu2O.
Both forms had a crystalline structure. Using these two types of Cu NFs, an antimicrobial study
against Colletotrichum gloeosporioides, a devastating plant pathogen, showed the in-house Cu NFs to
be most effective at inhibiting growth of the pathogen. Interestingly, at low concentrations, both
Cu NFs increased fungal growth, although the mycelia appeared thin and less dense than in the
control. SEM macrographs showed that the in-house Cu NFs inhibited the fungus by flattening the
mycelia and busting some of them. In contrast, the mycelia were short and appeared clustered when
exposed to commercial Cu NFs. The difference in effect was related to the size and/or oxidation
state of the Cu NFs. Furthermore, the fungus produced a defense mechanism in response to the
NFs. The fungus produced melanin, with the degree of melanization directly corresponding to
the concentration of the Cu NFs. Localization of aggregated Cu NFs could be clearly observed
outside of the model membranes. The large agglomerates may only contribute indirectly by a hit-
and-bounce-off effect, while small structures may adhere to the membrane surface and/or internalize.
Spatio-temporal membrane dynamics were captured in real time. The dominant dynamics culminated
into large fluctuations. Some of the large fluctuations resulted in vesicular transformation. The major
transformation was exo-bud/exo-cytosis, which may be a way to excrete the foreign object (Cu NFs).

Keywords: copper nanoforms (Cu NFs); antimicrobial; Colletotrichum gloeosporioides; giant unilamellar
vesicles (GUVs); melanin production

1. Introduction

Metals have been exploited for their antimicrobial properties for thousands of years.
Since the era of Persian kings, copper and silver have been used for food preservation
and water sanitization. Copper compounds have been used in agriculture as a fungistatic
agent on potatoes and grapes [1]. Nanoforms of metal ions have been reported to increase
their antimicrobial properties [2]. These nanoforms possess significant cytotoxicity activity
against viruses, fungi, and bacteria. Metal-based nanoparticles (NPs) have the potential
to be effective as antimicrobial agents through different mechanisms with respect to the
classical treatments and have the potential to be able to target multiple microbes and
biomolecules compromising the development of resistant strains [3]. For example, silver,
gold, zinc oxide, copper, and copper oxide nanoparticles are commonly used in antibio-
therapy. Abbaszadegan et al. demonstrated that positively charged Ag NPs are strongly
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attracted to the surface of bacteria, resulting in significant antibacterial activity [4]. ZnO
NPs and Au NPs possess antimicrobial activity against different Gram-positive (S. aureus
and many others) and Gram-negative (namely P. aeruginosa, E. coli, etc.) bacteria [5].

In the synthesis of metal NPs, natural plant extracts can be used both as reductants
and stabilizers. They are easily accessible, biocompatible, and eco-friendly, which may
synergistically increase the antimicrobial performances of Cu NPs [6]. Furthermore, Cu NPs
dissolve faster than other noble metals by releasing ions into the surroundings [7]. Thus,
they have found numerous applications in several areas, such as additives in metal coatings,
inks, skin products, and plastics for food packaging [8]. Concerning their antimicrobial
activity, Cu NPs generate oxidative stress, cause the disassembly of viruses or bacterial
membranes, and can interfere with virus activity [9]. At the same time, Cu ions increase
the generation of compounds that are toxic for microbes. Copper oxide nanoparticles
(CuO NPs) stand out by possessing very well-known antibacterial properties, being active
against a varied range of pathogenic bacteria [10]. The integration of metal oxide NPs
improves its antimicrobial as well as physical, chemical, and mechanical properties [11].
Cu2O NPs showed strong antibacterial properties and effectively damaged the bacterial
cell membranes [12].

Metal ions can create strong coordination bonds with atoms (N, O, or S) that are
abundantly present in biomolecules and organic compounds. Generally, the bond between
metal ions and biomolecules is non-specific, which exhibits a broad-spectrum activity to
the metal-based NPs [13].

Multiple studies have investigated the different actions that copper nanoforms (Cu
NFs), that is, nanostructured copper (Cu NPs) and its oxidized forms (CuO NPs, Cu2O NPs)
exert on microbes [14,15]. In general, Cu NPs are more prone to interact with the bacterial
membrane, compromising its integrity [14]. Meanwhile, CuO NPs, depending on the shape
of the NP, tend to penetrate the bacterial membrane and release ions within the cell [15]. The
basic process that takes place for Cu NPs is based on the redox equation, which involves
the energetically favorable oxidation of copper to Cu(II) (Cu(s) + O2 + 2H+ = Cu2+ + H2O2).
Thus, the local production of hydrogen peroxide (H2O2) causes membrane damage [16].
This was in accordance with the cellular membrane study, where exposure to Cu ions
caused a minor impact [17]. Another research has suggested that CuO NPs can also produce
reactive oxygen species (ROS). The authors showed that E. coli is more affected by CuO NPs
than S. aureus, suggesting that the membrane differences between Gram-negative and Gram-
positive bacteria can influence the resistance to ROS [18]. The authors also evidenced a
correlation between the amount of killed bacteria and the size of the NP and highlighted that
smaller NPs are more effective against bacteria. Furthermore, smaller NPs are associated
with an increased amount of superoxide anions, generating more intense oxidative stress.
Another study demonstrated that the shape of the NP significantly influences the overall
antibacterial activity by comparing the minimum bactericidal concentration and minimum
inhibitory concentration of nanosheets of CuO and spherical CuO NPs against Proteus
vulgaris, E. coli, Bacillus subtilis, and Micrococcus luteous [19]. When tested in mice, Cu
nanocrystals were reported to catalyze the production of the hydroxyl radical to kill the
bacteria and hinder the further production of biofilms [20]. Cu NPs and CuO NPs have
shown antimicrobial effects, but the mechanism behind the activity of these NPs is not
well elucidated yet. However, it is believed that it comprises bacterial cell wall adhesion
facilitated by electrostatic interactions. Previously, we have shown the antifungal properties
of Cu and its oxide forms [21]. As a follow-up study, in our current work, we investigated
some of the mechanisms involved behind the antimicrobial action of Cu NFs. We used
commercial as well as Cu NFs synthesized in our laboratory. In this way, we were able to
also observe the effect of the nanostructures depending on the concentration and size of
the Cu NFs.

Structural organization such as the molecular packing of lipids are intrinsic properties
of cell membranes and contribute to biophysical processes, including endocytosis, exo-
cytosis, and autophagy. These are important for cellular function. Introduction of some
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substances such as NPs may interfere with these vital functions by changing lipid structural
organization, thus disrupting normal/expected membrane dynamics. Therefore, studying
these structural dynamics provides insight into the physical basis of changes in cellular
geometry, which occur during biophysical processes such as membrane invagination. In-
deed, different types of stimuli, including physical (heat, light), biomolecules (amyloid
beta), and antioxidants (polyphenols) introduced to lipid vesicles, have been shown to
induce morphological transformations [22,23]. Giant unilamellar vesicles (GUVs), that is,
model membranes with diameters greater than 10 µm, have been used for investigations of
the physical and biological properties of vesicle membranes. The cell-sized vesicles allow
for the real-time observation of dynamic morphological changes to be clearly visualized
without compromising on the “controllable” analytical advantage [24]. They also mimic the
physiological environment closely in terms of the spatio-temporal scale at which interac-
tions take place, thus allowing for the understanding and clarification of mechanisms. They
have been extensively used in research [25,26]. In our current work, we utilized GUVs to
study, in real-time, the spatio-temporal membrane dynamics and changes induced by the
presence of Cu NFs. Bhat et al. have studied the role of gold and silver NPs with GUVs [27]
in cancer therapies.

Herein, besides demonstrating that our in-house synthesized Cu NFs were antimi-
crobial and performed better than the commercially soured Cu NFs, we investigated the
molecular mechanisms underlying the anti-fungal activities of nanostructured copper and
copper oxide. Using biomimetic model membrane systems, we studied in real time the
spatio-temporal membrane dynamics induced by the Cu NFs. We observed dynamics
with a dominance of large fluctuations, some of which culminated into membrane trans-
formations. Exo-bud/-cytosis was the major membrane change induced by both Cu NFs.
Chemical characterization of the functional groups using FTIR revealed that both Cu NFs
interfered/interacted with the functional groups in all major biomolecules (lipids, proteins,
and carbohydrates). Furthermore, we could visually see the production of a dark pigment.
We imagine this to be the production of melanin due to the stress caused by the Cu NFs on
the fungus. Melanin production was confirmed and semi-quantified.

2. Materials and Methods
2.1. Materials

Copper nanoforms (Cu NFs), copper acetate monohydrate, melanin, phosphate buffer
saline (PBS) tablets, polyvinyl pyrrolidone (MW 10,000, PVP-10), potato dextrose agar
(PDA), and potato dextrose broth (PDB) were obtained from Sigma Aldrich Corporation
(Tokyo, Japan) and were used without further purification. Dimethyl sulfoxide (DMSO)
was purchased from Wako Pure Chemical Industries, Ltd., Osaka, Japan. Chloroform and
methanol were purchased from Kanto-Chemical Co. Inc. (Tokyo, Japan) and Nacalai Tesque
Inc. (Kyoto, Japan), respectively. Colletotrichum gloeosporioides was a gift from the Plant
Pathology Laboratory, Faculty of Agriculture, Kagoshima University, Japan. Membrane
lipid 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) was purchased from Avanti Polar
Lipids, Inc. (Alabaster, AL, USA). All chemicals were of analytical grade and used as
received. Deionized water was obtained using a Millipore MilliQ (MilliQ Water, Millipore
S.A.S., Molsheim, France) purification system at conductivity 18.2 MΩ cm−1. Unless
otherwise stated, all analyses were conducted at room temperature (RT).

2.2. Synthesis of and Preparation of Copper Nanoforms

Cu NFs were synthesized using a bottom-up approach with copper acetate as a
precursor, ascorbic acid as a reducing agent, and PVP-10 as a stabilizer. PVP has been used
as a stabilizer in the synthesis of metal NPs including palladium [28]. Briefly, copper acetate
(300 mM) and PVP-40 (5% (v/v)) in MilliQ water were mixed using a magnetic stirrer at
~40 ◦C for 10 min. Thereafter, 1M of ascorbic acid was slowly added to the solution at 10 µL
per min with gentle stirring until the solution changed from bluish to dark red. The dark
red precipitate was collected and washed with MilliQ water. This process was repeated
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twice. Then, the sample was dried in a convection oven at 80 ◦C for over 12 h. Lastly, the
dried sample was ground slightly before analysis. We refer to this sample as the in-house
Cu NFs.

2.3. Characterization of Synthesized Copper Nanoforms
2.3.1. X-ray Diffraction

Cu NFs were characterized using XRD. The dried sample was fixed on a slide glass for
measurement. X-ray diffractograms were obtained using a PANalytical X’PERT PRO MPD
diffractometer (Malvern Panalytical, Kobe-shi, Japan) operating at 45.0 kV and 40 mA; the
Cu-Kα radiation (λ = 1.54060 Å) was measured at a scan speed of 0.1◦/s, step size of 0.01◦,
and from the 2θ: 20◦ to 80◦ range. The commercial Cu NFs were similarly analysed.

2.3.2. Field-Emission Scanning Electron Microscopy (FE-SEM): Energy-Dispersive X-ray
Spectroscopy (SEM-EDS)

First, a carbon tape was pasted on the sample holder, and the dried sample was placed
on the holder. Excess sample was blown off with a blower, and a coater was used to coat the
sample surface with Au. The coating was performed once from directly above the sample
and from the oblique direction at 10 mA × 90 s × once using a sputter coater (Polaron
SC7610, Fisons Instruments, Saitama-shi, Japan). The synthesized Cu NFs were imaged
using FE-SEM (FE-SEM: Hitachi High-Tech Corporation, Model: SU-70, Tokyo, Japan), at
an accelerating voltage of 5.0 kV.

Energy-dispersive X-ray spectroscopy (EDS) is a technique used to detect elements in
a sample. It is used in conjunction with SEM or TEM. In our study, it was used with SEM.
For EDS measurement, pellets (3 mm) were prepared from the dried samples and fixed
on a sample holder using carbon tape. Afterwards, the surface of the sample was coated
with carbon using a carbon coater (VC-100, Vacuum Device, Ibaraki, Japan). EDS analysis
was conducted at an accelerating voltage of 25.0 kV and magnification of 1000× using an
Octane Elect Super instrument (AMETEK, Tokyo, Japan).

2.3.3. Dynamic Light Scattering

Immediately after sonication of the Cu NFs, the size distribution and zeta potential of
the NPs were analyzed using the DLS technique using a Zetasizer Nano ZS90 (Malvern
Panalytical, Japan). All measurements were conducted in water at room temperature
(25 ◦C) and at an approximately 200 kcps count rate.

2.4. Preparation of Fungal Culture

A culture of C. gloeosporioides was grown on PDA. Fungal isolates were first routinely
cultured in PDA in agar plates to build a stock of culture. Agar plates were incubated at
25 ◦C for 14 d to obtain a good culture. Once the fungi were at an active growth stage, agar
blocks were cut and transferred into PDA petri dishes and PDB tubes.

2.5. Effect of Copper Nanoforms on Fungal Growth and Structure

The PDA and PDB media were treated with Cu NFs at concentrations ranging from
0 to 1.0 mg/mL. The growth of fungus was measured daily for a period of 14 d using a
homemade calibrated ruler as previously reported [24].

For imaging of fungal microstructure, mycelia were harvested after 14 days of incuba-
tion (with and without treatment with Cu NFs) from the PDB media and gently collected on
filter paper. Thereafter, the mycelia were washed three times with MilliQ water to remove
residual PDB. Subsequently, the mycelia were dried at 80 ◦C for 24 h then ground into fine
powder using a mortar and pestle. The sample was fixed on a sample holder using carbon
tape. A Quanta 400 instrument (FEI, Thermo Fisher Scientific, Tokyo, Japan) operating in
low-vacuum mode was used with water vapor and an accelerating voltage of 15.0 kV.
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2.6. Chemical Composition of Fungus

To understand how the Cu NFs interacted with the fungus at the chemical level,
we used Fourier transform infrared spectroscopy (FTIR) to elucidate the types of bonds
involved and any disruptions in the presence of the nanoparticles. FTIR has been used to
even discriminate between genus, species, and strain level [29,30].

Mycelia were harvested as in Section 2.5. However, they were subsequently ground
after drying and were analyzed using a JASCO FT/IR-4200 instrument (JASCO Interna-
tional Co. Ltd., Tokyo, Japan) with an attenuated total reflection set-up (ATR PRO 410-S).
The samples were deposited on the ATR diamond prism (45◦ angle of incidence), yielding
one reflection. Absorption spectra at a resolution of one datapoint for every 1 cm−1 were
obtained in the region between 4000 and 400 cm−1.

2.7. Preparation of Cell-Sized Lipid Vesicles

DOPC lipid vesicles were prepared following the natural swelling method [31]. The
lipid mixture was dissolved in chloroform:methanol (2:1; (v/v)) in a Durham glass bottle
to a final concentration of 0.2 mM. Glucose in methanol was added to the lipid to give
a final concentration of 0.2 mM. The solvent was subsequently removed by evaporating
the tube under a gentle nitrogen stream and drying it in a desiccator for 3 h, resulting
in a thin lipid film at the bottom of tube. The film was rehydrated with 3 µL of MilliQ
water and incubated at 55 ◦C for 10 min. Afterwards, 197 µL of MilliQ water was added,
and the swollen lipid solution was left on a dry heating block overnight at 37 ◦C for the
self-assembly of lipid vesicles.

2.8. Observation of Membrane Dynamics

A liposome solution (5 µL) prepared above was placed in silicon well (0.2 mm) on a
slide glass and covered with a small cover slip. To study the interaction of NPs with the
lipid membrane, 5 µL of the liposome solution and 5 µL of Cu NF prepared in MilliQ water
(Cu NPs and Cu2O NPs; (1 mg/mL)) were poured into a test tube, gently mixed by soft
tapping, and observed soon after. Observation of the vesicular dynamics was within 2 min
of the solution’s introduction to the lipid vesicles. As time affects the interaction between
the membrane and NPs, we carefully followed the exact same experimental conditions
and procedures for each analysis and conducted at least 20 replicates for each type of
interaction. Microscope observation was carried out within 3 min of sample mixing. We
observed changes in membrane morphology using a phase-contrast microscope (Olympus
AX80 and IX70; Olympus, Tokyo, Japan) at RT. The silicon well and cover slip ensured that
evaporation of the solution did not occur over the duration of the experiment. Images were
recorded on a hard disc.

2.9. Detection of Melanin Production

We used a fluorescence-based assay for the detection of melanin [32]. First, the melanin
had to be extracted from the fungal culture grown in-PDA incubated (with and without
Cu NFs) Petri dishes for a period of 20 days. The fungi, together with the PDA media,
were transferred to PBS (pH 7.4) solution and mixed thoroughly. The mixture was heated
with constant stirring at approximately 95 ± 5 ◦C for 20 min and centrifuged at 2000× g
for 10 min to separate the fungus from the media. The precipitate was then dissolved in
10% (v/v) DMSO of 1 M NaOH solution using an ultrasonic wave water bath at 75 ◦C
for 4 h. This solution was referred to as “extractable” melanin. After centrifugation at
14,000 rpm for 15 min, 35% (v/v) H2O2 solution was added to the supernatant and kept
in the dark at RT for 4 h. Fluorescence was measured at excitation 470 nm and emission
550 nm using an Infinite 200 PRO Mplex spectrometer, TECAN, Mannedorf, Switzerland.
Standard solutions of melanin were similarly detected, and a standard curve was drawn.
Concentrations of extractable melanin were henceforth calculated using the standard curve.
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3. Results and Discussion
3.1. Characterization of Copper Nanoforms
3.1.1. XRD

The Cu NFs were characterized using XRD spectroscopy. Major sharp diffraction
peaks were obtained at 2θ 30◦, 36◦, 42◦, 53◦, 63◦, 73.5◦, and 77◦ for the in-house synthesized
Cu NFs (Figure 1A). These peaks were assignable to lattice planes (110), (111), (200), (211),
(220), (310), and (222), respectively, of crystalline Cu2O (JCPDS Card No. 04-003-6433).
The peaks represent a face-centered cubic structure of Cu2O [33]. The diffraction patterns
for the commercial Cu NFs were very similar to the in-house ones (Figure 1B) with the
exception of an additional not fully resolved diffraction peak at 43◦. This corresponds to
(111) of cubic symmetry Cu0 (JCPDS Card No. 01-070-3039). Another exception is a barely
resolved peak (shoulder to peak at 74.1◦). This corresponds to (310) of Cu2O (JCPDS Card
No. 04-003-6433) and the main resolved peak at 74.1◦ (220) of cubic symmetry Cu0 (JCPDS
No. 01-070-3039).
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Figure 1. X-ray diffraction (XRD) patterns of (A) in-house Cu NFs and (B) commercial Cu NFs.
Patterns were obtained with a PANalytical X’PERT PRO MPD diffractometer (Malvern Panalytical,
Japan) operating at 45 kV and 40 mA with Cu-Kα radiation (λ = 1.54060 Å) measurement being
performed at a scan speed of 0.01(units) from the 2θ 20◦ to 80◦ range.

Thus, the synthesized Cu NF sample was characterized as a crystalline pure Cu2O,
and the commercial Cu NF could be identified as a mixture of Cu2O and Cu0, both of which
are crystalline cubic structures.
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3.1.2. Energy Dispersive X-ray Spectroscopy (EDS)

Energy-dispersive X-ray spectroscopy (EDS) was used in conjunction with SEM to
analyze elements in the Cu NFs. EDS measurement is based on the principle that when
the elements are subjected to excitation upon being shot by an electron beam, the elements
emit/release a specific amount of X-ray energy that is particular to each element. The
energy emitted for each element is also related to how far excited electrons in the element
fall from upper orbitals to lower ones to fill the vacancy of displaced electrons. The purity
of the synthesized Cu NFs is very high indeed, and only three elements were detected. As
shown in Figure 2, the spectra of the synthesized and commercial Cu NFs are very similar.
They both display typical emission energies for Cu at ~0.93 keV, which corresponds to the
fall of electrons from an upper orbital M to L shell (Lα). The energy spikes at ~8.04 keV and
~8.91 keV correspond to X-ray emissions Kα and Kβ, respectively, which were released
by electrons as they fell from the L to K electron orbitals. The amount (counts) of released
energy is not too different between the two Cu NFs. The commercial Cu NFs had a slightly
higher count at 69.7% compared with the in-house Cu NFs (63.3%). In both spectra, carbon
was detected. Oxygen element was also detected. We imagine that the O comes from O in
the Cu2O nanostructures. We imagine that this is contamination from the carbon tape that
was used to fix the sample to the sample holder [34]. The micrograph of the synthesized
Cu NFs (A) shows that their structures have more evenly distributed surfaces than the
commercial nanoforms (B).
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Figure 2. Dispersive energy X-ray spectra of (A) Cu NFs synthesized in house using ascorbic acid and
polyvinyl pyrrolidone and (B) commercial Cu NFs. The elemental (% weight and atomic %), values
and SEM images of the analysis area can be seen (inset). The analysis was conducted in triplicate at
an accelerating voltage of 25.0 kV and magnification of 1000×. Elemental analysis data are the mean
of three replicates.

3.1.3. Field-Emission Scanning Electron Microscope (FE-SEM)

The structure of Cu NFs was analyzed using field-emission scanning electron mi-
croscopy (FE-SEM). The images in Figure 3 show an even size and surface distribution of
particles for the synthesized Cu NFs (A) compared with the commercial Cu NFs (B). A
closer look at the insets shows smooth, spherically shaped nanoparticles, which are agglom-
erated into bigger structures (the self-evolution of the agglomerates into grapes-on-stick
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structures are also interesting in their own right. A study of structural evolution under
different conditions is underway and will be reported separately). The nanoparticle ag-
glomeration in both samples is due to the presence of high surface energy. Agglomeration
of Cu NFs has been studied. It has been reported that commercially purchased Cu NFs of
40, 60, and 80 nm resulted in agglomerates of 335, 360, and 365 nm in water respectively.
The agglomerates were even larger in cell media [35].
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3.2. Effect of Copper Nanoforms on Fungal Growth and Microstructure of Mycelia
3.2.1. Effect of Copper Nanoforms on Fungal Growth

We exposed C. gloeosporioides to the in-house Cu NFs and commercial Cu NFs at
different concentrations. As can be seen in Figure 4A, both types had the effect of increasing
the growth of the fungus at low concentrations (less than or equal to 0.25 mg/mL). In fact,
commercial NFs increased fungal growth even at 0.5 mg/mL at this concentration; we could
begin to observe a decrease in growth when the fungus was exposed to in-house NFs. It
was only at a higher concentration of commercial NFs (1 mg/mL) that there was a decrease
in fungal growth (Figure 4A). Our inhouse Cu NFs were characterized as crystalline Cu2O
NFs that were center-cubic faced. The commercial NFs were characterized as a combination
of crystalline Cu2O NFs and Cu NFs. Another difference between the two Cu NFs are their
respective sizes. The shape and size of NFs influence how they interact with biological
molecules, including cells and organisms (bacteria, fungi, etc.) [36]. At this point, we cannot
yet confirm which, if not both, of the parameters (oxidation state and size of NFs) is most
effective at inhibiting the growth of the fungus. However, we can note that in our previous
work [21], we reported that CuO NPs were more effective at inhibiting the same fungus
compared with Cu NFs.

The increase in fungal growth at a low concentration of Cu NFs was very interesting.
The same effect has been reported in some bacterial and fungal species in the presence of
low concentrations of Cu [37]. Therefore, we decided to examine the overall structure of
the mycelium using a simple optical microscope (BA210EINT (Shimadzu, Tokyo, Japan)).
Compared with the control, we observed thinner, longer, and less dense mycelia at low
concentrations (Figure S1A). These appeared darker in color, and the changes in fungal
structure could be seen by the naked eye (Figure S1B). Furthermore, we used a scanning
electron microscope to zoom in on the microstructure of the fungus.
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Figure 4. Effect of Cu NFs on C. gloeosporioides, a fungus that attacks food crops. (A) Diameter growth
of the fungus in the presence and absence (control) of (i) in-house Cu NFs and (ii) commercial Cu
NFs; Percent inhibition in fungal growth in the presence of Cu NSFs (iii); (B) SEM images of the of
the fungus (i) alone; in the presence of (ii) inhouse Cu NFs and (iii) commercial Cu NFs. The white
bars represent 50 µm size; the white bars (inset images) represent 10 µm size. Images were obtained
in low-vacuum mode with water vapor and an accelerating voltage of 15.0 kV.

3.2.2. Micrographs Fungus after Exposure to Copper Nanoforms

The mycelia of healthy fungus can be seen as a long tubular structure (Figure 4(Bi)).
This structure has been flattened, and some tears (broken mycelia) could be clearly observed
when the fungus was exposed to in-house Cu NFs (Figure 4(Bii)). Interestingly, treatment
of the fungus with commercial Cu NFs resulted in a different macrostructure of the fungus.
The mycelia look very short and are somehow clustered in bunches (Figure 4(Biii)). The
two forms of Cu NFs were different in their size and chemical structure. Analysis of the
in-house Cu NFs by XRD showed that its peaks represented a face-centered cubic structure
of Cu2O, while the commercial Cu NFs could be identified as a mixture of Cu2O and
Cu0. The SEM images showed both Cu NFs to have agglomerated, and the agglomeration
with individual particles were slightly smaller for the commercial sample compared with
the in-house sample. Because the EDS data showed both forms to be of similarly good
purity with slight contaminations from carbon, we can propose that the differences in the
macrostructure of the fungus after treatment with the two Cu NFs could only be due to the
size difference and/or the oxidation state of the copper nanostructures.

3.3. Interaction of Copper Nanoforms with Fungus: Mechanisms
3.3.1. FTIR Analysis of the Interaction of Copper Nanoforms with Fungus

Salman and colleagues provided a thorough characterization of fungal mycelia using
FTIR [38]. We have analyzed our results based on that characterization. As can be seen in
Figure 5, we observed four major absorbance peaks in all three samples (mycelium only,
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mycelium treated with Cu NFs, and mycelium treated with Cu2O NFs) and minor ones
in the fingerprint region. The peak at ~3280 cm−1 corresponds to an O–H stretch band
from water [38]. Absorbance peaks at 2923 and 2855 cm−1 are C–H stretching bands (and a
barely visible band at 1748 cm−1 due to a C=O stretch) attributed to lipid molecules. At
lower wavenumbers within the borders of the diagnostic and fingerprint regions, we can
observe absorption bands corresponding to amide (1636 cm−1, 1555 cm−1) stretches caused
by proteins in the sample and chitin. The amidic C–N stretch (1372 cm−1) is from chitin
and proteins in the sample [39]. In the fingerprint region, we see a small band at 1239 cm−1

corresponding to tertiary amine, N–H bending [40], with two bands corresponding to
carbohydrate C–O stretches at 1147 cm−1 and 1026 cm−1 and a barely visible PO2 stretch
(1075 cm−1) occurring due to nucleic acids.
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Figure 5. Interaction of C. gloeosporioides with copper nanoforms analyzed using FTIR. FTIR spectra
of fungal mycelium (A) alone (control), (B) with Cu NPs, (C) with Cu2O NPs (FTIR analyses were
conducted using a JASCO FT/IR-4200 instrument with an attenuated total reflection (ATR) set-up).
Absorption spectra were obtained in the region between 4000 and 400 cm−1.

In the presence of Cu NFs, the FTIR spectra appear to be very similar to the control
with only a small peak, possibly due to methylene scissoring vibrations from the proteins
in the solution, and the peak appears at a 1455 cm−1 wavenumber [41]. Cu NPs have
been shown to be antibacterial due to their affinity for highly abundant amines and C=O
on the cellular surface [42]. Thus, another possibility is that the strong interaction of Cu
NPs and amide may have caused a band displacement. This minor vibration was not
automatically detected in the control sample but can be observed by the eye similarly to the
Cu NFs-treated sample. Peaks at 1744 cm−1 and 1239 cm−1 are more prominent here than
that in the control. It indicates a decrease in the concentration of C=O of lipids showing
affinity towards Cu NPs.
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Of further interest is the total absence of an absorbance band at 1555 cm−1 due to
amides from proteins [39,41] and chitin [39]. In addition, there are three more bands in the
fingerprint region at 930 cm−1, 889 cm−1 (P–O stretching from polyphosphates in the cell
wall), and 772 cm−1. Here, an increase in the number of bands shows the masking of all
of the biomolecules by Cu2O NFs, which indicates a decrease in the concentration of the
biomolecules after interaction with Cu2O NFs.

Using a different fungal strain, we could still observe the same four major absorption
bands in fungal mycelium only and in mycelium treated with Cu NFs, as well as minor ones
in the fingerprint region (Figure S2 in Supplementary Materials). The peak at ~3320 cm−1

corresponds to an O–H stretch band from water [38]. Absorbance peaks at 3008 and
2922 cm−1 and 2853 cm−1 are C–H stretching bands from Csp2-H, Csp3-H, and Csp3-H,
respectively; a barely visible band at 1745 cm−1 is due to C=O stretch attributed to lipid
molecules. In the fingerprint region, we see two bands corresponding to carbohydrate C-O
stretches at 1148 cm−1 and 1026 cm−1. In the presence of Cu NFs, the FTIR spectra appears
to be very similar to the control.

3.3.2. Aggregation and Localization of Copper Nanoforms in Lipid Vesicles

First, we introduced 1.0 mg/mL of Cu NFs and Cu2O NFs into separate DOPC GUVs
to provide final metal and lipid concentrations of 0.5 mg/mL and 0.2 mM, respectively.
Upon observation under phase contrast microscopy, we could clearly observe Cu NFs
with sizes well above what was supplied (quoted by supplier as 60 nm) (Figure 6A). This
shows that the Cu NFs were not stable and had aggregated in the biological environment.
These observations are in agreement with previous reports and that the NPs aggregated
in the aqueous environment, as the zeta potential of both Cu NFs and Cu2O NFs samples
were very low at 0.05 mV and −0.05 mV [41]. Furthermore, the size distribution of the
“aggregated” Cu and CuO NFs averaged 175.6 nm and 254.8 nm, respectively, with a wide
spread between 80 and 850 nm (Figure S3). In this experiment with lipid vesicles, some of
the observed aggregated Cu NFs were larger than 1 µm. Indeed, agglomeration of Cu NFs
in cells and cell media have been reported to be higher than in water [35].
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Figure 6. (A) Aggregated Cu NFs in aqueous lipid media (black dots). The outline of a lipid vesicle can
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modification to enhance contrast; (B) membrane dynamics induced by 0.5 mg/mL of Cu NPs and
Cu2O NPs. Vesicles were prepared as in (A).
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Both forms of Cu were observed outside of the lipid vesicles. In real time, the aggre-
gated nanoforms were captured bouncing on and off of lipid vesicles. We imagine that
there was a repulsion between the hydrophilic head groups of the lipid molecules and
the aggregated copper nanoforms through sheer steric repulsion. As there is only a slight
negative charge on the phosphate group, a very slight negative charge (−0.05 mV) on the
surface of the Cu2O NFs, and no charge on the Cu NFs, it seems unlikely that the effect was
due to charge. Hydrophobicity of the copper nanoforms, especially in aggregated forms,
may also have hindered a direct interaction with the lipid headgroups (the nanoparticles
were prepared as a suspension in MilliQ water. That is, they did not dissolve). What we
were able to observe using a simple optical microscope was mainly relatively large particles.
A focus on the lipid vesicles themselves showed that the vesicles were destabilized in
the presence of the nanoparticles. This has been observed with amyloid beta fibrils upon
interaction with lipid vesicles. The fibrils were observed to not closely associate with lipid
vesicles. Localization of labelled oligomeric amyloid beta species could be seen on the
vesicular surface [23]. This could be due to the discussed possible stearic repulsion between
the vesicles and the vesicles and/or direct interaction between the vesicles and smaller
(<100 nm) nanoparticles not visible under the microscope used.

3.3.3. Spatio-Temporal Membrane Dynamics Induced by Copper Nanoforms

There are two oppositely acting major forces existing among the phospholipids in the
interfacial region of the lipid bilayer that control the surface area (A) per molecule. There is
a negative pressure (also known as interfacial tension) from the hydrophilic–hydrophobic
interface as a result of the hydrophobic effect; the positive pressure is due to repulsion be-
tween the phospholipid headgroups. The former force, which is generated from interfacial
tension among identical molecules, causes the molecules to assemble and decreases the
surface area A. In contrast, the latter, which includes steric repulsive interaction, hydration
force, and electrostatic double-layer contribution, tends to disaggregate the molecules and
increases A [43]. Changes in the balance between the two forces significantly influence
membrane area and dynamics.

We investigated the effect of Cu NFs and Cu2O NFs upon interaction with DOPC lipid
vesicles by observing, in real time, the membrane instability characterized by fluctuation
(undulation) and/or membrane transformation. Both Cu and Cu2O nanoforms induced
membrane fluctuation for all vesicles (n = 25). This suggests that there was an increase
in the surface area A to inner volume V ratio [23]. The fluctuations were initially small.
Eighty-eight percent (n = 22) of total lipid vesicles increased the intensity of the undulations
in the presence of both copper forms (Figure 6B). Although only marginally different, Cu2O
NFs seemed to have had a higher effect on membrane dynamics than the Cu NFs. They
also agree with the effect on fungal growth and observed images of C. gloeosporioides after
exposure to the coppers (Figure 5).

Some of the lipid vesicles exhibited membrane transformations, forming exo-buds
via large membrane fluctuations as the most dominant pathway (Figure 7). Exocytosis
and product endo-bud formation by membranes are normal biological processes, such as
the release of large molecules from within the cell into the extracellular space. It can also
be a way of eliminating of unwanted molecules adsorbed or attached to the membrane
surface. It is a form of transport. In this study, the majority of the membrane dynamics were
exo-bud/-cytosis. In biophysical terms, we imagine two possible scenarios: (i) adsorption
of small-sized Cu NFs and Cu2O NFs to the membrane surface; and/or (ii) membrane
penetration of even smaller-sized NPs. Upon these events, the lipid bilayer is destabilized as
observed by the membrane fluctuations and ensuing dynamics. These membrane dynamics
are a result of the increase in the surface area to volume ratio. The membrane tries to regain
equilibrium by reducing its effective surface area. Indeed, the opposite dynamics (endo-
bud/-cytosis) would also similarly reduce the effective surface area and enable equilibrium
to be re-attained. In biological terms, we begin to imagine how the presence of Cu and
Cu2O NFs, especially the very small (non-aggregated forms or small aggregates) forms,
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can cause membrane exocytosis as a means to eliminate any adsorbed and penetrated
materials on the cell surface. Exocytosis of NPs has been reported [44]. Although not a
major dynamic, endo-bud/cytosis was also observed. Similarly, we can imagine that this
would most likely be a means by which small nanoparticles would gain entry into the cell
through clathrin-mediated endocytosis. Our future research will focus on (i) measuring
the size distribution and zeta potential of the copper and copper nanoforms in aqueous
solutions containing lipid vesicles; (ii) studying their localization in lipid vesicle solutions
and using higher-resolution microscopy; and (iii) labelling the vesicles to investigate any
phase changes and quantify membrane fluidity. Furthermore, the observed hit-and-bounce-
off effect of the aggregated copper forms on the membrane surface could be studied deeply
to understand their immediate effect on membrane curvature.
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Figure 7. Endo-bud formation. The most dominant lipid vesicular transformation pathway induced
by Cu NFs. Top: Original image; Bottom: stylized image to clearly show what was observable
under the objective lens. Giant unilamellar vesicles were prepared using 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC, 0.2 mM) by the natural swelling method. Size bar = 20 µm.

3.3.4. Production of Melanin by Fungus

In this section, we discuss the fungal response upon exposure to the Cu NFs. This
was very interesting for us as we did not set up our experiment to investigate melanin
production. During the experiments on the effect of Cu NFs on growth of C. gloeosporioides,
we observed pigment formation. We believed it to be melanin, as melanin has been reported
to be produced by organisms including fungus [45] in response to stress. The exposure to
Cu NFs must have induced a defense mechanism in the fungus. The degree of melanization
was determined using a hydrogen peroxide-based assay [32]. The results show that melanin
was produced in a concentration-dependent manner, that is, the higher the concentration
of Cu NFs, the bigger the amount of melanin produced (Figure 8A). An estimate of the
melanin produced was calculated from a standard curve of melanin (Figure 8B). In the
absence of Cu NFs, the fungus produced 0.057 mg/g of melanin. This amount changed to
0.041 mg/g, 0.166 mg/g, and 0.199 mg/g in the presence of 0.1 mg/mL, 0.25 mg/mL, and
0.5 mg/mL of Cu NFs.

At a low concentration of Cu NFs, melanization was lower than the control. This is a
similar trend to the effect on fungal growth. We can imagine that the low concentration of
Cu NFs is in fact a stimulant to fungal growth rather than a stress factor. This observation
is in agreement with a report on how some species of bacteria and fungus perform better in
the presence of low levels of copper [37].
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Figure 8. Melanization of C. gloeosporioides in the presence of in-house Cu NFs (A). C. gloeosporioides
was cultured in potato dextrose agar for 14 d at 25 ◦C in the presence of in-house Cu NFs. Standard
curve of melanin (B).

4. General Summary

In this research, we investigated the interaction of copper nanoforms (Cu NFs) with a
plant-devastating pathogen C. gloeosporioides. The details and discussion of the findings are
in the previous section. To summarize, we synthesized Cu NFs from copper acetate using a
top-down approach, with ascorbic acid acting as a reducing agent and polyvinylpyrrolidone
10,000 (PVP-10) acting as the stabilizing agent. We also purchased Cu NFs. We characterized
both Cu NFs using EDS, and the results of the in-house and commercial Cu NFs were
very similar in terms of purity (Figure 2). Both were of very high purity. Only carbon
was noted as a contaminant in both samples, most likely originating from the carbon tape
used to fix the sample onto the sample holder. Similar sources of contamination have
been reported [34]. This shows that the protocol that we used to synthesis our Cu NFs
was very robust. Furthermore, the in-house Cu NFs showed a better even distribution
of structures compared with the commercial Cu NFs. In both nanomaterials, there was a
degree of agglomeration. The agglomerates, as well as individual particles, were smaller
for commercial Cu NFs, as can be seen in the SEM images (Figure 3). XRD was used to
understand their chemical properties. Both Cu NFs were characterized as having a cubic
crystalline structure. However, the in-house Cu NFs were a cubic structure of Cu2O, while
the commercial Cu NFs could be identified as a mixture of Cu2O and Cu0. In short, we
could synthesize high-purity Cu NFs using ascorbic acid as a reductant and PVP-10 as
a stabilizer.

We studied the antimicrobial activity of the Cu NFs on C. gloeosporioides. The growth
of the fungus in the presence and absence of the NFs was measured daily for 2 weeks.
In addition, simple optical microscopic and SEM images of the fungus were obtained at
the end of the incubation period. The following are some of the notable findings: (i) The
in-house Cu NFs were more effective antimicrobial agents than commercial NFs. The
difference could be attributed to the differences in size and/or oxidation states of the Cu
NFs; (ii) At low concentrations of Cu NFs (0.25 mg/mL for in-house and up to 0.5 mg/mL
for commercial NFs, the fungal growth was faster, but the mycelial density was less than the
control. In the near future, we will investigate why the low concentration of Cu NFs boost
the growth of fungus, albeit seemingly having a weaker vegetative form; (iii) Melanization
of the fungus, in response to the presence of Cu NFs was observed and quantified. It
corresponded to the concentration of the added Cu NFs.

Lastly, we studied some of the possible mechanisms behind the antimicrobial activity
of Cu NFs. The localization of aggregated Cu NFs could be clearly observed outside the
model membranes. Spatio-temporal membrane dynamics (fluctuation and membrane
transformation) were captured in real-time. The dominant dynamics culminated into large
fluctuations. Some of the large fluctuations resulted in vesicular transformation. The major
transformation was exo-bud/exo-cytosis.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nano13232990/s1, Figure S1: Effect of Cu-NFs on C. gloeosporioides, a
fungal pathogen that attacks food crops (A) image of fungus (i) alone (Control); and in the presence of
(ii) in-house Cu-NFs, (iii) commercial Cu-NFs, taken using an optical microscope at ×25 magnification;
(B) Photos of the fungus (i) Control; and in the presence of (ii) inhouse Cu-NFs (0.5 mg/mL) and
(iii) commercial Cu-NFs (0.5 mg/mL); Figure S2: Interaction of C. gloeosporioides with Cu-NFs analysed
using FTIR Spectra of fungal mycelium. FTIR analyses were conducted as described earlier; Figure S3:
Size distribution of (a) aggregated copper and (b) copper oxide nanoforms analysed by DLS technique
using a Zetasizer Nano ZS90 (Malvern Panalytical, Japan). All measurements were conducted in
water at room temperature (25 ◦C) and t approximately 200 kcps count rate.
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Abstract: Catalysts with no hazardous or toxic components are required for the selective hydrogena-
tion of acetylenic bonds in the synthesis of pharmaceuticals, vitamins, nutraceuticals, and fragrances.
The present work demonstrates that a high selectivity to alkene can be reached over a Pd-Fe-O/SiO2

system prepared by the co-impregnation of a silica support with a solution of the metal precursors
(NH4)3[Fe(C2O4)3] and [Pd(NH3)4]Cl2 followed by thermal treatment in hydrogen or in air at 400 ◦C.
A DRIFT spectroscopic study of CO adsorption revealed large shifts in the position of the Pdn+-CO
bands for this system, indicating the strong effect of Fen+ on the Pd electronic state, resulting in a de-
creased rate of double C=C bond hydrogenation and an increased selectivity of alkyne hydrogenation
to alkene. The prepared catalysts consisted of mono- and bimetallic nanoparticles on an SiO2 carrier
and exhibited a selectivity as high as that of the commonly used Lindlar catalyst (which contains
such hazardous components as lead and barium), while the activity of the Fe-Pd-O/SiO2 catalyst was
an order of magnitude higher. The hydrogenation of a triple bond over the proposed Pd-Fe catalyst
opens the way to selective hydrogenation over nontoxic catalysts with a high yield and productivity.
Taking into account a simple procedure of catalyst preparation, this direction provides a rationale for
the large-scale implementation of these catalysts.

Keywords: alkyne selective hydrogenation; Pd-Fe catalysts; DRIFT spectroscopy; CO adsorption

1. Introduction

Supported palladium catalysts are widely used for the selective hydrogenation of
alkynes both in industry and in laboratory practice [1–3]. One of the most selective com-
mercial catalysts of the liquid-phase hydrogenation to alkenes is a Lindlar catalyst that
comprises a Pd catalyst partially poisoned with lead (5 wt.% palladium supported on
calcium carbonate or barium sulfate and treated with various lead compounds [4]). The
hydrogenation of alkynes, for the last decade, has been increasingly used in the synthesis
of pharmaceuticals, vitamins, nutraceuticals, fragrances, and catalysts with no hazardous
or toxic components, which are in strong demand. The economic reasons associated with
the high palladium price and recent environmental regulations stimulate searching for
nontoxic alternatives to the Lindlar catalyst as well. Several strategies have been applied [1],
and most recent studies focus on the preparation of less toxic catalysts based on the sup-
ported modified Pd nanoparticles (NPs) with a high catalytic activity and selectivity at
mild conditions in a three-phase liquid–solid–gas system [5–17]. Among the modifying
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additives in the catalyst developed, Ag, Au, Bi, C, Cu, Ga, Ni, Si, Sn, Ti, W, and Zn have
been used [1,5,12–17]. Iron and its oxides could be the least toxic modifying additives, yet
their effect was weak [15] or even negative [17] as compared with that of other elements.
Different inorganic, hybrid, and organic materials have been studied as Pd catalyst sup-
ports, and SiO2 is one of the most appropriate carriers [10–12]. The catalytic activity of
supported Pd nanoparticles in the selective liquid-phase hydrogenation depends both on
the support nature and the conditions of catalyst preparation that affect the Pd particle
size and electronic state [18]. The outstanding selectivity of the highly dispersed Pd mono
and bimetallic nanoparticles is supposed to be due to suppressing the β-PdH phase for-
mation [1,18]. The complete elimination of β-PdH formation was revealed in Pd-Fe/SiO2
systems of different compositions [19–21], yet they were not studied in alkyne hydrogena-
tion. Also, the promoting effect of iron on palladium was observed in the hydrogenation of
nitro compounds [22].

The selective hydrogenation of phenylacetylene (PhA) is considered as a convenient
model reaction for the evaluation of catalysts for the selective hydrogenation of alkynes to
alkenes under mild conditions [10,12,14,16]. On the other hand, phenylacetylene removal
from styrene (St) feedstocks by selective liquid-phase hydrogenation is a process of great
industrial importance [23,24].

One of the major problems in the hydrogenation of alkynes to alkenes over Pd catalysts
is the drop of selectivity, even to zero, when approaching the high PhA conversion in the
hydrogenation process. This makes it difficult to control the process, especially at high
alkyne concentrations and in a large-scale production [8,12,13,16]. This phenomenon is
especially pronounced for the Pd/SiO2 catalysts prepared on commercial SiO2 supports
by simple, commercially scalable methods of ion exchange or impregnation followed by
calcination [12]. In our previous publications [20,21], a new method of the synthesis of
bimetallic Pd-Fe-O/SiO2 materials was presented. The catalysts consist of Pd0, Pd1−xFex,
and FeOx nanoparticles supported on silica. Some results on the liquid-phase hydrogena-
tion of phenylacetylene to styrene with hydrogen at ambient conditions over the prepared
materials have also been reported [25,26].

The goals of the present study are (i) to evaluate in detail the variation in the selectivity
to styrene near the complete PhA hydrogenation over recently developed Pd-Fe-O/SiO2
catalysts prepared using a commercial support; (ii) to compare the catalytic properties of
developed catalysts with a commercial Lindlar catalyst; (ii) to reveal the factors regulating
the selectivity and the rate of St hydrogenation.

2. Materials and Methods
2.1. Preparation of the Materials

The supported nanoparticles were prepared by the deposition of the metal precursors
on granulated (diameter 4–6 mm) commercial silica carriers with a high specific surface area
SBET = 220 m2g−1 (carrier HS in [20,21]). Commercial chemicals, (NH4)3Fe(C2O4)3·3H2O
(98%, Acrus Organics) and [Pd(NH3)4]Cl2·H2O (41.42% Pd; Aurat, Russia), were used as
metal precursors. The precursor deposition was performed by the method of incipient
wetness impregnation, similar to the previously described procedure [21], at 60 ◦C (sample
PdFe-1) or at a higher temperature of 80 ◦C (sample PdFe-2) instead of room temperature in
order to avoid the formation of large crystallites on the surface of the support grain, which
further resulted in the production of XRD detectable Pd0 nanoparticles [27,28]. Both metal
precursors were introduced simultaneously in the same solution. Before impregnation, the
carrier sample was dried in a rotor evaporator at 60 ◦C and 40 mbar. After impregnation for
16 h, the samples were dried in a rotor evaporator at 60 ◦C. The Pd and Fe loadings were
the same in all samples (3 and 7.6 mass. % calculated for reduced samples). The prepared
materials were denoted as PdFe-X-CA-RB, where “X” is the sample number, “CA” is the
temperature of calcination, if any, and “RB” denotes the sample reduction (“R”—reduced
with hydrogen at 400 ◦C or at “B” ◦C). The sample of the same composition described
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in our previous publications was studied in this work as well (PdFe-3). The commercial
Lindlar catalyst (Acros Organics, Geel, Belgium) was used as a reference sample.

2.2. Characterization of the Materials

X-ray diffraction patterns were recorded using a DRON-2 diffractometer with Ni-
filtered Cu Ka radiation, as described previously [20,21]. Diffuse reflectance infrared
Fourier transform (DRIFT) spectra were recorded at room temperature (RT) using a NICO-
LET “Protege” 460 spectrometer (Madison, WI, USA) equipped with a diffuse reflectance
attachment in the interval of 6000–400 cm−1 at a resolution of 4 cm−1 (500 scans). CaF2
powder was used as a reference. The fractioned sample (0.10–0.25 mm) was placed inside a
special ampoule with a CaF2 window. Before the spectroscopic measurements, a sample
was evacuated at 350 ◦C (or at 250 ◦C if the sample calcined at 250 ◦C was studied) for
120 min. CO was used as a probe molecule, and it was adsorbed at RT and an equilibrium
pressure of 1000–1500 Pa. The spectra were recorded at RT. The calcined samples were
evacuated again at a high temperature and treated at RT with hydrogen (6000 Pa) for
15 min. Then, hydrogen was outgassed at room temperature, and spectra of adsorbed CO
were recorded. The assignment of bands was performed using published reviews [27,28].

X-ray photoelectron spectra were recorded using an ES-2403 spectrometer equipped
with a PHOIBOS 100 MCD analyzer (Thermo Fisher Scientific, Waltham, MA, USA).

The microstructure and morphological characteristics of the samples were studied by
scanning electron microscopy using a Hitachi SU8000 electron microscope (Tokyo, Japan).
The samples were examined by X-ray microanalysis (SEM-EDX) using an Oxford Instru-
ments X-max 80 energy dispersive X-ray spectrometer (Abingdon, UK) at an accelerating
voltage of 20 kV and an operating distance of 15 mm.

The microstructure of the samples was studied by transmission electron microscopy
(TEM) with a Hitachi HT7700 electron microscope (Tokyo, Japan). The images were taken in
the light field mode at an accelerating voltage of 100 kV. The average size of the supported
nanoparticles was calculated based on the analysis of 250–350 nanoparticles for each sample
of the catalyst.

The characterization of the catalytic activity was performed in the model reaction of
liquid-phase phenylacetylene (PhA) hydrogenation at room temperature and atmospheric
hydrogen pressure, as described in our previous publications [25,26]. Initial specific reaction
rates (r0) were calculated as moles of the substrate per mole of Pd per second at a conversion
below 30%.

3. Results
3.1. Catalytic Activity of the Samples

The prepared monometallic palladium catalyst Pd-R exhibits a high catalytic activity
in the reaction of PhA hydrogenation at the chosen reaction conditions, the selectivity to
styrene being quite high but significantly lower than that of the Lindlar catalyst (Figure 1).
Moreover, the rate of St hydrogenation after reaching the complete PhA conversion is
rather high (Table 1) with complete hydrogenation to EtB, as has already been pointed
out [25]. At the same reaction conditions, there is no PhA adsorption or conversion over
the monometallic iron oxide samples calcined at 250–400 ◦C or further reduced at 400 ◦C.

The bimetallic catalysts prepared by the reduction of the dried supported precursors
are more selective but less active than the monometallic Pd catalyst (Figure 1, Table 1).
Their selectivity dependences on the PhA conversion approach that of the Lindlar catalyst
(Figure 1b), yet the prepared catalysts are considerably more active than the Lindlar catalyst.
This is confirmed both by the higher initial rate of hydrogenation and the shorter time
required for the complete PhA conversion (Table 1, Figure 1a). The good reproducibility
of the results regarding the catalytic activity of the samples should be mentioned (points
for PdFe-1-R and PdFe-1/2-R in Figure 1b), as well as the agreement between the values
of the reaction rates of PhA uptake and hydrogen consumption (Table 1). During the
reproduction of the samples, care should be taken regarding the conditions used for the
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support impregnation and further thermal treatment. Slight variation results in a strong
difference in the PhA hydrogenation rate (Table 1, samples PdFe-1-R and PdFe-3-R).
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Figure 1. Time dependence of the phenylacetylene conversion (a) and variation in the selectivity to
styrene vs. phenylacetylene conversion (b) over the samples prepared by the reduction of the dried
supported precursors and over the Lindlar catalyst.

Table 1. The catalytic activity of the samples reduced in a hydrogen flow at 400 ◦C.

Sample rSt
a,

s−1
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The preparation procedure is supposed to be more essential for the catalytic properties
than the structure of the silica support. It has been revealed that it is possible to prepare
catalysts that exhibit high values of the selectivity to styrene at complete PhA conversion
and a high catalytic activity in PhA hydrogenation to St combined with a low initial rate
of further St hydrogenation by using another low-surface (LS) silica support (the surface
area as low as 30 m2g−1; no micropores—LS in [20,21]) (Table 1, samples PdFe-4-R and
PdFe-4-R-550Ar). When Pd-Fe/SiO2 samples are prepared by known procedures [19,22],
the selectivity and activity are good enough (Table 1, sample PdFe-5-C450-R440), yet the
rate of St conversion is high, and significant Pd and Fe leaching is observed.

The bimetallic samples synthesized by the thermal decomposition of dried supported
precursors in air at 250 ◦C (the minimal temperature of their decomposition found in our
previous studies [20,21]) exhibit a higher activity as compared with the monometallic Pd
catalyst (Figure 2a), yet their selectivity is low (Figure 2b). The reduction of these samples
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in a hydrogen flow at 400 ◦C results in a slight decrease in the activity, yet the selectivity
to styrene increases to the values typical for the Lindlar catalyst (Figure 2). The reduced
catalyst PdFe-2-C250-R is more selective than the monometallic Pd catalyst (Figure 2b,
Table 1) and considerably more active than the Lindlar catalyst. The values of the St mass
produced over 1 g of the catalyst per hour is an order of magnitude larger for the prepared
reduced catalysts as compared with the Lindlar catalyst (Table 1) and may be increased by
60–100% while varying the reduction temperature, PhA:Pd ratio, and PhA concentration.
For example, at PhA:Pd = 950 and C = 0.167 M, the sample PdFe-2-C250-R productivity is
34 gSt·gcat

−1·h−1 at a selectivity of 86%.
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Figure 2. Time dependence of the phenylacetylene conversion (a) and variation in the selectivity
to styrene vs. phenylacetylene conversion (b) over the sample reduced after calcination and the
reference catalysts.

The advantage of bimetallic Pd-Fe catalysts prepared by the reduction of the dried
supported precursors is the lower rate of St hydrogenation at complete PhA hydrogenation
(Table 1). The slow St hydrogenation extends the period with a high selectivity (Figure 3)
and could make it possible to achieve and maintain a high selectivity when the process is
to be scaled up.
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lines) over the catalysts Pd-R (1,1′), PdFe-2-C250-R (2,2′), and PdFe-1-R (3,3′).

In our recent studies [25,26], we revealed that the Pd-Fe samples calcined in an air flow
catalyze both PhA and St hydrogenation, even with no preliminary reduction of the sample.
The catalytic activity is comparable to or exceeds the activity of the reduced monometallic

241



Nanomaterials 2023, 13, 2247

Pd catalyst with the same Pd loading. The catalytic properties depend on the temperature
of calcination. In the present study, it is shown that, among the bimetallic catalysts with
a Pd loading of 3%, the most active is the sample calcined at 350 ◦C, yet its selectivity is
not high enough at the conversion values approaching the complete PhA conversion in
hydrogenation (Figure 4). The selectivity to St increases with the calcination temperature
being up to 400 ◦C and becomes comparable with the selectivity of the Lindlar catalyst
(Figure 4). However, in contradiction to the preliminary reduced samples, the calcined
samples exhibit a high rate of styrene hydrogenation to ethylbenzene, increasing with the
calcination temperature from 0.46 s−1 to 1.0 s−1. On the other hand, the value of the St mass
produced over 1 g of the catalyst per hour is 31, i.e., 1.5–2 times larger than that for other
selective Pd-Fe catalysts (Table 1) and 15 times larger than that for the Lindlar catalyst.
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Figure 4. Variation in the selectivity to styrene vs. phenylacetylene conversion over the sample
PdFe-2 calcined at different temperatures and over the Lindlar catalyst.

As can be seen from Figure 5, the sample PdFe-2-C400 has a high stability and does not
deactivate during four reaction cycles without first washing it from the reaction medium.
This confirms the fact that there is no leaching of the active phase and deactivation of the
catalyst by reaction products.
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Figure 5. The stability of the PdFe-2-C400 sample, expressed in terms of the selectivity of styrene
formation at full conversion.

Considering a significant difference in the catalytic behavior of the Pd-Fe/SiO2 samples
with the same composition and starting steps of preparation, it seems important to gain an
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understanding of the Fe influence on the Pd active surface sites and the effect of preparation
variables on it.

3.2. Characterization of the Samples

The reduced monometallic Pd/SiO2 sample contains Pd0 crystallites of an average
particle size of 25 nm. The supported nanoparticles in the bimetallic samples prepared
in the present work are X-ray amorphous, except for the sample PdFe-2-C250-R, reduced
after calcination. The Pd-Fe samples prepared previously are characterized by a number of
physico-chemical methods in our publications [20,21,25,26], and the results are summarized
in Table 2. The feature of these Pd-Fe samples is the presence of nano crystallites of both
Pd0 and Pd1−xFex or Fe0 and Pd1−xFex phases. In the present work, to study the state of
metals on the surface, DRIFT spectroscopy of chemisorbed CO is applied, and the obtained
spectra are depicted in Figures 6–8.

Table 2. The surface sites in supported nanoparticles revealed with DRIFT spectroscopy and the
average particle size and phase based on the XRD method [21,22].

Sample Possible Surface Sites of Pd
and Fe

Phase and Average Particle
Size, nm

PdFe-2-C250-R Pd0 (top > facet cites), Pd+
XRD: Pd0-10 nm, Fe3O4-17 nm
TEM: isolated nanoparticles

(<5 nm)

PdFe-2-C250
Pd2+ reducible to Pd+ with
CO or to Pd0 with H2 at RT;

Fe2+, Fe3+

XRD: Amorphous
TEM: isolated nanoparticles

(<5 nm)

PdFe-2-C350 Pd2+ reducible to Pd+ with
CO at RT; Fe2+, Fe3+ XRD: Amorphous

PdFe-2-C400
Pd2+ reducible to Pd0 with
CO or both to Pd+ and Pd0

with H2 at RT; Fe2+, Fe3+
XRD: Amorphous

PdFe-3-R Pd0 (I: facet > top > X1 cites),
Pd+, Fe2+ XRD: Pd0 (15 nm)

Pd-R Pd0 XRD: Pd0 (25 nm)
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Figure 6. DRIFT spectra recorded after CO adsorption on the PdFe-3-R (a) and PdFe-2-C250-R (b)
samples (preliminarily reduced in hydrogen at 400 ◦C).
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C400 (b,d) samples before (a,b) and after in situ treatment with H2 at room temperature (c,d).

3.2.1. Preliminarily Reduced Samples

There are several bands in the spectral ranges of surface Pd carbonyls in DRIFT spectra
recorded after CO adsorption on the samples reduced preliminarily in a hydrogen flow at
400 ◦C, yet the spectra differ depending on whether a dried or calcined sample is reduced
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(Figure 6). The bands of linear complexes are observed in both spectra at 2114–2129 cm−1

(Pd+—CO complexes) and at 2063–2089 cm−1 (Pd0—CO complexes), exhibiting the high
dispersion of Pd and its strong interaction with Fe species. The appearance of the Pd+—CO
band in the samples reduced in hydrogen at such a high temperature may be due to the
formation of Pdn+-Fe2+ species that further crystallize into alloy Pd1-xFex after annealing in
Ar at 550 ◦C [20]. The bands of Pd0—CO complexes at 2084 cm−1 were observed by another
research group for the silica-supported Pd-Fe samples after a reduction in hydrogen at
300 ◦C, the red shift from 2084 to 2064 being revealed with an increase in the Fe/Pd ratio [22].
The bands are assigned to CO adsorbed on on-top sites exposed at (111) microfacets.

The intensive band at 1971 cm−1 of bridging carbonyls Pd+—CO—Pd+ assigned to
CO adsorbed on the (100) sites [22] indicates the presence of a considerable number of
large-enough Pd nanoparticles in the sample PdFe-3-R prepared by the reduction of dried
supported precursors, which agrees with the results of EXAFS and XRD studies (Table 2).
The intensity of this band and its ratio to the intensity of the bands of linear complexes are
an order of magnitude lower in the spectra of the sample PdFe-2-C250-R, supposing the
higher Pd dispersion in the sample reduced after calcination, which looks contradictory
to the results presented in a recent paper [21]. The only reason for this difference may be
the difference in the preparation procedure, namely, the higher temperature of the support
impregnation and drying used for the preparation of PdFe-2. The conclusion follows from
this observation: the formation of large Pd0 nanoparticles occurs via the fast sintering of
metallic species generated under the reductive decomposition of supported precursors in
hydrogen. Decomposition in hydrogen at low temperatures of 250 ◦C supposes a smaller
nuclei size than the reduction of oxide to metal and, therefore, higher rates of sintering and
particle growth. The absence of the band at 1971 cm−1 in the spectra of calcined samples
(Figures 7 and 8) is commonly considered to be proof of the high Pd0 dispersion, or it can
be an indication that iron atoms or ions are preferentially located on the (100) sites of Pd0

nanoparticles [22]. It is known that the higher alkene selectivity of the Pd nanocubes
is attributed to the large adsorption energy of the carbon–carbon triple bond on the
{100} facets [29].

The presence of Fe2+ in the sample PdFe-3-R is confirmed by the presence of the band
at 2165 cm−1, although it is absent in the spectra of the PdFe-2-C250-R sample. The latter
fact may be explained both by the higher extent of Fen+ reduction enhanced by the presence
of Pd0 nanoparticles formed upon calcination and by the enrichment of the surface of
bimetallic nanoparticles and Fe3O4 crystallites with Pd0 atoms (generation of core-shell
structures). This band is not observed in the spectra of Pd-Fe/SiO2 bimetallic catalysts
prepared by other procedures [22].

3.2.2. Preliminarily Calcined Samples

The adsorption of CO on the oxidized Pd-containing samples in a CO atmosphere
is almost always accompanied by a reduction of Pdn+ to Pd0, which is indicated by the
appearance of bands at wavenumbers below 2100 cm−1 in the IR spectra of adsorbed CO.
This phenomenon is observed for the calcined samples (Figures 7 and 8a,b), especially at
the prolonged treatment of the PdFe-2-C350 sample with CO (Figure 7). The appearance
of the band of adsorbed CO2 at 2349 cm−1 [28] is an indication of the oxidation of CO
adsorbed on Fe3+ ions with lattice O2− ions. The band at 2160 cm−1 may be attributed
to the linear form of CO adsorption on Fe2+, but the intensity of this band at 2165 cm−1

in the sample containing no Pd is considerably lower (Figure 7, grey line). It should be
mentioned that its intensity decreases slightly in the spectra of bimetallic samples upon
exposition to CO (Figures 7 and 8b). Therefore, it seems preferable to attribute the bands
at 2160 cm−1 and 2120 cm−1 to the symmetric and antisymmetric stretching vibrations
of Pd2+(CO)2 complexes, respectively. The disappearance of the band at 2162–2167 cm−1

after the sample treatment with hydrogen at room temperature (Figure 8c,d) confirms such
an assignment of the bands. In the case of the samples calcined at 250 and 400 ◦C that
strongly differ in the selectivity to styrene (Figure 4), DRIFT spectroscopic studies with
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adsorbed CO reveal at least two types of Pd2+ surface sites that can be easily reduced
with hydrogen even at room temperature, resulting in the formation of Pd+ (the bands at
2125 cm−1 and 2133 cm−1) and two states of Pd0 (the bands at 2093–2096 cm−1 and
2012 cm−1). The bands at 2063–2089 cm−1 can be attributed to Pd0—CO complexes
exhibiting the high dispersion of Pd and its strong interaction with Fe species. The band
at 2012 cm−1 was not observed previously for any Pd-Fe/SiO2 systems [22,27]. This band
may be assigned to CO adsorbed on the (100) Pd sites affected by interaction with the Fe2O3
surface. As follows from X-ray photoelectron spectroscopy and theoretical calculation
results [29–31], the interaction between Pd and the Fe2O3 surface occurs through the
exchange of electrons with the surface Fe and O atoms. This bonding between Pd and
surface oxide elements causes Pd to partially donate electrons to the oxide surface. This
may be the reason for the blue shift of the band of bridging carbonyls Pd+—CO—Pd+

from 1971 cm−1 to 2011–2017 cm−1. One more state of Pd0 (the band at 2056 cm−1) is
revealed for the sample calcined at 250 ◦C. Thus, formed Pd0 sites should be present on
the surface before the introduction of PhA, and therefore, they participate in the reaction
process. The Pd0 sites (the band at 2011–2017 cm−1) formed in the calcined samples during
reduction with H2 at RT seem to be responsible for St hydrogenation. The most selective
sample, PdFe-2-C400, contains neither Fe2+ nor Pd0 sites, which are specific for the band at
2056 cm−1 after treatment with H2. This fact makes us suppose their responsibility for
the direct PhA hydrogenation to ethylbenzene and the low selectivity to styrene. After
reduction in hydrogen at RT, the Pd0 sites seem to be partly blocked with H2O molecules,
whereas Fe2+ are completely blocked. The increase in the intensity of the Pd0 bands and
the appearance of the Fe2+ band at 2176 cm−1 after evacuation at 350 ◦C (Figure 8c) prove
this assumption. Such a blocking effect can modify the catalytic properties as well.

3.2.3. XPS Investigation

The study of the catalysts PdFe-2-C250 and PdFe-2-C250-R by the XPS method showed
that, depending on the conditions of the heat treatment, both the electronic state of the
supported metal nanoparticles and the distribution of metals in the surface layer of catalysts
changed. Figure 9 shows the photoelectron spectra in the Fe 2p region. The energy position
of Fe 2p3/2 at 710.5 eV and the shape of the Fe 2p doublet lines of photoelectrons in the
spectra of both samples differ. In the spectrum of PdFe-2-C250-R, a shoulder is observed
from the side of lower binding energies at 709.2 eV, which indicates the presence of mainly
the FeO oxide in the reduced sample, while the oxidation degree of Fe3+ is characteristic of
the calcined sample of PdFe-2-C250 [32]. The increase in the Fe/Si atomic ratio during the
reduction in the catalyst by almost 1.5 times may be due to the segregation of iron in the
surface layers of this sample (Table 3). An analysis of the X–ray spectra in the Pd 3d region
of photoelectrons (Figure 9) at 336.7 and 335.2 eV allows us to conclude that palladium in
the surface layers of the sample PdFe-2-C250 exists in two oxidation states, Pd1+ and Pd0,
respectively [33,34]. According to the XPS data for the sample PdFe-2-C250-R, all of the
palladium is present in a metallic state [34]. The energy position of Pd 3d5/2 electrons and
the atomic ratio Pd/Si are presented in Table 3.

Table 3. Binding energies and atomic ratios according to XPS data.

Sample
Binding Energy, eV Surface Atomic Ratio Atomic

Ratio

Fe 2p3/2 Pd 3d5/2 Fe/Si Pd/Si Fe/Pd Fe/Pd

PdFe-2-C250 710.5 336.7
335.2 0.0094 0.0091 1.03 2.67

PdFe-2-C250-R 710.3
709.2 334.7 0.0135 0.0013 1.03 2.67
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Table 3. Binding energies and atomic ratios according to XPS data. 
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3.2.4. SEM and TEM

The morphological characteristics of bimetallic PdFe-2 catalysts that have undergone
various heat treatments have been studied by TEM and SEM methods. The TEM mi-
crograph (Figure 10a) of the sample PdFe-2-C250 shows spherical particles of an average
diameter of 5 nm, evenly distributed over the surface of the carrier. On the SEM micrograph
(Figure 10b) of this sample, the crystalline phase of iron oxides can be noted.
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Figure 10. Micrographs of TEM (a) and SEM (b) of the PdFe-2-C250 catalyst.

Micrographs were also obtained for the PdFe-2-C250-R sample with its subsequent
reduction in an H2 flow at 400 ◦C. The SEM image (Figure 11a) clearly shows crystals of an
ordered structure. SEM-EDX data show that these crystal structures consist mainly of iron
atoms. Palladium is evenly distributed over the entire surface of the carrier in the form of
much smaller particles, which also include iron. It should be noted that the particles in the
reduced sample PdFe-2-C250-R are evenly distributed over the entire surface of the carrier,
and the average size of the nanoparticles is 5 nm (Figure 11b).
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4. Conclusions

Thus, based on our investigation of the electronic state of Pd and Fe metals in calcined
bimetallic PdFe-2 catalysts by CO chemisorption (DRIFTS-CO), the existence of a strong
contact interaction due to the electronic effect between Pd (Pd+, Pd0) and Fe (Fe2+, Fe3+)
has been established. By the TEM method, it was found that the addition of iron to
palladium nanoparticles in the PdFe-2 catalysts leads to a significant decrease in the
aggregation of crystallites and an increase in the dispersion of the active metal relative to
the monometallic palladium Pd-R catalyst [25]. In conclusion, the high dispersed phase,
the strong contact interaction of the metals Pd-Fe, and the absence of palladium hydride
formation in bimetallic catalysts lead to the competitive adsorption of the C≡C bond on the
surface of bimetallic PdFe-2 catalysts, which is the reason for the high catalytic activity in
the selective hydrogenation of phenylacetylene to styrene with a high selectivity of 84–90%
at the complete conversion of phenylacetylene. It has been shown that the formation of
nanoparticles of the solid solution Pd1-xFex is essential for the selective hydrogenation in
order to considerably decrease the rate of styrene hydrogenation to ethylbenzene.

The bimetallic Pd-Fe/SiO2 catalysts have wide potential practical implications. At least
three relatively simple preparation procedures can be used for their preparation: (i) the di-
rect reduction of silica-supported metal precursors, (NH4)3[Fe(C2O4)3] and [Pd(NH3)4]Cl2,
with a hydrogen flow at 400 ◦C; (ii) the thermal decomposition of the silica-supported metal
precursors in air at 250 ◦C followed by a reduction in the hydrogen flow at
400–430 ◦C; (iii) the thermal decomposition of silica-supported metal precursors in air
at 400 ◦C. Considering the strong sensitivity of the selectivity and reaction rate to the
preparation variables, care should be taken when scaling up the catalyst production. The
choice of the preparation procedure will depend on environmental regulations, technical
and economical possibilities, as well as the principal direction of implementation.

Summarizing the results obtained, the prepared bimetallic Pd-Fe/SiO2 catalysts can
be proposed as a new non-toxic alternative to the Lindlar catalyst for the selective hydro-
genation of triple C≡C bonds in the liquid phase at room temperature and atmospheric
hydrogen pressure. These novel catalytic materials are as selective in the hydrogenation of
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the triple C≡C bond as the commercial Lindlar catalyst, and their productivity values are
up to an order of magnitude higher.
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Abstract: Cubic bi-magnetic hard–soft core–shell nanoarchitectures were prepared starting from cobalt
ferrite nanoparticles, prevalently with cubic shape, as seeds to grow a manganese ferrite shell. The
combined use of direct (nanoscale chemical mapping via STEM-EDX) and indirect (DC magnetometry)
tools was adopted to verify the formation of the heterostructures at the nanoscale and bulk level,
respectively. The results showed the obtainment of core–shell NPs (CoFe2O4@MnFe2O4) with a thin
shell (heterogenous nucleation). In addition, manganese ferrite was found to homogeneously nucleate
to form a secondary nanoparticle population (homogenous nucleation). This study shed light on
the competitive formation mechanism of homogenous and heterogenous nucleation, suggesting the
existence of a critical size, beyond which, phase separation occurs and seeds are no longer available in
the reaction medium for heterogenous nucleation. These findings may allow one to tailor the synthesis
process in order to achieve better control of the materials’ features affecting the magnetic behaviour,
and consequently, the performances as heat mediators or components for data storage devices.

Keywords: cobalt ferrite; core–shell; heterostructures; cubic shape; STEM-EDX

1. Introduction

In the field of nanotechnology, the combination of different materials for the obtain-
ment of heterostructured multifunctional nanoparticles (NPs) [1–3] or nanocomposites [4–8]
has driven the efforts of researchers with the aim of exploiting the physical (magnetic,
optical, electrical, etc.) and chemical (thermal stability, reactivity, bonding ability, dis-
persibility, solubility, etc.) properties of single components in a combined or synergistic
manner for selected applications. When two (or more) different phases are put in contact at
the nanoscale, new phenomena may arise from their coupling, with a crucial role played by
the interface extent. One of the most prominent examples is core–shell nanoarchitectures,
consisting of an inner core covered by an external layer (shell) of a different material. The
nature of the contact between the core and the shell is fundamental for these structures
to show their peculiar properties; particularly, a net change in the chemical composition
with no chemically mixed layers between the phases is desired. Diverse materials such as
ferrites, perovskites, silica, titania, noble metals, elemental carbon, alloys, and polymers
have been coupled to form inorganic/organic or inorganic/inorganic core–shell systems [9].
The choice of the materials to be coupled, the core–shell volume ratio, and the synthesis
method are elements to play with. Core–shell heterostructures featuring a heterojunction
between two different materials have an extensive range of applications, such as photocatal-
ysis [10,11], gas sensing [12,13], water purification [14], and hydrogen production [15,16].
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In these materials, the electron phenomena taking place at the interface between the two
phases play a crucial role [17,18].

In the case of magnetic materials, since the discovery of exchange bias phenom-
ena in a ferromagnet (FM)/antiferromagnet (AFM) system (Co/CoO core–shell NPs) by
Meiklejohn and Bean [19], and by Kneller and Hawig [20], other interfaces have been
built, such as AFM/ferrimagnet (FiM), or hard–soft FM or FiM [21–25]. The development
of the core–shell heterostructure is favoured by the choice of isostructural crystalline
phases, which should grow epitaxially one upon the other. In this context, spinel ferrite
(MIIFe2O4, MII = Fe2+, Co2+, Mn2+, Ni2+, Zn2+, etc.) bi-magnetic core–shell NPs have
been studied and proposed in different application fields, such as magnetic recording,
permanent magnets, spintronics, microwave absorption, biomedicine, magnetic heat
generation for catalysis [26–29], or magnetic fluid hyperthermia (MFH) [30–45]. In this
framework, the adoption of core–shell heterostructures was demonstrated to be efficient
to improve the heating abilities of spinel ferrites or their energy product as permanent
magnets [21,25,32,39,46]. The spinel ferrite core–shell NPs offer a tuneable range of hard
and soft magnetic behaviours by properly changing the chemical composition. They can
be successfully prepared with good crystallinity and good control over the composition,
the particle’s morphology, and heterostructure interface by seed-mediated approaches
applied to thermal decomposition and solvothermal methods [32,39,47–61].

Seed-mediated synthesis approaches consist of introducing pre-formed nanoparticles
(seeds) into the medium containing the precursors of the shell material. The nucleation of
the secondary material onto the surface of the seeds (heterogeneous nucleation) has a lower
energy barrier than the formation of new particles of the secondary material (homogeneous
nucleation), thus giving rise to the formation of the core–shell structures [62].

In particular, the magnetic behaviour of the core–shell NPs can also be modified
according to the shape, in addition to the size, for instance, due to surface anisotropy effects.
Regarding this effect, a remarkable influence of the NPs’ shape on their magnetic properties
was observed by several authors [9,63–69]. Concentric spherical core–shell NPs are the
most common systems [9].

Recently, we set up a versatile solvothermal synthesis method able to produce single-
phase spherical particles [70,71], chemically mixed spinel phases [72,73], homogeneous spher-
ical bi-magnetic core–shell NPs [46,70,74,75], and flower-like Ag-spinel ferrite nanoarchitec-
tures [1] with high crystallinity, low size dispersity, and precise control of the shell growth.

Herein, we studied the formation of cubic cobalt ferrite nanoparticles and their bi-
magnetic heterostructure counterparts by coating cubic cobalt ferrite nanoseeds with
manganese ferrite to form CoFe2O4@MnFe2O4 with the same oleate-based solvothermal
method adopted in our previous studies. High-resolution transmission electron microscopy
(HRTEM) and chemical mapping at the nanoscale, performed through STEM-EDX, together
with the Rietveld refinement of X-ray diffraction (XRD) patterns and DC magnetometry,
were employed to study morphological, structural, and magnetic properties.

The study aimed to provide precious details on the formation mechanism of core–shell
heterostructures by starting from larger (15 nm versus 6–8 nm) and anisotropic (cubic
versus spherical) cobalt ferrite nanoparticles compared with our previous studies. To
understand how the different morphologies of the seeds affect the final product, a com-
bination of direct microscopic and indirect macroscopic characterisation techniques was
adopted. The chemical mapping at the nanoscale via STEM-EDX allowed us to probe
the local chemical composition of a few nanoparticles with a good resolution, while DC
magnetometry provided a bulk-level view of the average physical behaviour, beyond the
representativeness limits of electron microscopy.

2. Materials and Methods
2.1. Chemicals

Oleic acid (>99.99%), 1-pentanol (99.89%), hexane (84.67%), and toluene (99.26%)
were purchased from Lach-Ner, Neratovice, Czech Republic; 1-octanol (>99.99%) and
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Mn(NO3)2·4H2O (>97.0%) from Sigma-Aldrich, St. Louis, MO, USA; absolute ethanol and
Co(NO3)2·6H2O (99.0%) from Penta, Prague 10, Czech Republic; NaOH (>98.0%) from
Fluka, Muskegon, MI, USA; Fe(NO3)3·9H2O (98.0%) from Lachema, Brno, Czech Republic.

2.2. Methods

Cobalt ferrite NPs and core–shells were prepared as described in previous work [46,70],
starting from metal oleates. The synthesis conditions are summarised in Table S1.

2.3. Characterisation

Fourier Transform Infrared (FT-IR) spectra were recorded in the region from 400 to
4000 cm−1 by using a FT/IR-4X Spectrometer from Jasco, Easton, MD, USA. Samples were
measured in a KBr pellet.

Thermogravimetric analysis (TGA) curves were obtained by using a PerkinElmer
(Waltham, MA, USA) STA 6000, in the 25–850 ◦C range, with a heating rate of 10 ◦C min−1

under 40 mL min−1 O2 flow.
The samples were characterised via X-ray diffraction (XRD), using a PANalytical

X’Pert PRO (Malvern PANalytical, Malvern, UK) with Cu Kα radiation (1.5418 Å), a sec-
ondary monochromator, and a PIXcel position-sensitive detector. The peak position and
instrumental width were calibrated using powder LaB6 from NIST. The refinement of
the structural parameters was carried out using the Rietveld method in the FullProf soft-
ware [76] using a pseudo-Voigt profile function. For mean crystallite shapes, the spherical
harmonics function was used [77]:

T(h) = T(ϑ, ϕ) =
n

∑
l=0,2,4...

l

∑
m=−l

al,mYl,m(ϑ, ϕ) (1)

where ϑ and ϕ are polar and azimuthal angles describing the direction of the normal to the
family of the lattice plane in a Cartesian coordinate system, a is the lattice parameter, and Y
is the Lorentzian isotropic size broadening.

TEM micrographs were acquired using a JEOL 200CX electron microscope (Jeol Ltd.,
Tokyo, Japan) operating at 160 kV. The size of more than 1000 particles was measured
using Pebbles software [78], selecting a cubic or spherical shape in order to determine the
particle size distribution. The average particle diameter was calculated together with the
percentage ratio between the standard deviation and the mean value to provide the size
dispersity. Additional TEM micrographs and EDX data for the Co:Mn:Fe molar ratios were
obtained by using a JEOL JEM 1400 Plus (Jeol Ltd., Tokyo, Japan) operating at 120 kV.

HRTEM micrographs and STEM-EDX measurements were carried out using an FEI
Talos F200X (Thermo Fisher Scientific, Waltham, MA, USA) equipped with a field-emission
gun operating at 200 kV and a four-quadrant 0.9 sr energy-dispersive X-ray spectrometer.

The Quantum Design PPMS DynaCool system with a maximum magnetic field of 9 T
and the VSM module was used to investigate the DC magnetic properties of powders. The
magnetisation values were normalised based on thermogravimetric analyses to account
for the inorganic phase. Various magnetic measurements were conducted, including
studying the field dependence of magnetisation at 10 K and 300 K within a range of 7 to
−7 T. The saturation magnetisation values (Ms300K and Ms10K) were evaluated using the
following equation:

M = Ms

(
1 − a

H
− b

H2

)
(2)

For H tending to ∞, the magnetisation curve was fit from 4 to 7 T [79]. The anisotropy
field was calculated as a 3% difference between the magnetisation and demagnetisation
curves at 10 K. The temperature dependence of magnetisation was analysed using the
zero-field-cooled (ZFC) and field-cooled (FC) protocols. The sample was cooled to 5 K
without any magnetic field, and then, the signals were recorded under a static magnetic
field of 100 Oe. During the warm-up from 5 to 380 K, MZFC was measured, and MFC was
recorded during the cooling process.
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3. Results and Discussion

Cobalt ferrite NPs (labelled Co) with cubic shapes were obtained by following an adapted
one-pot solvothermal procedure previously set up for spherical NPs [46,70,74,80–82], de-
creasing the concentration of the mixed Co-Fe oleate precursor to produce larger NPs
(Figure 1, Table S1). This sample was used as seed material for the growth of a man-
ganese ferrite shell through a second solvothermal treatment in the presence of mixed
FeIII-MnII oleate to synthesise CoFe2O4@MnFe2O4 NPs (labelled Co@Mn). Indeed, in
previous works [46,70,74], the seed-mediated growth approach in solvothermal conditions
permitted the preparation of manganese-ferrite-coated cobalt ferrite NPs with different
core sizes and shell thicknesses, starting from spherical particles.
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Figure 1. Scheme of the synthesis method: (a) XRD patterns and TEM images with size distribu-
tions of the Co (b–d) and Co@Mn (e–g) samples; the zones inside red boxes have been magnified
as insets.

The samples were characterised via FTIR and TGA to ascertain the presence of oleate
molecules capping at the NPs’ surfaces (Figure S1). The FTIR spectra (Figure S1a) displayed
vibrational modes of carboxylates (νas(COO−), νs(COO−)) at around 1550 and 1430 cm−1,
respectively, as well as hydrocarbon chain modes in the 3000 cm−1 region. Thermogravi-
metric analyses (TGA, Figure S1b) demonstrated a comparable decrease in weight for the
two samples in the temperature range of 200–350 ◦C, attribuTable to the decomposition
of about 10%wt. of oleate molecules (Table 1). The slight shift in the temperature of the
TGA curves and dTGA curves (Figure S1c) towards lower values for the Co@Mn sample
(minima in the dTGA shifted by 15 ◦C) might suggest weaker bonds between the oleate
molecules and the manganese cations [83], different coordinations [84], or differences in
the morphological properties of the two samples (e.g., different curvature) having effects in
stabilising the bonds between the carboxylate and the cations (e.g., through the proximity
of the hydrocarbon chains) [85].

Table 1. Lattice parameter (a), crystallite size (DXRD), volumetric particle size (DTEM_V), size distribu-
tion (σ), organic content calculated by TGA, metal atomic percentages, and molar ratio Co:Mn:Fe
(with Fe moles fixed to 2) calculated via TEM-EDX of the samples. a and DXRD values are computed
via Rietveld refinement using two spinel ferrite phases for the Co@Mn sample: the first row of the
Table refers to CoFe2O4 and the second one to MnFe2O4.

Sample a (Å) DXRD
(nm) DTEM_V (nm) σTEM

(%)
Org. Phase

(%wt.)
Mn
(%) Co (%) Fe (%) Mn:Co:Fe

Co 8.3914(2) 10.1(3)
14.2 (64% Cube) 11

10 - 32.6(7) 67.4(7) 0:0.96:2
14.9 (36% Sphere) 15

Co@Mn 8.4030(9)
8.4684(7)

10.7(9)
8.3(4) 15.3 12 11 25.0(2) 9.6(3) 65.4(4) 0.76:0.30:2
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TEM micrographs of CoFe2O4 present well-defined cubic and spheroidal particles,
quantified as about 64% and 36%, and having similar particle sizes of about 14 nm and
15 nm, respectively (Figures 1b,c and S2, Table 1) with low size dispersity (σTEM = 11%,
15%). On the contrary, the TEM micrographs of the core–shell system (Figures 1e,f and S3)
reveal the obtainment of NPs with various shapes from spheroidal to faceted of about
15 nm (Table 1) and only a few well-defined cubic particles. EDX analysis was adopted to
determine the molar ratio between the cations in the two samples. Almost stoichiometric
cobalt ferrite (Co/Fe = 0.48) was obtained, in agreement with previous results on other
spherical cobalt ferrite nanoparticles prepared using the same synthesis method [70]. For
the core–shell sample, assuming that the cobalt content is associated with a cobalt ferrite
with the molar ratio obtained for the Co sample, we can hypothesise a Mn/Fe molar ratio
equal to 0.55, also revealing an almost stoichiometric manganese ferrite.

The XRD patterns of both samples show the formation of a spinel ferrite structure
(Figure 1d,g). The crystallite size of Co, obtained from Rietveld refinement (Figure S4a,
Table S2), is smaller (10.1(3) nm) than the mean physical size of the NPs obtained via
TEM (14–15 nm, Table 1). This discrepancy might be due to the presence of structural
disorder at the nanoparticle surface or to the limits of the Rietveld method in describing
samples with populations of differently shaped NPs (cubic and spherical). In addition,
the refinement of the Co@Mn sample using only one structural spinel phase leads to
a coherent domain size smaller than the original core size (7.2(4) nm and 10.1(3) nm,
respectively, Table S2). Therefore, an attempt to refine the XRD data with two spinel
structures (Figure S4b, Table S3), one corresponding to CoFe2O4 and another to MnFe2O4,
resulted in a better description of the XRD data. The crystallite size of the Co@Mn sample
was, in this case, equal to 10.7(9) nm for the cobalt ferrite phase and 8.3(4) nm for the
manganese ferrite counterpart. Moreover, the core–shell sample features a larger cell
parameter (8.4030(9) Å for cobalt ferrite phase and 8.4684(7) Å for manganese ferrite)
than the original core (8.3914(2) Å), in agreement with the inclusion of manganese in the
spinel structure (Table 1). The adoption of the spherical harmonics function in the Rietveld
refinement allowed us to visualise an average shape of the crystallites, revealing a cubic
shape with rounded corners for the core sample and more faceted cuboidal particles for the
core–shell one (Figure S4). The two contributions for the interpretation of the XRD pattern
of the Co@Mn sample with almost constant or smaller crystallite sizes compared to the core
and a slightly higher lattice parameter suggests the homogeneous nucleation of manganese
ferrite, along with the formation of core–shell heterostructures with thin manganese ferrite
shells, and also the occurrence of structural disorder phenomena. These findings suggest
the role of the shape and the chemical nature of the metal cations involved in determining
the success of the obtainment of core–shell heterostructures. To further investigate these
features, HRTEM and STEM-EDX chemical mapping at the nanoscale were adopted.

STEM-EDX chemical mapping and HRTEM images of the cobalt ferrite sample are
reported in Figures 2a–c and S5. The nanoscale chemical mapping (Figures 2a–c and S5)
reveals the spread of cobalt and iron throughout the particles, which appear differently
oriented towards the electron beam, with hexagonal projections besides cubic ones being
visible. Interestingly, the presence of the organic capping seems to be visible in the
micrograph reported in Figure S5b with a size of the layer coherent with the hydrocarbon
chain length [86]. HRTEM images (Figure 2d–f) show highly crystalline cubic-shaped
particles with rounded corners, revealing the typical inter-lattice distances of spinel
ferrite crystals and with the planes regularly aligned through the particle to the surface.
The high crystallinity of the cobalt ferrite nanoparticles proved via HRTEM further
suggests that the observed discrepancy between the particle and crystallite sizes is more
related to the difficulties in describing two populations of differently shaped NPs via
the Rietveld method.
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Miller’s indexes of some cubic nanoparticles of the sample Co (d–f).

STEM-EDX images of the core–shell sample are shown in Figure 3, where the obtain-
ment of core–shell NPs with very thin shells (Figure 3a,b) accompanied by the formation of
manganese ferrite NPs with similar sizes and shapes (Figure 3c,d) is proved. Single-phase
cobalt ferrite NPs were not detected. These results indicate that the cubic cobalt ferrite seeds
of about 14 nm were homogenously coated and that the heterogeneous and homogeneous
nucleations of MnFe2O4 are competitive phenomena in the selected synthetic conditions.
On the contrary, the obtainment of highly crystalline NPs exclusively in a core–shell archi-
tecture was previously achieved on cobalt ferrite spherical seeds of 6 and 8 nm in size with
both manganese ferrite and spinel iron oxide as the coating shell, as proven via STEM-EDX,
STEM-EELS, and HRTEM [46,70]. Therefore, we can hypothesise that the bigger size as
well as the faceted shape of the cobalt ferrite seeds might be the main reason for the dif-
ferent formation mechanism of the final products. Nevertheless, it is worth noting that
the presence of uncoated seeds was never revealed in the final products obtained using
this oleate-based solvothermal method, regardless of the shape and size of the seeds. As
expected, at the beginning of the synthesis process, the heterogenous nucleation seems to
be favoured in comparison with the homogenous nucleation. Moreover, it seems that the
heterogeneous nucleation (i.e., formation of the core–shell heterostructures) goes on until
a critical size is reached (about 15 nm), at which, the particles lose their colloidal stability
in the liquid medium and settle at the bottom of the Teflon liner. Therefore, in the liquid
medium, only Mn and Fe oleates remain, and manganese ferrite nanoparticles nucleate
and grow. Figure 3a depicts cubic core–shell NPs with manganese ferrite shells of about
1.4 nm, while Figure 3b represents a core–shell nanoparticle where the manganese ferrite
grew in a different direction, generating a staggered cube with respect to the cubic core.
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Figure 3. STEM-EDX chemical mapping for the sample Co@Mn, depicting core–shell heterostructures
(a,b) and manganese ferrite NPs (c,d).

This behaviour can also be observed in the HRTEM image of the same nanoparticle,
reported in Figure 4. The particle, pointed along the <110> zone axis, reveals twins between
the {220} planes of the cubic core and the {111} planes of the shell, as better evidenced in the
ellipsoidal spots visible in the FFT image (Figure 4b) and in the dashed-line white squares
in the inversed masked FFT images (Figure 4e,f). Figures S6 and S7 report other structural
defects found for the sample. The results obtained via HRTEM and STEM-EDX agree
with the scenario hypothesised for this sample on the basis of the XRD and conventional
TEM data, as previously discussed. In order to verify if these compositional and structural
inhomogeneities at the nanoscale level strictly related to the faceted shape of the NPs
affect the macroscopic behaviour of the sample, the magnetic properties were investigated
through DC magnetometry (Figure 5).
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Figure 5. Field-dependent magnetisation curves recorded at 10 K (a) and 300 K (b), and zero-
field cooled (ZFC) and field-cooled (FC) curves (c) of the samples Co (grey lines) and Co@Mn
(blue lines).

The Co sample shows hysteresis at 10 K with a large coercive field of 1.91 T and
high saturation magnetisation of about 90 Am2kg−1, while the Co@Mn sample coercivity
is only 0.13 T with wasp-waisted-shaped hysteresis that arises from the superposition
of the hard behaviour of the core–shell architectures and the soft behaviour of the
manganese ferrite NPs (Figure 5a, Table 2). This two-stage hysteresis loop at 10 K
resembles those of a physical mixture, as previously observed for an ad hoc reference
sample prepared by mixing two single-phase NPs (CoFe2O4 and MnFe2O4) of similar
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sizes (Figure 4 of [46]). A single-stage hysteresis loop with lower coercivity compared
with the cobalt ferrite seeds would be instead expected as a unique contribution for
core–shell heterostructures with thin shells, proving the rigid coupling between the
two spinel ferrite phases. Magnetisation isotherms at 300 K (Figure 5b) still show
small hysteresis with coercivity of 0.06 T for the Co sample, indicating the presence of
magnetically blocked particles. Furthermore, the slightly wasp-waisted shape is still
present at 300 K for the Co@Mn sample, consistent with the expected behaviour of the
physical mixture of the core–shell and manganese ferrite NPs.

Table 2. Coercive field (Hc) at 10 K and 300 K, anisotropy field (HK) at 10 K, saturation magnetisation
(Ms) at 10 K and 300 K, and remanent magnetisation (Mr) at 10 K of the samples.

Sample Hc
10K (T) HK

10K (T) Ms
10K

(Am2kg−1)
Mr

10K

(Am2kg−1) Mr/Ms
10K Hc

300K (T) Ms
300K

(Am2kg−1)

Co 1.91(1) 3.7(1) 92(3) 75(2) 0.82(2) 0.06(1) 77(2)

Co@Mn 0.13(1) 3.8(1) 98(3) 51(1) 0.52(2) 0.01(1) 77(2)

The temperature-dependent magnetisation curves (ZFC-FC curves of Figure 5c) con-
firmed the presence of magnetically blocked NPs in the two samples at room temperature
(with a temperature of the maximum above 350 K), but with the presence of a shallow
maximum in the ZFC curve (at about 140 K)) for the Co@Mn sample was associated with
the presence of the magnetically soft MnFe2O4 NPs.

4. Conclusions

A one-pot solvothermal approach was exploited with the aim of obtaining cubic cobalt
ferrite NPs and further coupled with a seed-mediated growth strategy to build core–shell
hard–soft heterostructures. Direct proof of the obtainment of highly crystalline, cubic and
spherical, stoichiometric cobalt ferrite nanoparticles was obtained via TEM, STEM-EDX,
and HRTEM. These techniques, and in particular the chemical mapping at the nanoscale
via STEM-EDX, allowed us to verify the production of bi-magnetic hard–soft core–shell
NPs (CoFe2O4@MnFe2O4) with a very thin shell in a physical mixture with manganese
ferrite NPs. Additionally, the magnetic properties were diagnostic of the superposition
of two contributions: the hard behaviour of the core–shell NPs and the soft one of the
manganese ferrite NPs. Indeed, a double-stage hysteresis loop in the 10 K magnetisation
isotherm and a maximum in the ZFC at about 140 K associated with a magnetically soft
phase were observed. These findings allowed us to hypothesise a formation mechanism in
which the heterogeneous nucleation (growth of a shell on the preformed seeds) and homo-
geneous nucleation (formation of new particles from the metal precursors) compete. From
the comparison with previous achievements in which only core–shell NPs starting from
small (6–8 nm) spherical NPs were achieved, it seems that starting from bigger and faceted
spinel ferrite seeds might direct the formation process of the core–shell heterostructures
towards systems with very thin shells, due to a critical size being reached that made these
particles no longer sTable in the mother solution and made them settle down at the bottom
of the synthesis reactor. Thus, the formation of new manganese ferrite nuclei occurred after
this phase separation.

In this view, the obtainment of a homogenous sample of core–shell NPs might be
achieved in these experimental conditions via the proper selection of the ratio between
the number of preformed seeds and the metal oleate added in the seed-mediated growth
process in order to avoid single-phase nucleation.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano13101679/s1, Table S1: Synthesis condition for the samples;
Table S2: Refined structural parameters obtained via Rietveld refinement of the XRD patterns of Co
and Co@Mn samples by using one spinel ferrite phase (CoFe2O4) for both samples; Table S3: Refined
structural parameters obtained via Rietveld refinement of the XRD patterns of Co and Co@Mn
samples by using two spinel ferrite phases (CoFe2O4, MnFe2O4) for the Co@Mn sample; Figure S1:
FTIR spectra (a), TGA curves (b), and corresponding derivatives (c) of the Co and Co@Mn samples;
Figure S2: TEM micrographs of the Co sample; Figure S3: TEM micrographs of the Co@Mn sample;
Figure S4: Rietveld refinement via FullProf software of the XRD patterns of Co (pattern at the bottom)
and Co@Mn (pattern in the upper part) samples by using (a) one spinel ferrite phase (CoFe2O4)
for both samples and (b) two spinel ferrite phases (CoFe2O4, MnFe2O4); Figure S5: STEM-EDX
chemical mapping (a–c) for the sample Co; Figure S6: HRTEM images (a,c,d) of the sample Co@Mn
revealing structural defects; (b) represents the masked inversed FFT image of (a); Figure S7: HRTEM
micrographs (a–c) of the sample Co@Mn revealing structural defects. Reference [87] is cited in the
supplementary materials.
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Abstract: The synthesis of bimetallic iron-nickel nanoparticles with control over the synthesized
phases, particle size, surface chemistry, and oxidation level remains a challenge that limits the
application of these nanoparticles. Pulsed laser ablation in liquid allows the properties tuning of
the generated nanoparticles by changing the ablation solvent. Organic solvents such as acetone can
minimize nanoparticle oxidation. Yet, economical laboratory and technical grade solvents that allow
cost-effective production of FeNi nanoparticles contain water impurities, which are a potential source
of oxidation. Here, we investigated the influence of water impurities in acetone on the properties of
FeNi nanoparticles generated by pulsed laser ablation in liquids. To remove water impurities and
produce “dried acetone”, cost-effective and reusable molecular sieves (3 Å) are employed. The results
show that the Fe50Ni50 nanoparticles’ properties are influenced by the water content of the solvent.
The metastable HCP FeNi phase is found in NPs prepared in acetone, while only the FCC phase
is observed in NPs formed in water. Mössbauer spectroscopy revealed that the FeNi nanoparticles
oxidation in dried acetone is reduced by 8% compared to acetone. The high-field magnetization of
Fe50Ni50 nanoparticles in water is the highest, 68 Am2/kg, followed by the nanoparticles obtained
after ablation in acetone without water impurities, 59 Am2/kg, and acetone, 52 Am2/kg. The core-
shell structures formed in these three liquids are also distinctive, demonstrating that a core-shell
structure with an outer oxide layer is formed in water, while carbon external layers are obtained in
acetone without water impurity. The results confirm that the size, structure, phase, and oxidation of
FeNi nanoparticles produced by pulsed laser ablation in liquids can be modified by changing the
solvent or just reducing the water impurities in the organic solvent.

Keywords: iron-nickel alloy; core-shell nanoalloys; nickel ferrite; hexagonal closed packed phase;
carbon shell; laser synthesis of colloids

1. Introduction

Iron nickel alloys are one of the most studied magnetic materials due to the abun-
dance of their constituting elements on Earth [1,2] and owing to the interesting properties
exhibited depending on their atomic ratio. For example, Invar (Fe64Ni36) exhibits very
little thermal expansion (almost zero) over a wide temperature variation, while Permalloy
(Fe20Ni80) offers a notably high magnetic permeability, low coercivity, and small mag-
netostriction [3–5]. Due to these interesting properties, iron-nickel alloys are employed
in various key technologies such as transformers [6], magnetic actuators [7], magnetic
sensors [8], electromagnetic shielding [9], spintronics [4,10], and catalysis [11–13]. The
equiatomic iron-nickel alloy (Fe50Ni50), in particular, gained popularity as an electrocat-
alyst for the oxygen evolution reaction (OER) [12,14] and as a potential candidate for a

266



Nanomaterials 2023, 13, 227

permanent magnet after the discovery of the high-coercive tetrataenite mineral with L10
structure found in a meteorite [2,15]. In both cases, the high material abundance of the
alloy constituent elements on Earth represents a fundamental advantage, envisioned to
overcome the price and supply chain problems associated with the current rare-earth-based
OER catalysts (RuO2 and IrO2) and permanent magnets (NdFeB) in strategic technologies,
such as electric mobility and energy storage. Other than the atomic ratio, the iron-nickel
alloy particle size is also a crucial parameter defining their properties and performance
in certain applications, especially for the catalytic activity of Fe50Ni50 alloy in the OER
process [13], where nanosized materials are desired. By reducing the size to the nanometer
range, especially below 10 nm, the specific surface area of the Fe50Ni50 catalyst is signifi-
cantly increased, thus exposing more of its active sites for the reactions to take place. In
addition, the recent report on the non-cubic symmetry in Fe50Ni50 nanoparticles [16] sparks
the possibility of employing nanosized Fe50Ni50 as a rare-earth-free alternative to perma-
nent magnets. These findings highlight the relevance of understanding and controlling
the formation of Fe50Ni50 nanoparticles and explore novel synthesis techniques that allow
Fe50Ni50 nanoparticles’ phase control.

Conventional fabrication methods of Fe50Ni50 nanoparticles (NPs) include chemical
reduction and gas condensation routes. The chemical reduction of the iron and nickel salts
with hydrazine in the presence of polyvinylpyrrolidone (PVP) resulted in face-centered
cubic (FCC) Fe50Ni50 with an average diameter of 29 nm [17], and 96 nm without PVP [18].
Gas condensation of iron-nickel alloy in a helium atmosphere was sought, but oxidation
took place on the surface of the particle after exposure to oxygen, resulting in the formation
of core-shell NPs with FeNi γ-phase and oxides of γ-Fe2O3 or Fe3O4. These two methods,
unfortunately, do not follow the green chemistry principles [19] due to the multi-step pro-
cesses and the use of hazardous materials and inert gases to reduce oxidation. Meanwhile,
pulsed laser ablation in liquid (PLAL) offers a one-step method to produce NPs directly in
the desired liquid and avoids the generation of by-products, hence removing purification
steps and the generation of extra chemical waste [20]. This technique does not require
high vacuum or temperature conditions, making it easily implementable and transferable
to industrial environments [21]. PLAL is based on the ablation of the bulk target in the
desired liquid providing the versatility to tune the laser parameters and the ablation liquid
to influence the temperature, pressure, and surrounding media [22]. By changing the liquid
employed for PLAL, properties such as the composition and phase of the produced NPs
can be modified [23].

Another NP property that is influenced by the liquid employed in the PLAL is the
NP oxidation. Due to their small size and large surface area, NPs are prone to oxidation
upon exposure to oxygen or oxidizing agents. In the PLAL, it is reported that the NP
oxidation is influenced by the redox activity of the target material [24] and the choice of
the ablation liquid [23]. For example, almost 100% of the surface of laser-generated Ti in
water is oxidized, while less than 5% of the gold surface is oxidized [24]. For the ablation
liquid, complete or partial oxidation of the NPs is observed in the ablation of Ti and Mn in
water, which results in the generation of TiO2 [25] and Mn3O4 [26] NPs, respectively. NP
oxidation might be purposely performed in some contexts where oxide NPs are desired,
such as the generation of TiO2 by ablating Ti target immersed in water. However, in the
cases where oxidation needs to be avoided, organic solvents such as acetone are known to
reduce the oxidation of laser-generated NPs [27]. However, the oxidation itself is caused by
the exposure of NPs inside the cavitation bubble to the oxygen species generated from the
breakdown of liquid or gas in the nearby vicinity of the ablation spot; hence, all species with
oxygen atoms might contribute to the oxidation of the NPs, including dissolved oxygen gas.
To investigate this matter, Marzun et al. [28] ablated Cu in different ablation liquids, i.e.,
H2O (H2Oair), H2O purged with Ar gas (H2Oar), and acetone. They reported the formation
of Cu oxides in both H2Oair and H2Oar, with H2Oair having a higher oxidation level and
amorphous phase in acetone. This indicates that not only the dissolved oxygen gases in
the water contribute to the Cu oxidation, but also the water itself. Meanwhile, acetone
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with technical grade or laboratory grade, even with ACS reagent and HPLC grades, still
contains water impurity to some extent (≤0.5%) [29,30], which contributes to the oxidation
of the produced NPs.

In this study, the influence of water removal in acetone using molecular sieves on
the oxidation level of the laser-generated Fe50Ni50 NPs is investigated. A molecular sieve
is an adsorbent with three-dimensional frameworks of alumina-silicate, which is capable
of reducing the water content down to 0.001% [31,32]. The molecular sieves provide
an inexpensive and easy way to remove water from acetone, complying with the green
chemistry principle due to its reusability. The removal of water in the organic solvents
is not only intended to reduce the oxidation but also to directly encapsulate the NPs in a
carbon shell during the PLAL synthesis that enhances their catalytic activity [33,34]. In
addition to reducing the oxidation level and altering the shell formation, the generation
of the non-cubic metastable hexagonal closed packed (HCP) in the organic solvents was
investigated. It has been proposed that non-cubic phases might be used as a precursor
to generating FeNi with L10 structure [35], but the suggested methods to fabricate the
non-cubic FeNi involve the use of high-pressure and high-temperature conditions such as
in the diamond anvil cell (DAC) [36] or high-strain process [35]. Here, we propose PLAL as
a method to produce the non-cubic HCP FeNi phase at room conditions, taking advantage
of the locally high-pressure and -temperature conditions achieved by the high-intensity
laser interaction with the target surface and surrounding liquid.

2. Materials and Methods
2.1. Fe50Ni50 Colloidal Nanoparticles Production

A picosecond laser Nd:YAG with a wavelength of 1064 nm, a pulse duration of 10 ps,
a power of 8 W, a repetition rate of 100 kHz, a raw beam diameter of 2 mm, and a pulse
energy of 80 µJ was employed to produce nanoparticles by PLAL (Figure 1). The laser
beam was focused on the immersed (6 mm liquid layer) equiatomic FeNi alloy target by
a galvanometric scanner coupled with an f-theta lens (focal length of 100 mm) following
an Archimedean spiral pattern (6 mm diameter) with a speed of 2 m/s. The beam radius
and peak fluence at the processing plane were 65 µm and 1.2 J/cm2, respectively. To avoid
shielding of the laser beam by the produced nanoparticles, the liquid was pumped by
a peristaltic pump at a flow rate of 150 mL/min (calibrated before the experiments of
each liquid). The investigated liquids are distilled water, acetone, and “dried” acetone
(obtained by immersing molecular sieves type 3 Å for 24 h to capture water molecules
in acetone). The FeNi samples ablated in different liquids will be further referred to as
FeNi in water, FeNi in acetone, and FeNi in dried acetone, respectively. All colloids have a
similar absorbance value at the laser wavelength as shown in Figure S1. To dry the colloids
and obtain nanopowders suitable for characterization, we performed magnetic separation
using a permanent magnet (NdFeB) followed by liquid evaporation using an exhaust fan.

2.2. Analytical Methods

The generated FeNi NPs colloids were analyzed by transmission electron microscopy
(TEM, JEOL JEM-2200FS, 200 kV, ZrO2/W emitter) and energy dispersive X-ray spec-
troscopy (EDX) to determine the size distribution, morphology, elemental composition,
and oxide formation of the NPs. The sample was drop-casted on a copper grid with lacey
carbon coating and was measured within one week after production to ensure minimum
particle growth and oxidation due to aging.

Synchrotron X-ray diffraction (SXRD) was used to analyze the phase of the produced
NPs qualitatively (using the peak matching technique) and quantitively (using the Rietveld
refinement technique). Measurements were carried out at the 33-BM-C beamline of the
Advanced Photon Source (APS) at the Argonne National Laboratory, United States with a
beam wavelength of 0.77 Å. Since a wavelength of 0.77 Å was employed, the 2θ value is
shifted to a lower degree compared to the standard 1.54 Å wavelength. The measurements
were performed using the transmission (i.e., Debye-Scherrer) geometry. The colloids were
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sealed in Special Glass 10 capillaries (Hampton Research Corp.) by Beeswax (Hampton
Research Corp.). The NPs generated in water were transferred to dried acetone to mitigate
post-synthesis particle aging (i.e., oxidation and particle growth) before being loaded into
capillaries for SXRD measurements.
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Figure 1. Schematic illustration of pulsed laser ablation in liquid using a flow chamber. The selected
liquid flowed through the ablation chamber from the bottom to the top by a pump while the ablation
took place. A Fe50Ni50 target was placed perpendicular to the incoming laser beam.

Mössbauer spectroscopy was employed to determine the oxidation level and magnetic
structure of the FeNi samples in acetone and dried acetone. Spectra of both powder and
colloid samples were recorded in transmission geometry, with the latter being placed in an
airtight sample container of appropriate geometry. A 57Co(Rh) radiation source was used,
mounted on a constant-acceleration driving unit (WissEl GmbH), with low temperatures
down to 4.3 K being achieved via a closed-cycle cryostat (Lake Shore Cryotronics). Spectra
measured in external magnetic fields up to 8 T were recorded using a magnet cryostat (Ox-
ford Instruments). Subspectra of magnetically ordered phases have been reproduced using
hyperfine field distributions; isomer shifts are given relative to α-Fe at room temperature.

Nanoparticle magnetic behavior was studied using vibrating sample magnetometry
(PPMS DynaCool, Quantum Design). Field-dependent magnetization loops M(H) were
recorded at temperatures between 4.3–300 K and a magnetic field range of ±9 T.

3. Results and Discussion
3.1. Crystallographic Phases

To determine the influence of different liquids on the phase formation of FeNi NPs,
XRD phase analysis was performed. The SXRD profiles of FeNi NPs in dried acetone,
acetone, and water are presented in Figure 2, and the complete indexing can be found
in the supplementary (Figure S2). The FeNi NPs generated in water (Figure 2) show the
diffraction peaks of the face-centered cubic (FCC) FeNi and the spinel NiFe2O4 structure.
Meanwhile, the FeNi NPs generated in acetone and dried acetone (Figure 2) consist of the
hexagonal closed-packed (HCP) FeNi phase in addition to the FCC FeNi phases and the
spinel NiFe2O4 phases. To quantify the weight fraction (wt%) of the HCP phase, Rietveld
refinement was performed (Figure S3) and the results are presented in Table 1.
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Figure 2. Synchrotron XRD profiles of the FeNi NPs ablated in different liquids. The ablation in
acetone or dried acetone produced the FCC phase and the HCP phase, with a small volume of spinel
NiFe2O4 phases (barely visible in this graph). Meanwhile, the ablation in water produced the FCC
phase and NiFe2O4 phase. The complete indexing is presented in the supplementary information
(Figure S2).

Table 1. The crystalline phase composition of FeNi NPs synthesized in different ablation liquids. The
weight fraction of the HCP FeNi phase was extracted from the SXRD profile by Rietveld refinement.

Ablation liquid Crystalline Phase Composition HCP Content (wt%) *

Dried acetone FCC FeNi, HCP FeNi, NiFe2O4 35.2 ± 1.0

Acetone FCC FeNi, HCP FeNi, NiFe2O4 38.4 ± 0.2

Water FCC FeNi, NiFe2O4 0

* The HCP content reported here is the weight fraction of the FeNi HCP phase with respect to the weight of the
nanoparticle core. The Rietveld refinement was performed on a structure model of the nanoparticle core that
consisted of the FCC FeNi phase(s) and the HCP FeNi phase if existing. The NiFe2O4 phase in the particle shell
was not included in the structure model being refined.

All peaks corresponding to FCC and HCP phases were taken into account, while the
NiFe2O4 peaks are excluded since the contribution of crystalline oxides in the XRD results
is significantly low compared to the other phases. The NPs in dried acetone consist of
35.2 ± 1.0 wt% of the HCP phase, while the NPs in acetone account for 38.4 ± 0.2 wt% of
the HCP phase, and the NPs in water contain no HCP phase (Table 1). It is interesting to
observe that the ablation in acetone and dried acetone produces a mixture of the metastable
HCP and stable FCC phases in the NP core, while only the FCC phase was formed in
water. Meta- and stable phase mixtures in NPs produced by PLAL of different targets
were previously reported. The formation of metastable zinc-blende and the stable diamond
structures in silicon NPs [37], metastable hexagonal and stable cubic structures in diamond
nanocrystals [38], the metastable γ-Fe and stable cubic FeO and α-Fe phases [39], and
Ni NPs with stable FCC and metastable HCP phases [40,41]. Different arguments were
postulated regarding the formation of stable and metastable phases during PLAL. (i) The
specific heat capacity of the solvent, which influences the cooling rate of the ablation plasma
plume generated during PLAL [40]. (ii) Shorter cavitation bubble lifetime compared to the
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theoretical lifetime according to the Rayleigh–Plesset theory [41], and (iii) the confinement
of the cavitation bubble by the surrounding liquid, which induces the high temperature,
high pressure, and high density (HTHPHD) state and shorter quenching time of the plasma
plume in the liquid [37]. The above-mentioned hypotheses all pointed to the freezing of the
metastable phase during the cooling (quenching), which preserves the metastable phases.

For FeNi alloy, the formation of a metastable FeNi HCP phase is usually associated
with high-pressure and high-temperature conditions, such as in the Earth’s core [42–46]. It
has been produced synthetically using a diamond anvil cell (DAC) from the bulk FeNi with
a face-centered cubic (FCC) phase [36,46,47], where the sample is placed in a tiny space
(3–4 mm) between two diamonds, which are pressed to each other [48]. Laser ablation in
liquid also provides a high-pressure and high-temperature state to the nuclei inside the
cavitation bubble (CB) and its collapse [49]. The bubble pressure during laser ablation
might provide a suitable environment for the formation of the HCP phase; however, this
cannot be the sole reason since the ablation in water does not produce HCP phases. The
cavitation bubble dynamic study from the Choi group also showed that the cavitation
bubble size was larger for hexane and acetonitrile compared to water [41]. The larger
cavitation bubble and longer lifetime indicate lower pressure inside the bubble, as formerly
reported from the laser ablation of aluminum oxide in ethanol, water, and isopropanol [50].
Hence, the pressure difference due to the cavitation bubble geometry would favor the HCP
formation in water; however, it is only observed in organic solvents. Consequently, the
liquid composition seems to be a significant factor influencing the FeNi NP’s phase.

Based on the results in Table 1, we have observed that the HCP phase does not scale
with the fraction of water content in the organic solvent, consequently, this factor can be
ruled out. However, the fact that the ablation in acetone (and dried acetone) produced an
HCP phase, while the ablation in water only provided the FCC phase, suggests that the
carbon-based solvent plays a significant role in the HCP phase formation. During PLAL,
the presence of carbon species in the cavitation bubble generated from the interaction of
the high-intensity laser with the organic solvent can influence the nucleation kinetics of
the HCP and FCC phases. Hence, not only the FCC phase forms but also the HCP phase.
When the cavitation bubble finally collapses, the fast temperature quenching freezes this
metastable phase. Nevertheless, many factors related to the liquid and the laser ablation
dynamics might form a complex system that contributes to the formation of the HCP phase
in the FeNi NPs.

3.2. Oxide Formation

Oxidation of NPs, either partially or completely, changes the NP properties such
as catalytic activity [51] and magnetization [52]. Controlling the oxidation level of laser-
generated NPs is therefore important to produce NPs with the desired functionality. In this
section, the influence of water impurity in acetone on the oxidation of laser-generated FeNi
NPs is studied. Based on the XRD results (Figure 2), formations of minor amounts of spinel
iron-nickel oxide NiFe2O4 (ICSD No. 241661) are observed in all studied samples, which
shows that oxidation occurs even in dried acetone where most of the water molecules
are captured by molecular sieves. Nevertheless, the amount of crystalline oxides in all of
the samples is significantly low, approximately 0.7 wt% for FeNi in water, while for FeNi
synthesized in acetone and dried acetone, the quantities are lower than the quantification
error of the measurement/device, hence, the values are not of significance. Based on the
study by Marzun et al., the ablation of a Cu target in water with an inert Ar atmosphere still
resulted in oxidized species, due to the splitting of water molecules to reactive OH species.
To avoid water impurities in acetone, we used molecular sieves. It was formerly reported
that using the molecular sieve with the size of 4 Å for 21 h reduced the water content
from 0.45% to 0.001% (w/w) [31]. Meanwhile, the water molecule has a diameter of 2.8 Å,
hence, molecular sieves with a pore size of 3 Å were used to capture the water molecules in
acetone and produce the “dried acetone”. Nadarajah et al. have investigated the influence
of 3 Å molecular sieves to capture water molecules in acetone and reduce the oxidation
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level of the laser-ablated FeRh NPs. They reported that the use of molecular sieves resulted
in less nanoparticle oxidation compared to NPs produced in untreated acetone [53] and
they suggest that the bound oxygen atoms in acetone contribute to NP oxidation. The
dissolved oxygen gas in the liquid is also found to partially oxidize NPs due to aging [28],
which means that the oxidation occurs also due to the possibly prolonged NPs storage in
the liquid before the analysis. Hence, the surface oxidation of FeNi NPs into spinel NiFe2O4
was likely caused by the NPs’ exposure to the oxygen species generated from the pyrolysis
of the ablation liquid and later followed by the dissolved gas due to aging.

3.3. Morphology and Particle Size Distribution

The morphologies of the NPs ablated in dried acetone, water, and acetone are pre-
sented in Figure 3. Based on the bright field images of NPs in dried acetone (Figure 3a–c),
core-shell structures with a core and two layers are formed, independently of the particle
size. The thickness of the first layer (inner shell) ranges from 1.5 to 2.9 nm and has an
average of 1.9 nm, whereas the average thickness of the second layer (outmost shell) was
measured to be 2.4 nm, with a size range of 1.1–4.2 nm (Table 2). The core part shows
a darker contrast in comparison to the shell, which can be explained as the change of
electron scattering due to the electron density. The high electron density of the core part
can be associated with the high material density, and in our case, it is Fe50Ni50 with a
density of approximately 8.4 g/cm3. For the inner shell, the formation of a carbide or oxide
layer is likely, as the ablation was performed in a solvent with molecularly bound carbon
and oxygen atoms. The density of iron and nickel carbide are approximately 4.93 and
7.99 g/cm3, respectively, while iron, nickel, and iron-nickel oxide densities are between
5–7 g/cm3, which explains the lower contrast of the inner shell compared to the core. The
formation of iron and nickel carbides and oxides after the ablation of Ni50Fe50 in acetone
was previously reported, but there were still unidentified peaks around 52◦, 71◦, and
between 75–90◦ despite efforts from the authors [33], which are identified as FCC and HCP
peaks of FeNi in this study (Figure 2). XRD results in Figure 2 and the lattice distance
observed in Figure 3c confirm that the inner shell of this sample is constituted by spinel
iron-nickel oxide (NiFe2O4). Meanwhile, the outmost layer with the brightest contrast can
be attributed to a carbon layer, which was formed due to the pyrolysis of organic solvent by
the high-intensity pulses [27]. The laser radiation pyrolyzes the organic solvent and yields
carbon species [54], which then become the building block of the outer NP layer. A small
part of graphitic carbon is observed in this sample (Figure S4), but most of the observed
carbon layers are amorphous.

Table 2. FeNi NPs in dried acetone, acetone, and water shell thicknesses as obtained by TEM.

Ablation Liquid
Average Particle

Size (xc, nm) Core Phase Shell Phase
Shell Thickness (nm)

Average (Mean) Range
(Min to Max)

Dried acetone 10.2 ± 0.3 HCP/FCC FeNi

NiFe2O4 2.4 1.1–4.2

Amorphous
carbon 1.9 1.5–2.9

Acetone 12.0 ± 0.2 HCP/FCC FeNi
NiFe2O4 2.3 1.4–3.5

Graphitic carbon 1.2 0.7–1.9

Water 17.7 ± 0.6 FCC FeNi NiFe2O4 4.9 2.4–9.8
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Figure 3. Morphology of FeNi NPs ablated in dried acetone (a–c), acetone (d–f), and water (g–i).
(a,d,g) show the core-shell structure and the shell thickness of larger NPs, while (b,e,h) represent
the smaller NPs. (c,f,i) confirm the phases observed in the XRD by measuring the lattice distance
between the core and the shell.

Contrarily to the FeNi NPs in dried acetone, which exhibit the same core-shell structure
for both small and large nanoparticle sizes, the sample in acetone (Figure 3) has two types
of core-shell structures. Large NPs (d > 50 nm) form a core-shell structure, and the small
NPs (d~20 nm) lean towards the formation of a core with outer graphitic carbon layers. The
formation of a graphitic carbon layer was formerly reported after PLAL of metal targets in
organic solvents, where the metal acts as a catalyst for the graphitization of the pyrolyzed
carbon-based solvent [27,33]. Regarding the ablation of FeNi NPs in water, the formation
of a core and a single shell structure for all NPs sizes was found. The formation of a single
layer (without the carbon layer) is expected as water decomposes to H2 and O2 [54]. Based
on the standard reduction potential, O2 acts as an oxidizing agent in the reaction with Fe
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and Ni, hence, the shell is most likely to be composed of oxides as supported by the XRD
data (Figure 2).

The particle size distribution of each sample was measured for at least 400 particles
(Figure 4). All the histograms of the particle size distribution fit the log-normal distribution,
which is common in PLAL-produced NPs. Meanwhile, the NPs produced through chemical
synthesis methods, such as coprecipitation, hydrothermal, and sol-gel methods, usually
have a Gaussian-type size distribution [18,55–57]. The average particle size of the sample is
defined based on the center value of the log-normal fitting curve (xc) and the polydispersity
index (PDI) is calculated from the square of standard deviation divided by the square of
the mean value (σ2/µ2). The PDI is used to define whether the NPs are monodisperse or
polydisperse, where a value of less than 0.3 is considered monodisperse [58]. The NPs size
in dried acetone shows the lowest average particle size (xc) of 10.2 ± 0.3 nm, followed by
NPs in acetone (12.0 ± 0.2 nm), and NPs in water (17.7 ± 0.6 nm). The PDI values of NPs in
dried acetone, acetone and water are found to be 0.28, 0.28, and 0.91, respectively. Based on
these results, the FeNi NPs in dried acetone and acetone can be considered monodisperse,
while the FeNi NPs produced in water are polydisperse. The FeNi NPs in dried acetone and
acetone are smaller than the FeNi in water due to the carbon coating on the NPs surface, which
prevent the growth and coalescence of the NPs [59]. Nevertheless, it should be noted that
further growth during storage cannot be completely ruled out even with carbon coating [60].
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Figure 4. Number-weighted particle size distribution of FeNi NPs in (a) dried acetone, (b) acetone,
and (c) water. FeNi NPs produced in dried acetone have the smallest median size and PDI, followed
by FeNi produced in acetone, and FeNi produced in water. The number of counted particles (n) is
denoted in the figures.

3.4. Elemental Composition

To determine the elemental composition of the NPs’ core and shell, elemental scans
using EDX-TEM were performed (Figure 5). A particle size of around 50 nm was selected
as representative since the NPs generally have a distinct core-shell structure. Smaller NPs
(10–20 nm) show distinct core-shell structures as well, but the oxygen signal from the
environment sometimes provides a stronger contribution than the actual oxygen level
on the NPs, hindering the oxidation analysis of the shell part (Figure S5). Hence, the
discussion related to the EDX line scanning is limited to the larger NPs with a diameter of
approximately 50 nm.

The EDX line scans (Figure 5) show that the Fe intensity is generally higher than the Ni
intensity on the nanoparticle’s surface. This signal difference between Ni and Fe represents
the composition of the shell, where Fe is present in a higher percentage compared to Ni.
The oxygen intensity in all samples increases from the start of the shell where Fe is detected,
then the value is constant throughout the particle. This shows that oxidation only occurs
on the surface of the particle, but not in the core, where the Fe50Ni50 composition of the
initial target is preserved. By assuming that all O atomic % (at%) belongs to the shell with a
composition of NiFe2O4, the approximate Fe and Ni at% in the core part were calculated, as
shown in Table 3. Note that the drop-casting was not performed in a glovebox; hence, it is
likely that some oxygen adsorbs to the grid during the sample preparation prior to the TEM
analysis. In addition, the accuracy of the device is around 1 at%, which might influence the
estimation of the core composition. The at% of Fe and Ni in the core part of dried acetone,
acetone, and water samples show almost similar values with a difference of around 1–3 at%,
which means that the bulk composition is maintained. Jakobi et al. argued that similar heat
of evaporation and density of Pt and Ir during the ablation of Pt91Ir9 in acetone produced
NPs with similar stoichiometry as the target material [61]. The heat of evaporation of Ni
and Fe are 370.4 kJ/mol and 349.6 kJ/mol, while the densities are 8.9 g/cm3 and 7.9 g/cm3,
respectively. These similar values of heat of evaporation and density (1.06 and 1.13-factor
difference, respectively) induce the simultaneous evaporation and condensation of the
FeNi NPs alloy, which preserves the target’s elemental ratio. However, the oxidation level
of the sample in dried acetone showed an unexpectedly high O at% value, which is even
higher than water and twice the value of the sample in acetone. We have also measured
the elemental composition using the EDX map scanning, which represents a larger area
covering a larger number of NPs and also different NP sizes. As shown in Figure S6 and
Table S1, the O at% of the dried acetone sample is the lowest, with a 15 at% difference
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compared to the acetone sample. There is also an anomalous trend where O at% of the
water sample is slightly lower by almost 3 at% compared to the acetone sample. Therefore,
we believe that the measurement of O at% from EDX-TEM fails to provide a complete
representative value for the whole sample and includes the contribution of all the NP
sizes, leading to a variation of the O at% values obtained for different NPs or analyzed
areas. Thus, we sought another measurement, i.e., Mössbauer spectroscopy, to define the
oxidation level of the whole sample with higher statistical confidence.
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Figure 5. EDX-line scans of FeNi NPs ablated in (a) dried acetone, (b) acetone, and (c) water. The
constant oxygen signals, which do not follow the Fe and Ni signals, indicate that oxidation only
occurs on the NP surface.

Table 3. Elemental composition (in at%) of the NPs shown in Figure 5 and the estimation of Fe and
Ni at% in the core part, assuming that all oxygen at% belongs to the NiFe2O4 shell.

Ablation Liquid
Whole Particle Composition Shell Composition * Core Composition **

Fe at% Ni at% O at% Ni at% Fe2 at% O4 at% Fe at% Ni at%

Dried acetone 35.1 29.3 35.6 8.9 17.8 35.6 17.3 20.4
Acetone 43.6 38.1 18.2 4.6 9.1 18.2 34.5 33.6

Water 38.7 33.6 27.7 6.9 13.9 27.7 24.9 26.7

* with the assumption that all O at% of the particle comes from the NiFe2O4 shell, ** subtracting the whole particle
composition with the shell composition.
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Mössbauer spectroscopy was employed to quantify the total oxide fraction of the
FeNi NPs and their aging behavior for longer oxidation times. The measurements were
performed in transmission geometry, providing a measurement signal averaged over the
total sample volume, thus, giving a comprehensive overview of the composition of Fe-
bearing phases in the nanoparticles as well as their general magnetic structure. Due to
different hyperfine interactions of the Fe nuclei with their surroundings, metallic and
oxidic Fe-bearing phases result in distinctively different sub-spectra, as visible in Figure 6a.
At ca. 4.3 K, two broadened sextet distributions can be identified for the aged, dried
acetone sample: a larger one with moderate hyperfine magnetic fields Bhf and an average
isomer shift of ca. 0.30 mm/s (green) assigned to metallic FeNi, and a second one with a
larger Bhf and an isomer shift of ca. 0.47 mm/s. The latter is usually indicative of ferric
oxides [62,63], whereby this distribution is assigned to iron atoms in the NiFe2O4 shell.
Due to the very broad structure of the metallic FeNi subspectrum, a resolution of HCP- and
FCC-components was not feasible.
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Figure 6. Mössbauer spectra of FeNi NP colloids: Prepared from dried acetone, aged for four months
measured at 4.3 K (a) and 80 K (b), from dried acetone in the initial state at 80 K (c) and acetone in the
initial state at 80 K (d). Spectra consist of an outer sextet distribution (orange) assigned to NiFe2O4,
an inner sextet distribution corresponding to metallic FeNi (grey), and a doublet contribution (green)
assigned to oxide material in the para- or superparamagnetic state.

Studying the spectrum at 80 K in Figure 6b in comparison, we observe only minor
changes in the metallic FeNi subspectrum, while the oxidic sextet almost vanished, now
manifesting mainly in a para- or superparamagnetic doublet state (green), both being
mainly identical in spectral intensity and isomer shift. A more detailed analysis can be
found in Figure S7, showing the dried acetone FeNi nanopowder spectra between 5 K and
room temperature without an external magnetic field. This was done to study whether
complete evaporation of the liquid to produce a powdered sample resulted in an oxidation
increase due to the exposure to air, and the possibility of storing the colloids as a powder
without influencing the oxidation level.

From the spectrum at 5 K, where the sub-spectra can be well resolved, 26% of the
spectral area is assigned to the oxide fraction, which would suggest that further oxidation
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of this sample takes place following drying and storage before the measurement was
completed. This proves our earlier point, that it is important to use freshly produced
colloids without extended storage time, either in their original liquid or as dried NP
powder. To further reduce the oxidation level, it is also possible to use an organic solvent
with no molecularly bound oxygen, such as acetonitrile, or H2 as a reducing gas. However,
the reduced price and the reusability of the molecular sieves employed in this work,
which could be re-activated by heat treatment at around 300 ◦C, offer a beneficial option
for the oxidation control of PLAL-generated NPs and the cost-effective upscaling of the
production as required for catalysis applications. At higher temperatures, it is found that
the sextet to doublet transition of the NiFe2O4 component mainly takes place between 30
and 60 K. No considerable changes in the spectral structure are visible above ca. 100 K.
Corresponding measurements up to room temperature were not attainable for the colloidal
samples since Brownian nanoparticle motion leads to severe line broadening, hindering a
detailed analysis [64,65].

For the dried acetone colloid 4 months after production shown in Figure 6a,b, the
NiFe2O4 sub-spectra contains roughly 27% of the spectral area. Assuming the oxide shell
consists of stoichiometric NiFe2O4 based on the previous XRD results (Figure 2) and expect-
ing similar Debye-Waller factors for metallic FeNi and NiFe2O4 at cryogenic temperatures,
relative spectral areas represent a simple approximation of the weight percentage (wt%)
of the corresponding phase due to very similar atomic Fe fractions per mass. To evaluate
the effect of reducing water content on the total oxide fraction as well as the stability of
the prepared nanoparticles, the oxide spectral area in aged, and dried acetone colloid is
compared to fresh dried acetone (14%) and fresh acetone colloid (22%) shown in Figure 6c,d.
The results clearly show a lower oxide fraction after preparation in mole-sieved acetone
and minor ongoing oxidation upon a longer aging time. It can be concluded that while the
drying process is effective, the reduced oxidation of the sample is lost again after extended
storage time, and results in a similar oxide fraction as the fresh colloid made from the
commercial, untreated acetone. This also means that the carbon shell and the NiFe2O4 shell
on the NPs did not completely stop further oxidation of the NPs during longer storage
time. Oxidation might occur from the presence of molecularly bound O atoms in acetone
or the dissolved O2 gas. Therefore, it is important to use fresh colloids in the posterior
intended catalysis or magnetic application to avoid further oxidation that can detriment
the produced FeNi NPs performance.

3.5. Magnetic Properties

The magnetic field-dependent magnetization M(H) curves of FeNi NPs formed in
different liquids are shown in Figure 7, recorded at 300 K up to a maximum magnetic
field of 1 T. A similar saturation alignment for the three samples can be observed, with
the overall character of the M(H) curves being comparable, reaching high magnetization
values already at ca. 0.4 T and showing a gradual further increase in the high-field region.
Based on Mössbauer spectroscopy in-field experiments as shown in Figure S8, this M(H)
shape can be explained as follows: A distinctively reduced intensity of lines 2 and 5
of the FeNi subspectrum can be observed already at a magnetic field of 1 T visible in
Figure S8b, revealing a state of almost complete magnetic alignment for the metallic core
of the nanoparticles [66]. The NiFe2O4 shell, on the other hand, displays high intensities
of lines 2 and 5 even up to 8 T (Figure S8c), proving that magnetic moments here are
still relatively random in their orientation, resulting in a limited oxide contribution to
magnetization, slowly increasing when going to higher fields. The incomplete magnetic
alignment of the oxide shell is also clearly evident by the only partial resolution of the
contributions from A- and B-spinel lattice positions at 8 T.
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Clear differences are apparent when regarding the 1 T magnetization values. When
comparing the acetone and dried acetone samples, the effect of the drying process becomes
clear, as the mole-sieved sample has a higher magnetization of ca. 59 Am2/kg compared to
the 52 Am2/kg of the non-sieved sample, which can presumably be attributed to the lower
oxidation of the former. However, the sample produced in water shows an even higher
magnetization at 68 Am2/kg. It would be prudent to assume that this difference stems
from the fact that the particle size of the water-based sample is significantly higher than
that of the two acetone-based ones, which would lead to a lower surface-to-volume ratio
and thus a reduced amount of surface spin canting. To discern this difference, additional
magnetometry measurements were performed, up to higher fields of 9 T and in a wide
range of temperatures from 4.3 K up to 300 K, as shown in Figure S9 for the dried acetone
and water-based samples. Here, two aspects can be discussed: on the one hand, the low
temperature, and high field measurements show that the water-based sample still retains a
slightly higher magnetization value at 9 T of 82 Am2/kg compared to 76 Am2/kg for the
dried acetone sample. Interestingly, the slightly more pronounced shape of the M(H) curves
for the water-based sample indicates that full saturation has not yet been reached at 9 T,
which would suggest that the higher magnetization value compared to the acetone-based
samples is not solely due to a reduced occurrence of spin canting due to the larger average
particle size. An explanation can be provided by the paramagnetic HCP phase being
present in the acetone-based samples, but not in the water-based one, leading to a reduction
of the overall measured magnetization. Additionally, the previously mentioned carbon
shell formation can also contribute to this effect. However, despite this slight decrease
relative to the water-based sample, the difference in magnetization visible between the
sample formed in dried and regular acetone clearly shows the viability of the method
presented here to prevent undesired oxidation of the FeNi NPs.

4. Conclusions

Reducing water impurities in acetone for the generation of Fe50Ni50 nanoalloys by
PLAL influences the phases, core-shell structure, oxidation, and magnetic property of

279



Nanomaterials 2023, 13, 227

the produced NPs. FeNi NPs in dried acetone with reduced water impurity exhibit FCC
and HCP phases in the core, an inner NiFe2O4 shell, and an outer amorphous carbon
shell (FCC/HCP FeNi@NiFe2O4@amorphous carbon). The NPs in commercial, untreated
acetone (water impurity of 0.3–0.5%) produced a mixture of FCC and HCP phases in
the core with either NiFe2O4 shell or graphitic carbon (FCC/HCP FeNi@NiFe2O4 and
FCC/HCP FeNi@graphitic carbon). Meanwhile, ablating FeNi alloy in water produced
FCC core and NiFe2O4 shell (FCC FeNi@ NiFe2O4) NPs without any traces of the HCP
phase or carbon shell. Reducing water impurity in acetone was found to lower the oxidation
level by 8% (total oxide fraction, as measured by Mössbauer spectroscopy) compared to
the NPs in untreated acetone. The magnetization of the dried acetone sample (59 Am2/kg)
was higher than the acetone sample (52 Am2/kg) due to the lower degree of oxidation.
The NPs produced in water exhibit a higher magnetization of 68 Am2/kg. The higher
magnetization in the water sample is due to the larger average NPs size (17 nm), compared
to the NPs in dried acetone (10 nm) and acetone (12 nm). The smaller average size of NPs
in acetone-based liquid is related to the carbon layer formed in the ablation plume, which
constrains the particle growth. The diverse core-shell structure and the modified FeNi
NPs properties observed in this study show that FeNi NPs with different phase and shell
structures can be generated just by reducing the amount of water impurity in the organic
solvent or modifying the solvent employed in PLAL. This opens up a straightforward
synthesis approach of different core-shell FeNi NPs that can be adapted to the broad
fields where FeNi NPs are applied, such as sensors and actuators development, catalysis,
magnetism, or biomedicine.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano13020227/s1, Figure S1: The normalized absorption spectra
of Fe50Ni50 nanoparticles generated in dried acetone (black), acetone (red), and water (blue) within
the wavelength of 400–1100 nm; Figure S2: Phase identification of FeNi NPs in dried acetone, acetone,
and water based on the Synchrotron XRD results; Figure S3: Rietveld refinement of the synchrotron
XRD results without the contribution of the oxide phase; Figure S4: HR-TEM image of NP in dried
acetone which shows the formation of graphitic carbon; Figure S5: Line scanning EDX-TEM of small
NP (d = 16 nm) of FeNi ablated in acetone (top) and in dried acetone (bottom); Figure S6: EDX map
scanning of the FeNi NPs in different ablation liquids. Figure S7: Mössbauer spectra of the dried
acetone colloid powder sample recorded between 5 K and room temperature. Figure S8: Mössbauer
spectra of an aged dried acetone powder sample recorded at ca. 4.3 K in external magnetic fields of (a)
0 T, (b) 1 T, and (c) 8 T parallel to γ-ray incidence direction. Figure S9: Field-dependent magnetization
of FeNi nanoparticle powder from the (a) dried acetone and (b) the water-based sample recorded at
4.3 K to 300 K in magnetic fields up to 9 T. Table S1: The elemental composition of the whole area
(in at%) obtained by map scanning as shown in Figure S5 and the estimation of Fe and Ni at% in
the core part, assuming that all O at% belongs to the NiFe2O4 shell. Reference [68] is cited in the
supplementary materials.
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Abstract: Discharge in liquid is a promising technique to produce nanomaterials by electrode erosion.
Although its feasibility was demonstrated in many conditions, the production of nanoalloys by
in-liquid discharges remains a challenge. Here, we show that spark discharge in liquid cyclohexane
that is in contact with conductive solution, made of a combination of Ni-nitrate and/or Fe-nitrate
and/or Co-nitrate, is suitable to produce nanoalloys (<10 nm) of Ni-Fe, Ni-Co, Co-Fe, and Ni-Co-Fe.
The nanoparticles are synthesized by the reduction of metal ions during discharge, and they are
individually embedded in C-matrix; this latter originates from the decomposition of cyclohexane.
The results open novel ways to produce a wide spectrum of nanoalloys; they are needed for many
applications, such as in catalysis, plasmonic, and energy conversion.

Keywords: nanosecond discharge; discharge in liquid; plasma-liquid interface; nanoalloys

1. Introduction

Reducing the dimension of a material to the nanoscale often reveals properties unattain-
able at the macroscopic level. Such discovery has emerged novel field of research: synthesis
of nanomaterials. Be it 0D (e.g., nanoparticles), 1D (e.g., nanowires), or 2D (e.g., nanosheets),
the properties of nanomaterials can be linked to enhanced chemical reactivity, remarkable
electron and thermal transport, quantum behavior, etc. [1–3]. In addition to the dimension,
chemical composition and spatial distribution of the elements play a crucial role on the func-
tionalities of nano-objects [4–6]. In the case of nanoparticles, for example, core–shell and
bi- or tri-metallic nanoalloys offer promising properties for many applications, including
electronic, photonic, catalysis, and plasmonic [7,8].

Over the last two decades, several physical, chemical, or biological methods were
developed to produce nanoalloys [9,10]. However, simple, versatile, and environmentally
friendly techniques providing non-agglomerated and well-controlled nanostructures re-
main scarce. Gas-phase plasmas are often used in production of nanomaterials, including
thermal as well as non-thermal processes [11,12]. For example, plasma torch is a well-
known atmospheric pressure technique to produce various types of nanomaterials by
processing solid, liquid, or suspension precursors [13–15]. Laser ablation is also used
to generate nanomaterials through ablation of solid targets under different gas pressure
conditions [16,17]. Very recently, plasma-liquid systems were proposed as novel method to
efficiently produce nanomaterials [18,19]. The plasma can be either generated directly in liq-
uid or in gas in contact with liquid [20]. The nanomaterials produced using the former type
of discharges are strongly affected by both plasma-electrode and plasma-liquid interactions.
In-liquid plasmas exhibit non-conventional properties of temperature (several thousands
of Kelvin), pressure (several tens of bars), and density of charged species (1017–1019 cm−3)
over very short time scales (rise and decay time less than 1 µs) [21–24]. Moreover, the
flexibility of in-liquid plasmas allows discharge ignition in different liquids (e.g., water,
hydrocarbons, cryogenics, etc.) and between electrodes of varying chemical nature (e.g., Al,
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Cu, Pt, Co, Ni, etc.) [25–28]. This has led to the production of a wide range of nanomaterials,
including nanocomposites [27,29] and materials with novel crystallographic phases [30,31].
Although nanoalloys are searched for many applications, their synthesis is, however, not
straightforward as it requires either multiple stage experiments [32] or the use of alloy
electrodes [33,34].

Coupling a gas-phase plasma with a liquid that contain ions (supplied either by
precursors or by metal electrode dissolution) was also proposed as efficient technique to
produce nanomaterials through the reduction of the dissolved ions by the reactive species
at the plasma-liquid interface. Using this approach, Velusamy et al. [35] synthesized CuO
nanoparticles with a tailored energy-band diagram, Patel et al. [36] produced surfactant-
free electrostatically stabilized gold nanoparticles, and Richmonds and Sankaran [37]
synthesized Ag and Au nanoparticles. Recently, the feasibility of adding two kinds of ions
(Eu and Ce) in solution was demonstrated to produce Eu doped Ce oxide nanoparticles by
processing the mixture with the jet of an atmospheric pressure Ar plasma [38].

In a previous study, we introduced a novel plasma-liquid system, that combines the
advantages of both in-liquid and in-contact with liquid systems. Indeed, discharges were
sustained in liquid heptane that is in contact with a conductive solution (water + Ag-
nitrate) [39]. This system successfully produced ultrasmall Ag nanoparticles embedded
in a hydrocarbon network. The presence of carbon network is essential to prohibit the
agglomeration between the nanoparticles and, therefore, to maintain their property as
individual nanoparticles. Here, we examine the possibility to extent this technique for
nanoalloys production. This is done by using solution with various kinds of metal salts
(combination of Co-nitrate, Fe-nitrate, and Ni-nitrate), yielding non-agglomerated binary
and ternary nanoalloys.

2. Materials and Methods

The experimental setup is schematically shown in Figure 1a. The discharge was
ignited using a nanosecond positive pulsed generator (NSP 120-20-P-500-TG-H, Eagle
Harbor Technologies, Seattle, WA, USA). The amplitude and width of the applied voltage
were 22 kV and 500 ns, respectively. The discharge repetition rate was set to 10 Hz, and the
duration of the experiment was 30 min. This low frequency has been chosen not to have
correlation between two successive discharges through interaction between the bubble
(induced by previous discharge) and the following discharge. Although this parameter
has not been investigated here, we believe that it can be increased up to a few of kHz,
which may significantly increase the yield of synthesis. The upper electrode, a carbon rod
(99.99% pure; Goodfellow) that is mechanically polished to a curvature radius of ∼10 µm,
was immersed in liquid cyclohexane, and the distance between its tip and the interface
was kept at ∼1 mm. Meanwhile, the lower electrode, a carbon rod that is polished to a
flat surface, was placed in the conductive solution at 3 mm below the interface. Note, the
electrode erosion was insignificant. Current-voltage characteristics were recorded using
a high-voltage probe (P6015A, Tektronix) for the applied voltage and a current coil (6585,
Pearson) for the total current (discharge and displacement). Both probes were connected to
an oscilloscope (DPO5420B, Tektronix) to record the corresponding voltage and current
waveforms. Typical current-voltage waveforms for condition (i) (mixture of Co-nitrate
and Ni-nitrate) are shown in Figure 1b. A drop in the voltage (from ~22 to ~5 kV) and a
current peak (~35–40 A) can be seen; the initial current peak (~10 A in the period 0–50 ns)
is due to the displacement current. Notably, rather identical characteristics were observed
for all conductive solutions (not shown in Figure 1b). Usually, in-liquid spark discharge
is characterized by a drop in the voltage to zero [40,41]. Here, the fact that the voltage
drops to ~5 kV (and not to 0) indicates the discharge mode in not a conventional spark, but
rather a spark-like. We believe that the presence of solution in electrical circuit adds a “new
component” that should be considered in the analysis of the electrical characteristics. This
can be conducted by, e.g., equivalent electrical circuit model, which is beyond the scope
the study.
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Figure 1. (a) Scheme of the experimental setup used to generate discharges in liquid cyclohexane
that is in contact with a conductive solution. (b) Electrical characteristics (voltage and current) of a
typical discharge in cyclohexane in contact with conductive solution (water + Co-nitrate + Ni-nitrate)
generated at 22 kV voltage amplitude and 500 ns pulse width.

The synthesized nanostructures were characterized using a Transmission Electron
Microscope (TEM, JEOL JEM-2100F) operated at 200 kV. For this purpose, the liquid
samples collected after discharge treatment were sonicated for 5 min and then drop-
casted on Cu TEM grids endowed with a lacey C-film (Electron Microscopy Science). The
nanostructures were subsequently analyzed by bright field TEM imaging and Electron
Dispersive Spectroscopy (EDS). After 30 min of discharge treatment at 10 Hz, both liquids
change color, which indicates that they contain nanoparticles. In the previous study [39]
where a solution of Ag-nitrate was used, Ag particles were synthesized in both liquids.
Most particles collected from heptane were Ag nanoparticles (<10 nm) embedded in
hydrocarbon network; meanwhile, the material collected from the silver nitrate solution
was Ag nanoparticles (10–150 nm of diameter). Here, only the particles collected from
cyclohexane side were characterized.

3. Results

Figure 2 shows some morphological characteristics of the particles synthesized in
condition (i), i.e., in a mixture of Co-nitrate and Ni-nitrate. Figure 2a is a low-resolution
TEM image of the collected particles, and it clearly shows that they are not agglomerated.
The inset is an electron diffraction pattern performed on the imaged zone; the rings indicate
the crystalline nature of the nanoparticles. The imaged zone was also analyzed by EDS,
and the obtained spectrum is shown in Figure 2b. The detected elements in the analyzed
sample are C, O, Co, Ni, and Cu. Carbon is due to both, the lacey C-film on the TEM grid as
well as to the matrix synthesized by the discharge due to its interaction with cyclohexane.
Cu is also due to TEM grid. As for Co and Ni, they are due to the nanoparticles synthesized
by the discharge. Finally, O is probably due to the oxidation of the nanoparticles. The
oxidation may happen during synthesis (by the oxidative species during discharge such as
OH and O) [39] or after being exposed to ambient air [42]. Figure 2c shows the particle size
distribution deduced by measuring the diameter of many particles imaged by TEM. This
distribution indicates that the majority of the particles have diameter between 1 and 5 nm.
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Figure 2. TEM characterization of the particles generated by discharges in cyclohexane in contact
with water + Ni-nitrate + Co-nitrate collected from cyclohexane: (a) Low-resolution TEM image
(inset: electron diffraction conducted on the imaged zone), (b) EDS spectrum acquired on the imaged
zone in a), (c) size distribution of the synthesized nanoparticles, (d) intermediate-resolution TEM
image, (e) high-resolution TEM image showing two typical nanoparticles as well as their composition
deduced from EDS analysis, and (f,g) high-resolution TEM images showing the arranged atoms in
the particles and in the matrix, respectively.

Figure 2d is an intermediate TEM image showing that the produced nanoparticles are
embedded in a film-like matrix. High-resolution TEM images are shown in Figure 2e–g.
Local EDS analysis performed on two selected particles show very similar composition
of 68.3 Wt% of C, 12.3 Wt% of Ni, 10.6 Wt% of Co, and 8.8 Wt% of O (Figure 2e). The
high-resolution TEM image in Figure 2f highlights the arranged atoms in one particle; the
measured interplanar distance (averaged on 12 layers) is ~0.21 nm, which could correspond
to either Ni (111) or Co (111) interplanar distance (very close values 0.20 and 0.21 nm) [26].
Therefore, it is not possible to use such a measurement as criteria to differentiate Ni and
Co distribution in a nanoparticle (this is also true when Fe is added). However, the local
EDS analysis is more reliable, and it reveals the co-existence of Ni and Co in individual
nanoparticles. Another high-resolution TEM image (Figure 2g) performed on the edge
of the sample (as in Figure 2d) shows arranged structure of 0.35 nm interplanar distance,
which corresponds to the graphitic carbon [43]. At this stage, one concludes that discharges
in cyclohexane in-contact with a solution of Co-nitrate and Ni-nitrate produce individual
(non-agglomerated) nanoalloy of Co-Ni embedded in carbon network.

Figure 3 shows the characteristics of the particles produced in condition (ii), i.e., in a
mixture of Co-nitrate and Fe-nitrate. Figure 3a shows the low-resolution TEM image of
the produced particles. EDS analyses were performed on a large region (eds1) as well as
on selected nanoparticles (eds2 and eds3). The three spectra are shown in Figure 3b, and
all of them show the presence of Fe and Co, in addition to C, O, and Cu. The particles
size distribution was performed on the imaged particles (not shown here) and shows that
the majority of the particles are <10 nm. Figure 3c is high resolution TEM image that
shows one nanoparticle as well as a film-like structure in which the particle is embedded.
The average interplanar distance measured in the nanoparticle is ~0.22 nm, while the
interplanar distance of the film around the particle is around 0.42 nm. Local EDS analysis
performed on the particle shows the presence of Fe and Co, in addition to the other species
(Figure 3d). Here, also, one concludes that discharges in cyclohexane in-contact with a
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solution of Co-nitrate and Fe-nitrate produce individual nanoalloys of Co-Fe embedded in
carbon matrix.
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Figure 3. TEM characterization of the particles generated by discharges in cyclohexane in contact
with water + Fe-nitrate + Co-nitrate collected from cyclohexane: (a) low-resolution TEM image,
(b) EDS spectra acquired on the encircled zones in a), (c) high-resolution TEM image showing one
nanoparticle and the matrix around it, and (d) EDS analysis performed on the imaged zone in (c).

Figure 4 summarizes the characteristics of the particles produced in condition (iii),
i.e., in a mixture of Ni-nitrate and Fe-nitrate. The low-resolution TEM image (Figure 4a)
shows that the majority of the particles are ultrasmall and are embedded in a film-like
structure. Global and local EDS analysis were performed on the imaged zone, and the
obtained spectra are shown in Figure 4b. Both spectra clearly show the presence of Fe and
Ni, in addition to the other elements. A high resolution TEM image performed on the
synthesized nanoparticles is depicted in Figure 4c. The measurement of the interplanar
distance (average value) is ~0.22 nm (inset of Figure 4c). Local EDS analyses (Figure 4d)
performed on a ~20 nm-diameter particle (eds1) as well as on ultrasmall particles (eds2)
further indicate the presence of Fe and Ni in individual particles. As stated above, one
concludes that discharges in cyclohexane in-contact with a solution of Ni-nitrate and
Fe-nitrate produce isolated nanoalloys of Ni-Fe embedded in carbon network.
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Figure 4. TEM characterization of the particles generated by discharges in cyclohexane in contact
with water + Fe-nitrate + Ni-nitrate collected from cyclohexane: (a) low-resolution TEM image,
(b) EDS spectra acquired on the encircled zones in a), (c) high-resolution TEM image showing
individual nanoparticles and the matrix around it, and (d) EDS analysis performed on the encircled
zones in (c).

Finally, Figure 5 summarizes the observations performed on the particles synthesized
in condition (iv), i.e., in a mixture of Ni-nitrate, Co-nitrate, and Fe-nitrate. TEM image
(Figure 5a) shows that the majority of the particles are ultrasmall (<10 nm); it was also
possible to find few large particles (50–100 nm), and a typical one is depicted in Figure 5b.
EDS analysis performed on both particles’ population, the small as well as the large
particles, shows the presence of Fe, Co, and Ni elements (Figure 5c), in addition to the
other elements. Figure 5d,e show high-resolution TEM images of typical particles. The
average interplanar distance measured on the particles is ~0.21 nm, and the measurement
of the interplanar distance of the matrix is ~0.44–0.45 nm. These findings indicate, once
again, that discharges in cyclohexane in-contact with a solution of Ni-nitrate, Co-nitrate,
and Fe-nitrate produce nanoalloys of Ni-Fe-Co embedded in carbon matrix.
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4. Discussion

The results presented above demonstrate that discharges in dielectric liquid (cyclo-
hexane) that is in contact with conductive solution (water + metals nitrate) is a promising
technology to efficiently produce non-agglomerated and well-controlled metal nanoalloys.
All the four conditions tested here have led to various nanoalloys, namely Ni-Co, Ni-Fe,
Fe-Co, and Ni-Fe-Co. The synthesis mechanisms are expected to be similar to those often
highlighted in processes of plasma in-contact with solution [20]. Indeed, the reactive species
in a typical gas phase plasma (e.g., electrons, radicals, etc.) reduce the ions in solution to
form atoms that nucleate to form nanoparticles. Two major reactions are usually utilized to
describe the growth [44]:

An+ + ne→ A0 (1)

An+ + nH→ A0 + nH+ (2)

where An+ is an ion in solution (n = 3 for Fe-nitrate and 2 for Ni- and Co-nitrate), e is
the electron, A0 is the reduced species, and H and H+ are the hydrogen atom and ion,
respectively.

The simultaneous and homogeneous presence of multiple ions in solution induces
a instantaneous reduction of the different ions, which then leads to their nucleation as
nanoparticles. On the other hand, the decomposition of cyclohexane by plasma pro-
duces many carbonaceous species (e.g., C2, CxHy, etc.) that contribute to the formation
of the carbon matrix. Because of the variety of carbon structures observed here, it is not
straightforward to advance its mechanisms of formation. However, in some specific cases
(e.g., Figures 2g and 3c), it is possible to identify carbon structures grown around the par-
ticle, which could be related to catalysis effect. Indeed, as it is well known in chemical
vapor deposition (CVD) techniques, the growth of carbon nanostructures (e.g., nanotubes)
requires the presence of three ingredients: carbon precursor, high temperature, and catal-
ysis [45,46]. Over the range of experimental conditions investigated, all the three ingre-
dients are present, such that it can be proposed that the specific carbon nanostructures
(Figures 2g and 3c) are related to a CVD-like growth. Furthermore, it is worthy to note that
the production of the matrix, simultaneously with the nanoparticles, reduces the particle-
particle interactions, which prohibits their agglomeration. Such characteristic is extensively
searched for, especially in the field of deposition of multifunctional nanocomposite thin
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films [47,48]. Note that the production of nanoalloys using the present process may be
used in other processes to obtain devices with specific properties (e.g., catalytic properties).
In the cases when the presence of carbon matrix is undesired, we believe that it can be
removed by an appropriate method before or during processing. Finally, this study is
considered as proof-of-concept to produce metal nanoalloys by a novel discharge-based
technique. The production yield may be enhanced by increasing, e.g., the discharge fre-
quency. Furthermore, instead of conducting discharges in stationary liquids, it is also
feasible to conduct discharges in microfluidic devices. Although this has not been tested so
far, we believe that it can be one of the methods to produce nanoalloys at large-scale.

5. Conclusions

In summary, compared with conventional synthesis techniques, in-liquid discharges
offer some advantages and deserve further development. First, in-liquid discharges pro-
duce transient plasmas with high temperature (several thousands of Kelvin), high pres-
sure (several tens of bar), and high density of reactive species (e.g., electron density of
~1017–1019 cm−3), which significantly increases the yield of synthesis. Second, the upper
liquid (here cyclohexane) may be used as additional precursor, and it contributes to the
final product. Therefore, its composition could be adjusted to fit a targeted material. We are
convinced that such discharge conditions open the way and can be used as building blocks
to synthesize ‘novel’ nanomaterial, probably with novel properties. In terms of perspective,
additional systematic work should be conducted with the aim to address the influence of
the relative concentration of different ions in water on the final product; this parameter
may be used to finely control the composition of the nanoalloys.

Author Contributions: Conceptualization, A.H.; methodology, A.H.; formal analysis, A.H.; inves-
tigation, A.H.; resources, A.H.; data curation, A.H.; writing—original draft preparation, A.H. and
L.S.; writing—review and editing, A.H. and L.S.; visualization, A.H.; supervision, A.H.; project
administration, A.H.; funding acquisition, A.H. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Natural Sciences and Engineering Research Council
of Canada (NSERC), under award number RGPIN-2018-04869. The authors thank the Fonds de
Recherche du Québec—Nature et Technologie (FRQ-NT) and the Canada Foundation for Innovation
(CFI) for funding the research infrastructure. A Hamdan and L Stafford acknowledge the Fondation
Courtois for the financial support.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that supports the findings of this study are available within
the article.

Acknowledgments: A. Hamdan thanks K. Mohammadi for the statistical analysis and the determi-
nation of the particles size distribution.

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

References
1. Li, D.; Gao, J.; Cheng, P.; He, J.; Yin, Y.; Hu, Y.; Chen, L.; Cheng, Y.; Zhao, J. 2D Boron Sheets: Structure, Growth, and Electronic

and Thermal Transport Properties. Adv. Funct. Mater. 2020, 30, 1904349. [CrossRef]
2. Lou, Y.; Xu, J.; Zhang, Y.; Pan, C.; Dong, Y.; Zhu, Y. Metal-support interaction for heterogeneous catalysis: From nanoparticles to

single atoms. Mater. Today Nano 2020, 12, 100093. [CrossRef]
3. Stewart, S.; Wei, Q.; Sun, Y. Surface chemistry of quantum-sized metal nanoparticles under light illumination. Chem. Sci. 2021, 12,

1227–1239. [CrossRef]
4. Tiwari, K.; Devi, M.M.; Biswas, K.; Chattopadhyay, K. Phase transformation behavior in nanoalloys. Prog. Mater. Sci. 2021,

121, 100794. [CrossRef]
5. Gonzalez-Reyna, M.; Rodriguez-Lopez, A.; Pérez-Robles, J.F. One-step synthesis of carbon nanospheres with an encapsulated

iron-nickel nanoalloy and its potential use as an electrocatalyst. Nanotechnology 2020, 32, 095706. [CrossRef] [PubMed]

291



Nanomaterials 2022, 12, 3603

6. Ferrando, R. Determining the equilibrium structures of nanoalloys by computational methods. J. Nanopart. Res. 2018, 20, 179.
[CrossRef]

7. Calvo, F. (Ed.) Nanoalloys: From Fundamentals to Emergent Applications; Elsevier: Amsterdam, The Netherlands, 2020.
8. Pandey, P.; Kunwar, S.; Sui, M.; Bastola, S.; Lee, J. Modulation of Morphology and Optical Property of Multi-Metallic PdAuAg

and PdAg Alloy Nanostructures. Nanoscale Res. Lett. 2018, 13, 151. [CrossRef] [PubMed]
9. Iravani, S.; Korbekandi, H.; Mirmohammadi, S.V.; Zolfaghari, B. Synthesis of silver nanoparticles: Chemical, physical and

biological methods. Res. Pharm. Sci. 2014, 9, 385–406.
10. Rane, A.V.; Kanny, K.; Abitha, V.K.; Thomas, S. Methods for Synthesis of Nanoparticles and Fabrication of Nanocomposites. In

Synthesis of Inorganic Nanomaterials; Woodhead Publishing: Cambridge, UK, 2018; pp. 121–139. [CrossRef]
11. Das, D.; Roy, A. Synthesis of diameter controlled multiwall carbon nanotubes by microwave plasma-CVD on low-temperature

and chemically processed Fe nanoparticle catalysts. Appl. Surf. Sci. 2020, 515, 146043. [CrossRef]
12. Woodard, A.; Xu, L.; Barragan, A.A.; Nava, G.; Wong, B.M.; Mangolini, L. On the non-thermal plasma synthesis of nickel

nanoparticles. Plasma Process. Polym. 2018, 15, 1700104. [CrossRef]
13. Klébert, S.; Keszler, A.M.; Sajó, I.; Drotár, E.; Bertóti, I.; Bódis, E.; Fazekas, P.; Károly, Z.; Szépvölgyi, J. Effect of the solid precursors

on the formation of nanosized TiBx powders in RF thermal plasma. Ceram. Int. 2014, 40, 3925–3931. [CrossRef]
14. Mohai, I.; Gál, L.; Szépvölgyi, J.; Gubicza, J.; Farkas, Z. Synthesis of nanosized zinc ferrites from liquid precursors in RF thermal

plasma reactor. J. Eur. Ceram. Soc. 2007, 27, 941–945. [CrossRef]
15. Mavier, F.; Rat, V.; Bienia, M.; Lejeune, M.; Coudert, J.-F. Suspension and precursor solution plasma spraying by means of

synchronous injection in a pulsed arc plasma. Surf. Coat. Technol. 2017, 318, 18–27. [CrossRef]
16. Schuffenhauer, C.; Parkinson, B.A.; Jin-Phillipp, N.Y.; Joly-Pottuz, L.; Martin, J.-M.; Popovitz-Biro, R.; Tenne, R. Synthesis

of Fullerene-Like Tantalum Disulfide Nanoparticles by a Gas-Phase Reaction and Laser Ablation. Small 2005, 1, 1100–1109.
[CrossRef]

17. Hartanto, A.; Ning, X.; Nakata, Y.; Okada, T. Growth mechanism of ZnO nanorods from nanoparticles formed in a laser ablation
plume. Appl. Phys. A 2004, 78, 299–301. [CrossRef]

18. Chen, Q.; Li, J.; Li, Y. A review of plasma–liquid interactions for nanomaterial synthesis. J. Phys. D Appl. Phys. 2015, 48, 424005.
[CrossRef]

19. Belmonte, T.; Hamdan, A.; Kosior, F.; Noël, C.; Henrion, G. Interaction of discharges with electrode surfaces in dielectric liquids:
Application to nanoparticle synthesis. J. Phys. D Appl. Phys. 2014, 47, 224016. [CrossRef]

20. Mariotti, D.; Patel, J.; Švrček, V.; Maguire, P. Plasma-Liquid Interactions at Atmospheric Pressure for Nanomaterials Synthesis
and Surface Engineering. Plasma Process. Polym. 2012, 9, 1074–1085. [CrossRef]

21. Merciris, T.; Valensi, F.; Hamdan, A. Determination of the Electrical Circuit Equivalent to a Pulsed Discharge in Water: Assessment
of the Temporal Evolution of Electron Density and Temperature. IEEE Trans. Plasma Sci. 2020, 48, 3193–3202. [CrossRef]

22. Taylor, N.D.; Fridman, G.; Fridman, A.; Dobrynin, D. Non-equilibrium microsecond pulsed spark discharge in liquid as a source
of pressure waves. Int. J. Heat Mass Transf. 2018, 126, 1104–1110. [CrossRef]

23. Bian, D.C.; Yan, D.; Zhao, J.C.; Niu, S.Q. Experimental Study of Pulsed Discharge Underwater Shock-Related Properties in
Pressurized Liquid Water. Adv. Mater. Sci. Eng. 2018, 2018, 8025708. [CrossRef]

24. Descoeudres, A.; Hollenstein, C.; Wälder, G.; Demellayer, R.; Perez, R. Time- and spatially-resolved characterization of electrical
discharge machining plasma. Plasma Sources Sci. Technol. 2008, 17, 024008. [CrossRef]

25. Saito, G.; Akiyama, T. Nanomaterial Synthesis Using Plasma Generation in Liquid. J. Nanomater. 2015, 2015, 1–21. [CrossRef]
26. Merciris, T.; Valensi, F.; Hamdan, A. Synthesis of nickel and cobalt oxide nanoparticles by pulsed underwater spark discharges.

J. Appl. Phys. 2021, 129, 063303. [CrossRef]
27. Hamdan, A.; Noël, C.; Ghanbaja, J.; Migot-Choux, S.; Belmonte, T. Synthesis of platinum embedded in amorphous carbon by

micro-gap discharge in heptane. Mater. Chem. Phys. 2013, 142, 199–206. [CrossRef]
28. Tabrizi, N.S.; Ullmann, M.; Vons, V.A.; Lafont, U.; Schmidt-Ott, A. Generation of nanoparticles by spark discharge. J. Nanopart.

Res. 2009, 11, 315–332. [CrossRef]
29. Glad, X.; Gorry, J.; Cha, M.S.; Hamdan, A. Synthesis of core–shell copper–graphite submicronic particles and carbon nano-onions

by spark discharges in liquid hydrocarbons. Sci. Rep. 2021, 11, 7516. [CrossRef] [PubMed]
30. Hamdan, A.; Kabbara, H.; Noël, C.; Ghanbaja, J.; Redjaimia, A.; Belmonte, T. Synthesis of two-dimensional lead sheets by spark

discharge in liquid nitrogen. Particuology 2018, 40, 152–159. [CrossRef]
31. Kabbara, H.; Ghanbaja, J.; Redjaïmia, A.; Belmonte, T. Crystal structure, morphology and formation mechanism of a novel

polymorph of lead dioxide, γ-PbO2. J. Appl. Crystallogr. 2019, 52, 304–311. [CrossRef]
32. Trad, M.; Nominé, A.; Noël, C.; Ghanbaja, J.; Tabbal, M.; Belmonte, T. Evidence of alloy formation in CoNi nanoparticles

synthesized by nanosecond-pulsed discharges in liquid nitrogen. Plasma Process. Polym. 2020, 17, 1900255. [CrossRef]
33. Saito, G.; Nakasugi, Y.; Yamashita, T.; Akiyama, T. Solution plasma synthesis of bimetallic nanoparticles. Nanotechnology 2014,

25, 135603. [CrossRef] [PubMed]
34. Yatsu, S.; Takahashi, H.; Sasaki, H.; Sakaguchi, N.; Ohkubo, K.; Muramoto, T.; Watanabe, S. Fabrication of Nanoparticles by

Electric Discharge Plasma in Liquid. Arch. Met. Mater. 2013, 58, 425–429. [CrossRef]

292



Nanomaterials 2022, 12, 3603

35. Velusamy, T.; Liguori, A.; Macias-Montero, M.; Padmanaban, D.B.; Carolan, D.; Gherardi, M.; Colombo, V.; Maguire, P.; Svrcek, V.;
Mariotti, D. Ultra-small CuO nanoparticles with tailored energy-band diagram synthesized by a hybrid plasma-liquid process.
Plasma Process. Polym. 2017, 14, 1600224. [CrossRef]
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Abstract: In this paper, Nb-doped BaTiO3 nanoparticles (BaNb0.47Ti0.53O3) were prepared using
an electrochemical method in an alkaline solution, with titanium-niobium alloy as the electrode.
The results indicated that under relatively mild conditions (normal temperature and pressure,
V < 60 V, I < 5 A), cubic perovskite phase Nb-doped BaTiO3 nanoparticles with high crystallinity
and uniform distribution can be synthesized. With this increase in alkalinity, the crystallinity of the
sample increases, the crystal grain size decreases, and the particles become more equally dispersed.
Furthermore, in our study, the average grain size of the nanoparticles was 5–20 nm, and the particles
with good crystallinity were obtained at a concentration of 3 mol/L of NaOH. This provides a new
idea and method for introducing foreign ions under high alkalinity conditions.

Keywords: Nb-BaTiO3; electrochemical synthesis; microstructure; nanoparticles

1. Introduction

BaTiO3 is a significant component of electronic functional ceramics. It is frequently
utilized in electronic devices because of its excellent dielectric, piezoelectric and ferro-
electric characteristics [1,2]. With the rapid development of electronic information and
fifth-generation industry, electronic components are developing in the direction of high
integration, multi-functioning, and miniaturization; higher requirements are put forward
to prepare BaTiO3 nanomaterials that meet the performance requirements [3,4].

At present, the most common preparation methods of BaTiO3 materials mainly include
the solid-state method [5] and a range of chemical synthesis techniques for preparing ultra-
fine BaTiO3 powders, such as the polymer precursor [6–8], hydrothermal, precipitation [9],
sol-gel [10–12], and other methods. What is worthy of recognition is that chemical synthesis
technology can fundamentally optimize the performance of electronic materials, especially
in terms of the grain-size effect mechanism [13–16]. Despite these advantages, there are also
many defects, such as long reaction times, demanding equipment requirements, and high
costs. In contrast, the electrochemical synthesis reaction device is simple, and grain size
control is achieved by varying the current density and the applied potential. Tao et al. [1]
reported an electrochemical method in which BaTiO3 nanoparticles were synthesized in
a H2O/EtOH (ethyl alcohol) solution containing KOH and Ba(OH)2, using two titanium
plates as electrodes. The results indicated that the composition of the electrolyte affects the
size of the BaTiO3 nanoparticles. Subsequently, Santos et al. [17] investigated the influence
of solvent type and different electrolyte compositions on the synthesis of BaTiO3 nanoparti-
cles. The results showed that highly crystalline nanoparticles could be synthesized using
ethanol and methanol in a high alkalinity environment, while changing the alkalinity of
the electrolyte might viably control the size of the synthesized nanoparticles.

In order to meet the performance requirements of materials in the industry and
practical applications, doped BaTiO3-based ceramics are mostly used [18]. For instance,
the anti-reduction performance of MLCC dielectric materials can be improved by doping
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Mn2+, Ca2+, and Mg2+ [19–21]. The modification of Curie points by introducing foreign
ions into BaTiO3 ceramics is also an important means by which to study the preparation of
widely temperature-stable MLCC. This group of common dopants includes La, Nb, Ce, and
Zr ions [22–28]. The traditional solid-state method and a series of wet chemical synthesis
methods to synthesize doped barium titanate powder have a long preparation cycle and
time-consuming process, whereas the electrochemical method can provide a quick, simple,
and one-time way to synthesize doped BaTiO3 powder.

So far as we know, the electrochemical synthesis of doped BaTiO3 nanopowders with
alloy material as the electrode has not previously been reported. Hence, we report for the
first time the electrochemical synthesis of Nb-doped BaTiO3, using titanium–niobium alloy
plates as the electrode. The influence of the alkalinity of electrolyte on the grain size, phase
composition, and morphology of the Nb-doped BaTiO3 is investigated. The results provide
a novel method for the electrochemical synthesis of doped BaTiO3 powder.

2. Materials and Methods

The schematic diagram of the electrochemical synthesis of Nb-doped BaTiO3 nanopar-
ticles is shown in Figure 1. The titanium–niobium alloy plate (purity > 99.0%, Xinbiao Metal
Materials Co., Jiangsu, Wuxi, China) with a thickness of 1 mm was cut into a rectangle of
50 mm × 20 mm, to be used as an electrode for the electrolytic reaction. The surface of the
electrode was mechanically polished with 800 Cw and 1200 Cw sandpaper. After cleaning
with ultrapure water and EtOH, the electrode was washed with an ultrasonic wave in
acetone to remove the remaining oil on the surface of the electrode. A heat-resistant glass
electrolytic cell with a capacity of 250 mL is used for the electrolysis reaction. The electrolyte
is composed of 50 mL EtOH, 150 mL ultrapure water (pre-boiled for 30 min to remove
as much CO2 as possible), 0.05 mol·L−1 Ba(OH)2, and different concentrations of NaOH
(0.5 mol·L−1, 1 mol·L−1, 1.5 mol·L−1, 2 mol·L−1, 2.5 mol·L−1, 3 mol·L−1) composition. The
titanium-niobium alloy plate was fixed to the electrode holder, then two-thirds of its length
was immersed in the electrolyte at a distance of 20 mm. The synthesis process uses a DC
power supply (RXN-650D) and magnetic stirring. The initial voltage is 60 V, and the current
is kept constant at 3.25 A.

Figure 1. Schematic diagram of the electrochemical electrolytic cell.

The obtained powder sample was washed with 0.1 mol·L−1 of hot dilute nitric acid to
remove the impurity BaCO3 and was then repeatedly filtered and washed with ultrapure
water and ethanol. The sample was placed in an electrothermal constant temperature
blast-drying box and dried at 100 ◦C for 2 h. Nano BaTiO3 (purity 99.9%, size < 100 nm,
Aladdin, Shanghai, China) was selected as the reference material.

The crystal phase of the synthesized powder was analyzed by X-ray diffraction (Pan-
alytical X’Pert-MPD type, Cu Kα radiation source, 40 kV, 40 mA). All scans were carried
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out at 5◦/min for 2θ values between 10◦ and 90◦. Small-angle X-ray scattering (SAXS) was
used to calculate the grain size, based on the X-ray scattering intensity from the sample,
measured at a scattering angle from 0.1◦ to 5◦. The chemical composition of the samples
was analyzed using a monochromatic Al Kα X-ray source and X-ray photoelectron spec-
troscopy (XPS, Thermo Scientific K-alpha, MA, USA). All XPS spectra were calibrated in
terms of C1s at 284.8 eV. An ultra-high-resolution field emission scanning electron micro-
scope (SEM, Zeiss, Ober-Kochen, Germany), energy spectrometer (EDS), and spherical
aberration-corrected transmission electron microscope (TEM, HF5000, 200 kV) were used
to observe the morphology, grain size, and microstructure of the powder.

3. Results and Discussions

Figure 2 shows the XRD diffraction pattern of the prepared BaNb0.47Ti0.53O3 (hereafter
referred to as BNTO) powder and pure BaTiO3. The obtained powders all have a cubic
perovskite ABO3 structure (a = b = c, α = γ = β = 90◦) and are consistent with the inorganic
crystal structure database ICSD standard card (PDF-98-008-3902). Figure 2b shows a
partially enlarged view of the XRD patterns of the two samples in the range of 30◦~50◦.
The diffraction peak position of the BNTO powder has changed to a low angle compared
to that of BaTiO3. The phenomenon can be explained by the Bragg equation:

2dsinθ = nλ (1)

where d is the interplanar spacing, n is an integer, called the reflection order, and θ is the
grazing angle (the ionic radii of Nb4+ and Ti4+ are 0.74 Å and 0.61 Å, respectively [29,30]).
The Nb4+ ion radius is larger; the interplanar spacing likely becomes larger after replacing
part of Ti4+ at the B site, which causes the diffraction peaks to shift to a low-angle direction
(Figure 2b).

Figure 2. XRD pattern of electrochemically synthesized powder (a) and its partially enlarged
schematic diagram (b).

To prove the above content, XPS measurement was performed on the synthesized
BNTO nanoparticles. Figure 3a shows the XPS spectra of Ti2p, Nb3d, Ba3d, and O1s,
indicating that the sample contains barium, titanium, and niobium. Figure 3b,c shows the
fine spectra of Ti2p and Nb3d energy levels, respectively. It can be seen from the spectrum
that the binding energies of the Ti element in Ti2p1/2 and Ti2p3/2 are 460.4 eV and 454.7 eV,
which correspond to the two characteristic peaks of Ti4+ [31]. The binding energies of 3d3/2
and 3d5/2 are the 205.8 eV and 203.1 eV Nb3d doublet, respectively, as observed in the fine
spectrum of the Nb3d energy level in Figure 3c. After querying the standard reference
database, NIST, we found two characteristic peaks corresponding to Nb4+ [32] that were
consistent with the conclusions drawn regarding the reason for the shift of XRD diffraction
peaks mentioned above. The Nb/Ti ratio of 4.84/5.36 was obtained, using Avantage to fit
the fine XPS spectra of Nb and Ti. XPS calculation is a semi-quantitative method, but the
Nb/Ti ratio is very close to BaNb0.47Ti0.53O3.

296



Nanomaterials 2023, 13, 252

Figure 3. XPS spectra of electrochemically synthesized BNTO nanoparticles: (a) the XPS full spectrum
of the sample, (b) the Ti2p fine spectrum, and (c) the Nb3d fine spectrum.

The relationship between the breakdown potential, the size of the crystal grain of the
synthesized powder, and the NaOH concentration (mol·L−1) during the reaction process
of electrochemically synthesized BNTO powder is shown in Figure 4 and Table 1. The
crystallite size of the sample was obtained via the Guiner curve-fitting of SAXS data (See
Supplementary Materials Figures S1–S5 for SAXS data map). When the NaOH concentra-
tion increases from 1 mol·L−1 to 3 mol·L−1, the breakdown potential gradually decreases;
the increase in the concentration of NaOH in the electrolyte means that the conductive
anions and cations increase, and the current conduction becomes easier, meaning that the
electrochemical synthesis reaction can be completed with a lower applied potential. From
Figure 4 and Table 1, it can be observed that the grain size and breakdown potential have
the same trend concerning the change in NaOH concentration. During the reaction, the
appearance of anode sparks is very important for forming BNTO nanoparticles [1]. As
NaOH concentration in the electrolyte increases, the reaction becomes gentler, and anode
sparks can be more evenly distributed on the electrode surface, meaning that the Ti and Nb
are better separated and are distributed from the immersion area of the electrode.

Figure 5 shows the time-varying curves of the potential and current under different
NaOH concentrations during the synthesis of BNTO nanoparticles. When the NaOH
concentration is 1 mol·L−1, the required applied potential is higher, and the potential
decreases significantly with the increase in concentration. Under the conditions of a single
concentration, the potential was initially high. However, the potential decreased with the
extension of the reaction time, and it was more stable after the reaction had proceeded
for 40 min. Since the total surface area of the alloy, the electrode is large and the reaction
is violent at the beginning of the reaction, the required potential is higher. After a while,
the alloy electrode gradually dissolves, which leads first to a decrease in total surface area
and then the decline of potential. This phenomenon can indicate that the high alkalinity
environment of the electrolyte can ensure the current conduction during the whole reaction
process, thereby promoting the effective separation of Ti and Nb from the electrode (as
shown in Figure 6). The anodic reaction can be described as follows (2) and (3) [33,34]:
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0.47Ti + 0.53Nb + 6OH−
spark−−−→ [Nb 0.47Ti0.53O3]

2−+3H2O + 4e′ (2)

Ba2++[Nb 0.47Ti0.53O3

]2−
−→ BaNb0.47Ti0.53O3(s). (3)

With the increase in NaOH concentration, the grain size of the BNTO nanoparticles
gradually decreases, which may be due to the more stable current conduction, milder
reaction, and more uniform distribution of the anode spark on the electrode in the envi-
ronment of a higher concentration of NaOH. The change makes the better separation and
distribution of Ti and Nb at the interface between the electrode and electrolyte, promoting
grain-size reduction.

Figure 4. Relationship between breakdown potential, grain size, and NaOH concentration.

Table 1. Effects of different NaOH concentrations on breakdown potential and the grain size of the
synthetic powder.

Breakdown Potential (V) NaOH (mol·L−1) Initial Current (I) Crystallite Size (nm)

59.5 1 3.25 19.8
49.2 1.5 3.25 13.2
41.2 2 3.25 9.9
39.0 2.5 3.25 5.8
35.1 3 3.25 4.8

Figure 5. Relationship curve between potential and reaction time in the process of synthesizing
BNTO nanoparticles under different NaOH concentrations.
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Figure 6. Anodic chemical reaction diagram.

Figure 7 shows the XRD patterns of samples prepared with different concentrations
of NaOH (1/2/3 mol·L−1). It can be seen that when the concentration of NaOH is low
(1 mol·L−1), obvious diffraction peaks of BaCO3 will appear at 2θ = 24.27◦ and 34.06◦.
The intensity of the diffraction peak gradually weakens or even disappears. This means
that the high-alkalinity environment will inhibit the generation of BaCO3 impurities. The
ultrapure water in the electrolyte has been boiled before being used, to remove as much
CO2 as possible. Although CO2 in the air may still be dissolved in the electrolyte during the
reaction (the solubility of CO2 in water at room temperature and pressure at 0.033 mol·L−1),
the temperature of the electrolyte will increase and the solubility of CO2 will decrease
during the reaction. In addition, a small amount of CO3

2− will preferentially neutralize
with OH− in an alkaline environment, thereby inhibiting the formation of BaCO3. The
lattice parameter, cell volume, and average crystallite size were obtained by fitting the XRD
data (a full spectrum fitting using the JADE (MDI. Jade. 6.0) software). The calculation
results are shown in Table 2. With the increase in NaOH concentration, the lattice constant
of the sample increases and the crystallite size decreases; the crystallite size is very close to
the SAXS calculation result.

Figure 8a–c shows the SEM images of BNTO powder when prepared under different
NaOH concentrations. It can be observed that a small number of amorphous particles
appear when the NaOH concentration is low, indicating that the nucleation and crystal
growth are insufficient and immature under these conditions, resulting in the obvious
heterogeneity and certain agglomeration of the sample. With the increase in NaOH concen-
tration, the particle shape becomes clearer. When the NaOH concentration is at 3.0 mol·L−1,
the particle shape is the most complete. Figure 8d and Table 3 show the EDS spectrum
and quantitative composition of point A in Figure 8c. In Table 3, L/K represents the line
system of the characteristic X-rays. The actual atomic ratio of Ti:Nb is almost equal to the
stoichiometric ratio of 1:1.13 in BaNb0.47Ti0.53O3, which indicates that Nb-doped BaTiO3
powder was synthesized via the electrochemical method, using the titanium-niobium alloy
material as the electrode. EDS data show that Ba:Ti:Nb = 1:0.69:0.96, and the proportion of
Nb and Ti elements is higher than expected. By observing Figure 8d, it is clear that Ba and
Ti peaks appear as “pathological overlaps” near the positions of 4.5 keV and 4.8 keV. This
kind of “pathological overlap” may cause identification errors when detected by the EDS
equipment, which makes the proportion of the Ti element higher than expected and the
proportion of the Ba element lower than expected, resulting in an inconsistent proportion
of elements when analyzed by EDS.
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Figure 7. XRD patterns of samples prepared under different NaOH concentrations.

Table 2. The lattice parameter, cell volume, and crystallite size of the samples, prepared at different
NaOH concentrations.

NaOH (mol·L−1) a (Å) V = a3 (Å3) Crystallite Size (nm)

1 4.043 ± 0.010 66.1 ± 0.5 20.3 ± 1.6
2 4.059 ± 0.005 66.9 ± 0.2 10.5 ± 1.5
3 4.063 ± 0.006 67.1 ± 0.3 5.4 ± 1.0

Figure 8. SEM image of BNTO powder, synthesized in solvents containing different concentrations
of NaOH: (a) 1.0 mol·L−1 (b) 2.0 mol·L−1 (c) 3.0 mol·L−1; (d) EDS spectrum in point A.

Table 3. The EDS spectrum analysis results of point A in Figure 8c.

Elements Weight (%) Atomic (%)

O K 30.11 71.04
Na K 1.96 3.05
Ti K 12.59 9.37
Nb L 17.6 6.75
Ba L 37.74 9.79

Totals 100 100

300



Nanomaterials 2023, 13, 252

To further study the morphology and microstructure of the BNTO powder, TEM
observation was carried out. According to Figure 9a (TEM image), the particle size of
the powder was roughly estimated to be about 5–10 nm, which was in good agreement
with the particle size as measured by small-angle X-ray scattering (SAXS). It was observed
that the powder has a certain degree of agglomeration, which may be due to the small
grain size, high surface energy, and surface tension, which causes agglomeration and the
formation of larger aggregates [35]. Figure 9b (TEM local magnification image) shows the
measured values of lattice fringes at 0.291 and 0.239 nm, which correspond to the spacing
of the (110) and (111) crystal planes of BNTO, respectively. The XRD diffraction peaks (110)
and (111) (2θ angles of 28◦~33◦ and 37◦~40◦) were fitted and calculated by applying origin
software; the results were consistent with the interfacial distance values in the HRTEM
images (NaOH concentration at 3.0 mol·L−1). The clear lattice fringes in the TEM image
also illustrate the synthesis of the BNTO nanoparticles, which have high crystallinity.

Figure 9. TEM image (a), local magnification image (b), crystal fringe image A and B of the electro-
chemically synthesized BNTO nanoparticles (NaOH concentration is 3.0 mol·L−1).

4. Conclusions

Nb-doped BaTiO3 nanoparticles were synthesized successfully by the electrochemical
method using titanium-niobium alloy as the electrode, which overcomes the disadvantage
that most metal ions are difficult to dissolve under high alkalinity and inhibit the electro-
chemical synthesis reaction. Compared with other Nb-doped BaTiO3 synthesis methods,
the experimental device of this scheme is simple, and well-crystallized BaNb0.47Ti0.53O3
nanoparticles can be obtained in a short time under a normal temperature and pressure.
Among them, the concentration of NaOH has an important effect on the potential change
during the entire synthesis reaction, and the crystallinity and grain size of the sample.
When the concentration of NaOH increases from 1 mol·L−1 to 3 mol·L−1, the average grain
size of the sample changes between 20 nm and 5 nm. Finally, the electrochemical synthesis
of Nb-doped BaTiO3 nanoparticles using alloy materials as electrodes is expected to provide
a simple method for the synthesis of other metal element-doped titanate nanoparticles.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/nano13020252/s1, Figure S1. SAXS data (NaOH 1.0 mol·L−1); Figure S2.
SAXS data (NaOH 1.5 mol·L−1); Figure S3. SAXS data (NaOH 2.0 mol·L−1); Figure S4. SAXS data
(NaOH 2.5 mol·L−1); Figure S5. SAXS data (NaOH 3.0 mol·L−1).
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Meldra Kemere 2, Kaspars Vitols 2, Anatolijs Sarakovskis 2 and Miroslav D. Dramićanin 1,*
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Abstract: We report the procedure for hydrothermal synthesis of ultrasmall Yb3+/Tm3+ co-doped
Sr2LaF7 (SLF) upconversion phosphors. These phosphors were synthesized by varying the con-
centrations of Yb3+ (x = 10, 15, 20, and 25 mol%) and Tm3+ (y = 0.75, 1, 2, and 3 mol%) with the
aim to analyze their emissions in the near IR spectral range. According to the detailed structural
analysis, Yb3+ and Tm3+ occupy the La3+ sites in the SLF host. The addition of Yb3+/Tm3+ ions has
a huge impact on the lattice constant, particle size, and PL emission properties of the synthesized
SLF nanophosphor. The results show that the optimal dopant concentrations for upconversion
luminescence of Yb3+/Tm3+ co-doped SLF are 20 mol% Yb3+ and 1 mol% Tm3+ with EDTA as the
chelating agent. Under 980 nm light excitation, a strong upconversion emission of Tm3+ ions around
800 nm was achieved. In addition, the experimental photoluminescence lifetime of Tm3+ emission
in the SLF host is reported. This study discovered that efficient near IR emission from ultrasmall
Yb3+/Tm3+ co-doped SLF phosphors may have potential applications in the fields of fluorescent
labels in bioimaging and security applications.

Keywords: nanophosphor; fluoride; morphology; upconversion; Tm3+ emission; NIR emission

1. Introduction

Upconversion (UC) phosphor materials doped or co-doped with trivalent lanthanide
(Ln3+) ions have drawn considerable attention, since four-electron configurations of Ln3+

ions should split by electron–electron repulsion and spin–orbit coupling, resulting in a
rich energy-level pattern that can be easily populated by the near infrared (NIR) laser
source [1,2]. Under a NIR laser source, UC phosphors effectively convert energy into
shorter wavelength emissions (NIR, visible, or ultraviolet) via multiphoton absorption or
efficient energy transfer [3]. These unique features of Ln3+-doped/co-doped UC phosphors
enable a wide range of applications, such as LED devices [4], solar energy conversion [5],
temperature sensors [6–8], latent fingerprint detection [9,10], biomedical imaging [11,12],
food safety detection [13], etc. The NIR-to-NIR UC luminescence mechanism is gaining
popularity due to its efficient way of producing NIR emission at nearly 800 nm when
excited by a commercially available laser source (~980 nm) [9,14–21]. It is well known that
the Yb3+ ion, with its simple energy level structure (ground state 2F7/2 and excited state
2F5/2), strong absorption band in the wavelength range of 860–1060 nm, and relatively
long luminescence lifetime (1–2 ms), is an excellent sensitizer for energy transfer to RE
ions [21–23]. Ln3+ ions such as Pr3+, Er3+, Tm3+, and Ho3+ have been recognized as co-
activators in Yb3+/Ln3+ UC phosphors due to the position of their energy levels and the
possibility of efficient radiative transitions under NIR light sources [9,14–24]. Among them,
Yb3+/Tm3+ UC phosphors have been intensively studied because NIR-to-NIR UC emission
is crucial for biomedical imaging [17–20], security printing applications [15,16] and latent
fingerprint detection [9].
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The UC luminescence mechanism has been explored in a variety of host materials,
including chlorides, fluorides, oxides, vanadates, and others. The selection of appropriate
host materials with low phonon energy frequencies to prevent non-radiative relaxation
processes and thus improve emission efficiency is essential for UC luminescence. Chlo-
rides have low phonon frequencies (≤300 cm−1) and poor chemical stability, which limits
their application possibilities, whereas oxide host materials have relatively high phonon
frequencies (>500 cm−1) and excellent chemical stability [25]. Fluoride materials are thus
ideal hosts for UC luminescence due to their low phonon frequency (from 300 to 500 cm−1),
good chemical stability, and simplicity of dispersion in colloidal form with water or various
nonpolar solvents [25,26].

Even though alkaline-Ln3+ tetrafluoride phosphors (ALnF4, A = Na, K, Li) are the
most preferred for efficient UC luminescence, their agglomeration limits applications that
require nanoparticles, such as in biomedical imaging [27–30]. According to several recent
studies, alkali–earth–Ln3+ nanophosphors (M2LnF7, M = Ca, Sr, Ba; Ln3+ = Y, La, Gd, Lu)
are small enough for biomedical imaging applications while exhibiting extremely high
UC luminescence [31–34]. Under 980 nm laser stimulation, Xie et al. observed efficient
visible emission of Sr2LaF7:Yb3+, Er3+ UC nanophosphors with average particles of around
25 nm [34]. Guo et al. reported that Sr2GdF7:Er3+, Yb3+ nanocrystals incorporated into
electrospun fibers promote energy transfer processes from Yb3+ to Er3+, which is crucial
for potential applications in the field of noncontact biomedical temperature sensors [8]. In
this work, a set of Sr2La1-x-yF7 phosphors with different concentrations of Yb3+ (x = 10, 15,
20, and 25 mol%) and Tm3+ (y = 0.75, 1, 2, and 3 mol%) ions with respect to La3+ ions are
prepared hydrothermally at 180 ◦C. The room temperature photoluminescence spectra of
SLF:Yb, Tm under 980 nm excitation clearly show intense NIR emissions in the wavelength
range from 750 to 850 nm, with the highest intensity around 800 nm.

Herein, we propose a procedure for the hydrothermal synthesis of small Yb/Tm
activated SFL nanoparticles. Further, we documented their NIR-to-NIR UC. This UC
process has been given much less attention in Yb3+ and Tm3+ co-doped phosphors than blue
and deep-red UC emissions, although it can considerably expand the fields of application
of UC nanophosphors, especially as a suitable fluorescent marker in the development of
latent fingerprints.

2. Materials and Methods
2.1. Chemicals

Strontium nitrate (Sr(NO3)2, Alfa Aesar Karlsruhe, Germany, 99%), lanthanum (III) ni-
trate hexahydrate (La(NO3)3·6H2O, Alfa Aesar, 99.99%), ytterbium (III) nitrate hexahydrate
(Yb(NO3)3·5H2O, Alfa Aesar, 99.9%), thulium (III) nitrate hexahydrate (Tm(NO3)3·6H2O,
Alfa Aesar, 99.9%), disodium ethylendiaminetetraacetate dihydrate (EDTA-2Na,
C10H14N2O8Na2·2H2O, Kemika, Zagreb, Croatia, 99%), ammonium fluoride (NH4F, Alfa
Aesar, 98%), 25% ammonium solution (NH4OH, Fisher, Loughborough, Leicestershire,
United Kingdom) and de-ionized water were used as starting materials without
further purification.

2.2. Synthesis of SLF:Yb,Tm

Sr2La1-x-yF7:xYb,yTm were synthesized hydrothermally using Sr(NO3)2, Ln3+ nitrates
(Ln = La,Yb,Tm), and NH4F as precursors and EDTA-2Na as a stabilizing agent (see
Figure 1). Typically, for the synthesis of 1 g of the representative sample Sr2LaF7 co-doped
with 20mol% Yb3+ and 1 mol% Tm3+, all nitrates were weighed according to the stoichio-
metric ratio (precisely, 0.4762g Sr3+-nitrate, 0.3849 g La3+-nitrate, 0.1010 g Yb3+-nitrate and
0.0050 g Tm3+-nitrate) and then dissolved in 12.5 mL deionized water while stirring at room
temperature. The above solution was then mixed for 30 min with a transparent solution
of 0.4188 g EDTA-2Na in 12.5 mL in water (molar ratio EDTA-2Na:La = 1:1). Following
that, a 10 mL aqueous solution containing 0.5001 g of NH4F (molar ratio NH4F:La = 12:1)
was added and vigorously stirred for 1 h, yielding a white complex. Using 400 µL of
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NH4OH, the pH of the mixture was adjusted to around 6. This mixture was placed in a
100-mL Teflon-lined autoclave and heated in the oven at 180 ◦C for 20 h. After natural
cooling, the final products were centrifuged and washed twice with water, then once with
an ethanol:water = 1:1 mixture to remove any possible remnants before drying in an air
atmosphere at 80 ◦C for 4 h. Undoped SLF and SLF phosphors with varying concentrations
of Yb3+ (x = 10, 15, 20, and 25 mol%) and Tm3+ (y = 0.75, 1, 2, and 3 mol%) ions with respect
to La3+ ions were prepared using the described procedure.
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Figure 1. Synthesis of SLF:Yb,Tm nanophosphors using a simple EDTA-assisted hydrothermal method.

2.3. Measurement

X-ray diffraction (XRD) measurements were performed on a Rigaku SmartLab system
operating with Cu Kα radiation (30 mA, 40 kV) in the 2θ range from 10◦ to 90◦. Diffrac-
tion data were recorded with a step size of 0.02◦ and a counting time of 1◦/min over the
investigated 2θ. Results of the structural analysis (unit cell parameters, crystal coherence
size, microstrain values, and data fit parameters) were obtained using the built-in PDXL2
software. The microstructure of the samples was characterized by a transmission electron
microscope (TEM) Tecnai GF20 operated at 200 kV. The average particle size was calcu-
lated using ImageJ software. Diffuse reflectance measurements were performed with the
Shimadzu UV-2600 (Shimadzu Corporation, Tokyo, Japan) spectrophotometer equipped
with an integrated sphere (ISR-2600), using BaSO4 as the standard reference. Luminescence
characterization was done using a 980 nm high power (3W) solid state IR laser as an exci-
tation source. Luminescence emissions were recorded using a FHR1000 monochromator
(Horiba Jobin Yvon) and an ICCD camera (Horiba Jobin Yvon 3771). All the measurements
were performed at room temperature.

3. Results and Discussion
3.1. XRD Analysis

The MxLnF2x+3 fluorides crystallize in a cubic structure with Fm3m space group [31].
XRD patterns of SLF:xYb3+,1 mol%Tm3+ and SLF:20 mol%Yb3+,yTm3+ nanophosphors
are shown in Figure 2a,b, respectively. Despite the addition of Yb3+ and Tm3+ ions, the
main diffraction peaks observed around 2θ = 26.4, 30.7, 43.8, 51.9, 54.4, 63.7, 70.2, and 80.5◦,
correspond to the main reflections from 111, 200, 220, 311, 222, 400, 331, and 422 crystal
planes, respectively, and are well-aligned with the standard data of ICDD No. 00–053–0774
for pure SLF. Diffraction peaks corresponding to other phases and/or impurities were not
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noticed. The sharp diffraction peaks indicate a good crystallinity of SLF nanophosphors.
Tables 1 and 2 show the results of the structural analysis using whole pattern-fitting (WPF)
refinement: crystallite coherence size (CS), microstrain values, unit cell parameters, unit cell
volume (CV), and data fit parameters (Rwp, Rp, Re and GOF) of SLF:xYb3+,1 mol%Tm3+ and
SLF:20 mol%Yb3+,yTm3+ nanophosphors. The CS of pure SLF is estimated to be 27.1 nm,
and the lattice constant a is 5.8451 Å (CV = 199.70 Å3). The influence of Yb3+ doping in SLF
lattice causes the linear host lattice shrinkage up to a = 5.8045 Å, CV = 195.57 Å3 for the
sample SLF:25 mol%Yb3+,1 mol%Tm3+. This shrinkage could be ascribed to the fact that
dopants with smaller ionic radii Yb3+ (0.868 Å) and Tm3+ (0.880 Å) replace the La3+ with
larger ionic radii (1.032 Å) in SLF [35]. Tm3+ doping in SLF lattice also produces host lattice
shrinkage up to a = 5.8107 Å, CV = 196.2 Å3 for the sample SLF:20 mol%Yb3+, 2 mol%Tm3+.
When the concentration of Tm3+ ions is increased further, the other doping strategy occurs
due to the Tm3+ ability to occupy the interstitial sites, leading to crystal lattice expansion
(a = 5.8288 Å, CV = 198.03 Å3) [36]. To identify the strategy of Tm3+ and Yb3+ doping in
SLF, the magnified (111) diffraction peak of the samples are shown in Figure 2c,d. With the
addition of Yb3+ ions, the position of the (111) diffraction peak consistently shifts to higher
degree values, and the shift becomes more notable with increasing dopant concentration
(Figure 2c). Tm3+ doping in SLF has the same behavior at concentrations equal to or less
than 2 mol%, while further addition of Tm3+ shifts the diffraction peak to lower degree
values (Figure 2d). These findings confirm that both Yb3+ and Tm3+ (equal or less than
2 mol%) were successfully inserted into SLF by occupying La3+ sites.
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Figure 2. XRD patterns of (a) SLF:xYb3+,1 mol%Tm3+ and (b) SLF:20 mol%Yb3+,yTm3+ nanophos-
phors. (c) The evolution of the (111) diffraction peak magnified from (a). (d) The evolution of the
(111) diffraction peak magnified from (b). Arrows indicate changes of the peak position maximum.
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Table 1. Results of the structural analysis by using WPF refinement of SLF:xYb3+, 1 mol%Tm3+

nanophosphors.

SLF SLF:10Yb,1Tm SLF:15Yb,1Tm SLF:20Yb,1 Tm SLF:25Yb,1Tm

CS (nm) 27.1 23.5 25 25.4 24.4
Strain 0.144 0.254 0.254 0.272 0.258
* Rwp 6.00 4.74 4.58 4.33 4.09
** Rp 4.62 3.79 3.51 3.35 3.28
*** Re 3.42 3.48 3.37 3.37 3.28
GOF 1.7569 1.3597 1.3597 1.2843 1.2484
a = b = c (Å) 5.8451 5.8372 5.8190 5.8115 5.8045
CV (Å3) 199.70 198.89 197.04 196.27 195.57

* Rwp—the weighted profile factor; ** Rp—the profile factor; *** Re—the expected weighted profile factor;
GOF—the goodness of fit.

Table 2. Results of the structural analysis by using WPF refinement of SLF:20 mol%Yb3+,yTm3+

nanophosphors.

SLF SLF:20Yb,0.75Tm SLF:20Yb,1Tm SLF:20Yb,2Tm SLF:20Yb,3Tm

CS (nm) 27.1 22.6 25.4 21.9 17.8
Strain 0.144 0.211 0.272 0.185 0.02
* Rwp 6.00 4.12 4.33 4.91 5.97
** Rp 4.62 3.14 3.35 3.90 4.41
*** Re 3.42 3.56 3.37 3.33 3.39
GOF 1.7569 1.1589 1.2843 1.4747 1.7607
a = b = c (Å) 5.8451 5.8129 5.8115 5.8107 5.8288
CV (Å3) 199.70 196.42 196.27 196.20 198.03

* Rwp—the weighted profile factor; ** Rp—the profile factor; *** Re–the expected weighted profile factor; GOF—the
goodness of fit.

3.2. Morphology Analysis

An assisted EDTA hydrothermal method was used to create SLF:Yb, Tm nanophos-
phors. EDTA is an efficient complexing agent for Ln3+ ions, with chelation constants (logK1)
of 19.51 and 15.50 for Yb3+ and La3+ ions, respectively [31]. Due to the ability to improve
crystalline seed dispersibility by forming [Sr-EDTA]2+ and [La-EDTA]+ complexes after
mixing all of the chemicals, EDTA prevented SLF particle aggregation during the subse-
quent hydrothermal treatment. On the other hand, [La-EDTA]+ cations could be absorbed
on the surfaces of SLF particles, limiting their further growth into large particles, and also
increasing their stability [36,37].

TEM images of undoped SLF with different magnifications together with particle
size distribution histogram are shown in Figure 3I. Nanoparticles show a similar, quasi-
spherical shape as well as a high degree of crystallinity. HRTEM image of SLF phosphors
(Figure 3Ie) shows that the measured d-spacing is around 3.4 Å, that corresponds to the
(111) lattice plane of SLF, which agrees to the previous XRD data. The half-displayed
particles were not considered when calculating the average particle size, and the histogram
was fitted with a log-normal distribution. The average crystalline size of nanoparticles,
considering around 120 particles, was estimated to be 38 ± 4 nm (see Figure 3If). The
influence of Yb3+ and Tm3+ co-doping on the morphology of SLF samples can be observed
by comparing features in Figure 3I, 3II and 3III, respectively. The average particle size of
SLF nanophosphor doped with 10 mol% Yb3+ (Figure 3IIa–f) and SLF doped with 25 mol%
Yb3+ (Figure 3IIIa–f) ions and a fixed concentration level of 1 mol% Tm3+ was calculated
to be 25 ± 3 nm and 26 ± 2 nm, respectively. Therefore, the average particle size of SLF
was reduced by doping from 38 to around 25 nm, which is well-aligned with the previous
XRD analysis. HRTEM images of both SLF:10Yb,1Tm (Figure 3IIe) and SLF:25Yb,1Tm
phosphors (Figure 3IIIe) show that the measured d-spacing is around 3.5 Å, which also
corresponds to the (111) lattice plane of SLF. As previously explained, the addition of
Yb3+/Tm3+ ions has a slight impact on the lattice constant when compared to undoped
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SLF because dopants with smaller ionic radii Yb3+ and Tm3+ replace the La3+ with larger
ionic radii. The average particle size of SLF nanophosphor, on the other hand, is strongly
influenced by the concentrations of Yb3+ and Tm3+.
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Figure 3. I. Undoped SLF: (a–d) TEM images of hydrothermally synthesized SLF, (e) HRTEM image
of SLF, (f) particle size distribution of SLF. II. SLF:10Yb,1Tm: (a–d) TEM images (e) HRTEM image,
(f) particle size distribution. III. SLF:25Yb,1Tm: (a–d) TEM images, (e) HRTEM image, (f) particle
size distribution.
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3.3. Spectroscopic Properties

Figure 4a shows the room temperature diffuse reflectance spectra of a representative
SLF:20Yb,1Tm sample in the 400–1300 nm wavelength range with typical optical features
of Yb3+ and Tm3+ ions [38]. The absorption peaks of Yb3+ ions appear in the 885–1060 nm
wavelength range due to electronic transitions from 2F7/2 → 2F5/2, with the highest inten-
sity around 980 nm. In the case of Tm3+ ions, three major electronic transitions are involved:
3H6→ 3F2,3, 3H6→ 3H4, and 3H6→ 3H5, which correspond to absorption peaks at 677 nm,
770 nm, and 1206 nm, respectively.
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Figure 4. (a) Diffuse reflectance spectra of representative SLF:20Yb,1Tm nanophosphor. (b) PL spectra
of SLF: xYb, yTm nanophosphors measured upon 980 nm excitation (Inset: UC lifetime profiles of
Tm3+ (3H4 → 3H6 transition) of representative SLF:20Yb,1Tm). (c) Yb3+ concentration dependence
of integrated UC emission intensity of SLF nanophosphor. (d) Tm3+ concentration dependence of
integrated UC emission intensity of SLF nanophosphor.

The room temperature emission spectra of a representative SLF:20Yb,1Tm nanophos-
phor in the 450–900 nm wavelength range are shown in Figure 4b. In a typical multiphoton
UC process, Yb3+ absorbs NIR radiation at around 980 nm which causes electron excitation
from 2F7/2 to 2F5/2 energy level. Then, the Tm3+ is excited via cross-relaxation and energy
transfer from excited Yb3+. The deexcitation from multiple Tm3+ excited levels provide
emissions that cover UV–VIS–NIR spectra. The observed emission peaks, which occur at
wavelengths ranging from 455 to 500 nm, 625 to 720 nm, and 750 to 850 nm, are attributed
to the transitions from the 1G4 → 3H6, 1G4 → 3F4, and 1G4 → 3H5 / 3H4 → 3H6 of excited
Tm3+ ions, respectively. The PL decay curve at room temperature is shown in the inset of
Figure 4b. The average emission time (τav), calculated based on the double exponential
model, was used as a measurement of PL lifetime (τ). Through the fit of our experimental
data to the double exponential model, the two values of τ1 and τ2 are obtained:

I(t) = A1e−
t

τ1 + A2e−
t

τ2 + bg. (1)
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where, A1 and A2 are arbitrary constants (magnitudes of short and long decay components),
and bg is a background correction. Because the measured signal (I (t)) at delayed time td is
proportional to the number of excited states at the moment td, the simple weighted average
formula is used to calculate τav:

τav =
A1τ1 + A2τ2

A1 + A2
. (2)

The PL lifetime of Tm3+ (3H4 → 3H6 transition) in a representative SLF:20Yb,1Tm
nanophosphor was estimated to be 1.05 ms. Table 3 summarizes the arbitrary constants,
background correction, two values of PL lifetime (τ1 and τ2), and average PL lifetime of
the representative SLF:20Yb,1Tm nanophosphor. The deviation of the 3H4 → 3H6 emission
decay from the single exponentiality indicates that energy back-transfer to Yb3+ occurs
from 3H4 level. This can be further investigated by measuring the variation in lifetimes of
Yb3+ 2F5/2 emission for different Tm3+ and Yb3+ concentrations.

Table 3. Summary of the different parameters used to calculate PL lifetime of the representative
SLF:20Yb,1Tm nanophosphor.

A1 τ1 (ms) A2 τ2 (ms) bg τ (ms)

0.6887 0.4503 0.3163 2.3607 0.0030 1.0516

The UC emission intensity relates to both Yb3+ and Tm3+ concentrations. Figure 4c
presents the dependence of the integrated UC emission intensity of SLF with different
concentrations of Yb3+ (x = 10, 15, 20, and 25 mol%) and a fixed Tm3+ concentration
(1 mol%). With increasing Yb3+ concentration, the NIR emission intensity band increases,
reaching a maximum value at 20 mol% of Yb3+. Similarly, when Yb3+ concentration is
fixed at 20 mol%, the NIR emission of SLF monitored at different concentrations of Tm3+

(x = 0.75, 1, 2, and 3 mol%) has the highest intensity for 1 mol% Tm3+, as shown in Figure 4d.
When the Tm3+ doping concentration is equal to or greater than 2, the emission intensity
decreases gradually due to the concentration quenching. In contrast to the emission
intensity, the shape and characteristic peak position of the UC emission spectra have not
changed. For the Yb3+ and Tm3+ co-doped phosphors, blue (1G4 → 3H6) and deep-red
(1G4 → 3F4) emissions have been widely investigated [27,38–40], while the efficient NIR-
to-NIR Yb3+/Tm3+ UC emission in ultrasmall SLF nanophosphor has received far less
attention. Therefore, ultrasmall SLF nanoparticles with intense emission around 800 nm
are promising candidates as fluorescent labels in bioimaging and security applications.

4. Conclusions

In conclusion, ultrasmall SLF:Yb3+/Tm3+ nanoparticles were produced using a straight-
forward hydrothermal process at a variety of doping doses. With Yb3+ and Tm3+ ions
present, the lattice constant and average particle size of SLF are both decreased from 38 nm
to roughly 25 nm. At room temperature, Yb3+ and Tm3+ concentrations have a significant
impact on the PL emission properties. When excited with a 980 nm high power (3W) solid
state IR laser, these ultrasmall nanoparticles show simultaneous three-color (blue-green,
deep-red, and NIR) UC emissions in the 450–900 nm wavelength range. The blue-green
and deep-red emission bands are weak, while the NIR emission band is strong, which is
beneficial for imaging biological tissues. Furthermore, the PL lifetime of Tm3+ (3H4 → 3H6
transition) in a representative SLF:20Yb,1Tm nanophosphor was estimated to be 1.05 ms.
These findings also suggest that SLF:Yb,Tm could be a useful fluorescent marker in the
development of latent fingerprints. Our future work will concentrate on the dual-mode
fluorescent development of latent fingerprints using both NIR-to-VIS and NIR-to-NIR pro-
cesses to achieve double fluorescent images in dark and bright fields, as well as additional
contrast and sensitivity analysis of fingerprints or fingerprint residuals deposited on a
variety of substrates. Furthermore, the proposed NIR-to-NIR UC mechanism of ultrasmall
Yb3+/Tm3+ co-doped SLF nanophosphors could be a useful tool in security applications.
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6. Skwierczyńska, M.; Stopikowska, N.; Kulpiński, P.; Kłonowska, M.; Lis, S.; Runowski, M. Ratiometric Upconversion Temperature

Sensor Based on Cellulose Fibers Modified with Yttrium Fluoride Nanoparticles. Nanomaterials 2022, 12, 1926. [CrossRef]
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Abstract: Performing chemical functionalization on the surface of nanoparticles underlies their use in
applications. Probing that a physicochemical transformation has indeed occurred on a nanoparticles’
surface is rather difficult. For this reason, we propose that a macroscopic parameter, namely the
surface energy γ, can monitor the physicochemical transformations taking place at the surface of
nanoparticles. Determining the surface energy of macroscopic surfaces is trivial, but it is very
challenging for nanoparticles. In this work we demonstrate that the Nanoparticles Trapped on
Polymerized Pickering Emulsion Droplet (NanoTraPPED) method can be successfully deployed
to monitor the evolution of surface energies γ, with its γp polar and γd dispersive components of
the silica nanoparticles at each stage of two surface reactions: (i) amination by siloxane chemistry,
coupling reaction of a 2,4-dihydroxy benzaldehyde and formation of a Schiff base ligand, followed
by coordination of metal ions and (ii) epoxide ring opening and formation of azide. The change in
surface energy and its components are discussed and analyzed for each step of the two reactions. It is
observed that large variations in surface energy are observed with the complexity of the molecular
structure attaching to nanoparticle surface, while functional group replacement leads to only small
changes in the surface energies.

Keywords: surface energy; contact angle; nanoparticles; interfaces; Pickering emulsions; interfacial
energy; self-assembly of nanoparticles

1. Introduction

The functional groups present onto the surface of nanoparticles (NPs) determine the
way the NPs interact with the environment, controlling their behavior in bulk powders but
also in liquid or gaseous media, especially their chemical reactivity. Performing surface
chemical modification on the surface of nanoparticles to make them useful in a variety
of applications has become ubiquitous and routine [1]. The chemical transformations
taking place at the surface of nanoparticles following chemical treatment, transformation of
chemical functional groups via oxidation, coupling, condensation, polymerization reactions,
or even physical adsorption and coordination of metal ions, is difficult to monitor but
can be done in principle by employing advanced surface specific spectroscopy methods.
Although one can enumerate some surface sensitive spectroscopy methods capable of
resolving chemical composition and surface functional groups, these are generally difficult
to deploy on powders consisting of nanoparticles. However, even though the presence of a
certain functional group, of several or combinations thereof on the surface of NPs could
be resolved through various spectroscopy methods, this gives little information on the
actual physicochemical behavior of the nanoparticle in bulk powder or its preferred way
to interact with the environment. In an earlier work, we have alluded at the possibility
that a macroscopic parameter, namely the surface energy, which describes the capacity
of a surface to interact with its environment through various physicochemical forces [2],
can serve as one of the essential parameters to describe the physicochemical state of the
NPs, and could help establish a causal relationship with the NPs’ behavior in bulk to
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help design powders with good flowing ability [3], improve dispersion of pigments in
polymer matrices [4], understand powder cohesion [5], flotation of ore and minerals [6],
emulsification and creation of Pickering emulsions [7], stability of colloids [2], etc. Even
more, based on the governing principle of independent actions, the total surface energy γ,
regardless of scale, can be seen as the sum of various components that reflect the capacity of
a surface to interact with the environment through different kind of interaction forces, such
as dipole–dipole γp, dispersive van der Waals interaction forces γd, hydrogen bonding
γH−H, acid γA and base γB, and so on. This constitutes a further advantage in the holistic
characterization of the physicochemical state of NPs as the relative magnitude of the surface
energy components provide meaningful information of the preferred type of interaction
of a particular surface. For a macroscopic surface, the surface energy and its polar and
dispersive components γ, γp and γd can be determined from the contact angle of at least
two liquid droplets, see the Owens–Wendt–Rabel–Kaelble (OWRK) model [8]. However, in
case of nanoparticle surfaces, making droplets smaller than the nanoparticles to determine
their contact angle is technically very challenging. Although some methods have been
developed to specifically address the measurement of the contact angle of a single NP
with a liquid [9–11], none could be deployed yet in measurement of the contact angles
of NPs with multiple liquids, which is necessary to determine the surface energy and its
components. To overcome this, we have implemented a new method called Nanoparticles
Trapped on Polymerized Pickering Emulsion Droplet (NanoTraPPED), and demonstrated
that this method is capable of measuring the contact angles of NPs at various oil/water
interfaces. Additionally, from these values of interfacial energies, the surface energies with
the polar and disperse components can be determined [2]. We have shown that water/NP
interfacial energies obtained with NanoTraPPED are extremely useful at predicting the
dispersibility and stability of various NPs in water, while the surface energies are useful
in predicting their emulsification ability and monitoring the physicochemical state of NPs
in air. In this work we demonstrate that the NanoTraPPED method can be successfully
deployed to monitor the evolution and change of interfacial NP/water energies γNP/water,
γ

p
NP/water and γd

NP/water and surface energies γNP, γ
p
NP and γd

NP of fresh silica NPs with a
hydroxylated surface (NP-OH). They undergo surface physicochemical transformations,
amination by siloxane chemistry (NP-NH2), the coupling reaction of a 2,4-dyhydroxy
benzaldehyde and the formation of a Schiff base ligand (NP-L), followed by the capturing
and coordination of Cu(II) (NP-LCu) or Co(II) (NP-LCu) ions, according to the reactions
presented in Scheme 1. Interestingly, the total surface energy and its components increases
with the increase in the complexity of the molecular structure of the nanoparticle surface.Nanomaterials 2023, 13, x FOR PEER REVIEW 3 of 17 

 

 

 
Scheme 1. (A) Formation of Schiff base interfacial ligand, NP-L, by condensation of the 2,4-
dyhydroxy benzaldehyde with the amine surface functionalities, NP-NH2, and formation of the 
complex by coordination of a divalent metal ion Cu(II) or Co(II), giving rise to NP-LCu and NP-
LCu. (B) Functional group replacement reaction of glycidyl with azide by ring opening and 
substitution reaction. 
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purchased from ABCR; GmbH, 3-(trimethoxysilyl) propylamine 98% (APTES), 3, (3-
glycidoxypropyl)trimethoxysilane (GLYMO), divinylbenzene (DVB) technical grade 80%, 
benzyl metacrylate (BM) 96% containing monomethyl ether hydroquinone as inhibitor, 
tert-butyl acrylate (tBA) 98% containing 10–20 ppm monomethyl ether hydroquinone as 
inhibitor, methyl methacrylate (MM) 99% stabilized for synthesis with monomethyl ether 
hydroquinone as inhibitor, 2-(Dimethylamino)ethyl methacrylate (DAEMA) containing 
700–1000 ppm monomethyl ether hydroquinone as inhibitor 98%, ethyl methacrylate (EM) 
98% stabilized with 200 ppm hydroquinone, 2,4-dyhydroxy benzaldehyde, ammonium 
chloride, sodium azide, aluminum oxide (active basic) Brockmann I and N,N-
Dimethylformamide anhydrous 99.8% were purchased from Sigma-Aldrich; absolute 
ethanol (EtOH, 99.3%), hydrochloric acid (HCl), Cu(CH3COO)2·H2O and 
Co(CH3COO)2·4H2O were purchased from Chemical Company; ammonium hydroxide 
solution (28–30%) for analysis was purchased from EMSURE ACS. Reag. Ph Eur. Supelco. 
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The preparation procedure for silica nanoparticles (NP) and silica nanoparticles 
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coordination of a divalent metal ion Cu(II) or Co(II), giving rise to NP-LCu and NP-
LCu. (B) Functional group replacement reaction of glycidyl with azide by ring opening and
substitution reaction.

2. Materials and Methods
2.1. Materials

Tetraethylorthosilicate (TEOS) 99% and benzoin methyl ether (BME) 97% were pur-
chased from ABCR; GmbH, 3-(trimethoxysilyl) propylamine 98% (APTES), 3,
(3-glycidoxypropyl)trimethoxysilane (GLYMO), divinylbenzene (DVB) technical grade 80%,
benzyl metacrylate (BM) 96% containing monomethyl ether hydroquinone as inhibitor,
tert-butyl acrylate (tBA) 98% containing 10–20 ppm monomethyl ether hydroquinone
as inhibitor, methyl methacrylate (MM) 99% stabilized for synthesis with monomethyl
ether hydroquinone as inhibitor, 2-(Dimethylamino)ethyl methacrylate (DAEMA) con-
taining 700–1000 ppm monomethyl ether hydroquinone as inhibitor 98%, ethyl methacry-
late (EM) 98% stabilized with 200 ppm hydroquinone, 2,4-dyhydroxy benzaldehyde, am-
monium chloride, sodium azide, aluminum oxide (active basic) Brockmann I and N,N-
Dimethylformamide anhydrous 99.8% were purchased from Sigma-Aldrich; absolute ethanol
(EtOH, 99.3%), hydrochloric acid (HCl), Cu(CH3COO)2·H2O and Co(CH3COO)2·4H2O were
purchased from Chemical Company; ammonium hydroxide solution (28–30%) for analysis
was purchased from EMSURE ACS. Reag. Ph Eur. Supelco.

2.2. Synthesis of Silica Nanoparticles

The preparation procedure for silica nanoparticles (NP) and silica nanoparticles func-
tionalized with amine by reaction with APTES was reported previously [2]; the functional-
ization with epoxy by reaction with GLYMO was also reported [7].

2.3. Synthesis of NP-L, NP-LCu and NP-LCo

NP-Ligand (NP-L) was synthesized using the post-grafting method, as shown in Scheme 1.
A total of 1.2 g of NP-NH2 was then refluxed with 50 mg of 2,4-dihydroxybenzaldehyde in
ethanol for 24 h at 75 ◦C. The resulting NP-L dispersion was centrifuged, and the particles
were then rinsed three times with ethanol and distilled water. Thereafter, we prepared
a dispersion containing 0.5 g NP-L in of 20 mL absolute ethanol over which we added
dropwise a solution of 45 mg Cu(CH3COO)2·H2O dissolved in 10 mL absolute ethanol
or 40 mg Co(CH3COO)2·4H2O dissolved in 10 mL absolute ethanol. The reaction took
place at 70 ◦C for 24 h. After the end of the reaction, the NPs were washed three times
with ethanol and three times with distilled water and stored in water for subsequent use
in emulsification.

2.4. Synthesis of NP-N3

NP-N3 was obtained following the nucleophilic substitution reaction at the epoxy ring
in the presence of NaN3 and NH4Cl. In a typical procedure, we started with a suspension
of 1 g NP-Gly in approx. 40 mL DMF to which we added 32.5 mg (5 mmol) of NaN3 and
26.8 mg (5 mmol) of NH4Cl. The reaction mixture was allowed to react at 40 ◦C for 24 h.
After the end of the reaction, the nanoparticles were washed three times with ethanol and
three times with water and stored in water for subsequent use in emulsification.

2.5. Pickering Emulsion Preparation and Polymerization

Water immiscible vinyl bearing monomers EM, BM, tBA, DAEMA and MM, having
different polarities, whose chemical structures are given in Figure S3 in the Supplementary
Material, and a crosslinking monomer DVB, were used for the Pickering emulsion prepa-
ration and polymerization. The Pickering emulsion was produced by first adding 20 mg
of BME radical initiator to a 20 mL glass scintillator vial, followed by 1 mL of monomer
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and 0.1 mL of DVB crosslinker, followed by 5 min of waiting for the mixture to become
homogeneous. Next, 5 mg of colloidal particles and 12 mL of water were added. The glass
scintillator vial was then sonicated with a Branson 450 Sonifier equipped with a 7 mm di-
ameter horn for 15 s at 30% amplitude. The Pickering emulsions were next exposed for 1 h
to a UV lamp (wavelength = 365 nm, with 4 lamps, each with an intensity = 2.2 mW/cm2).
The synthesis procedures and recipes for each monomer are listed in Table S2. After the
polymerization, the product was filtered and thoroughly washed with approximately 15 mL
of ethanol to remove the unreacted monomer, and subsequently dried at room temperature.

3. Results

The starting silica NPs were synthesized according to a previously reported method [2],
which is a modified version of the Stöber process, see Scheme S1 in the Supplementary Material.

3.1. Functionalization and Surface Reactions on Silica Nanoparticles

The pristine surface of the silica NPs has mostly hydroxyl surface functionalities, hence
the hitherto notation NP-OH. The starting NP-OH have a diameter of ≈500 ± 15 nm, see
Figure S1, and were employed in further functionalization such that the subsequent NPs
have (i) amine surface functionalities, see Scheme S2, hence the hitherto notation NP-NH2,
or (ii) glycidyl functionalities, hence the hitherto notation NP-Gly, see Scheme S2. The
presence of the amine functional groups on the NP-NH2 can be evidenced both from the
ninhydrin reaction, which turns purple in the presence of primary amine, and from the
presence of the peaks in the FTIR spectra, see Figure 1. The presence of glycidyl on the
surface of the NPs was confirmed with FTIR. We also noted a change in the zeta ζ-potential
from −53.7 ± 0.5 mV in NP-OH to lower absolute values −19.4 ± 0.8 mV in NP-NH2 at
neutral pH, see Table S1. This change in the ζ-potential value can be explained by partial
protonation of the amine group even at neutral pH.

Further, the NP-NH2 were used in a condensation reaction with 2,4-dyhydroxy ben-
zaldehyde to generate a Schiff base interfacial ligand, NP-L, and subsequent capture and
coordination of Cu(II) and Co(II) metal cations (Reaction 1), see Scheme 1A. Alternatively,
the NP-Gly were employed in a substitution reaction of the glycidyl group with azide,
NP-N3, (Reaction 2), see Scheme 1B.

For Reaction 1, the successful functionalization and the formation of the interfa-
cial Schiff base ligand can be confirmed using FTIR, according to the spectra present in
Figure 1A. The stretching and bending vibrations of silanol groups (Si-OH) are represented
by the bands at 3428 (broad) and 1630 cm−1 and are easily identified for the starting NP-OH
and NP-NH2, Figure 1A. However, with the coupling of the 2,4-dyhydroxy benzaldehyde
and formation of a Schiff base ligand, the imine -C=N stretching vibration becomes some-
what visible between 1632 and1618 cm−1 Figure 1A. In addition, the formation of the Schiff
base ligand is confirmed by the appearance of the several relevant new bands, in NP-L,
NP-LCu and NP-LCo at 1461 cm−1, which correspond to the aromatic stretching -C=C-.
It is also confirmed by the one at 730 cm−1, which is due to the deformation vibrations
of C-H from the trisubstituted benzene nucleus, as well as the phenolic C-OH stretching
vibrations at 1278 cm−1. It is interesting to note that the participation of the -OH groups
in the coordination of the metal ions is signaled by the shift in the -OH to the vibration of
the phenolic group, υ (C-OH), from 1278 cm−1 in NP-L, to the lower value of 1253 cm−1 in
NP-LCu and NP-LCo. The same shift is seen in the stretching frequency of the azomethine
υ(C=N) group in the NP-L to lower wavenumbers from 1632 cm−1 in NP-L to 1618 cm−1 in
NP-LCu and NP-LCo complexes due to the coordination of the nitrogen atom of the azome-
thine group to the metal ion. Peaks in the region of 2900–3200 cm−1, corresponding to C-H
stretching on NP-OH are mainly due to the incomplete hydrolysis of the precursors, or the
capture of the organic hydrolysis fragments into the structure of the NPs; these are always
present and disappear only after calcination. For this reason, no spectral interpretation was
performed in the region.
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Furthermore, the formation of the interfacial Schiff base ligand, is also supported by 
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in NP-NH2 to −28.6 ± 0.6 mV in NP-L at normal pH. This evidences even further that the 
presence of primary amines has been reduced by their participation in the condensation 
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NP-Gly (blue) and modified NP-N3 (crimson). The insets show the offset of the normalized spectra
in the regions of interest.
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Furthermore, the formation of the interfacial Schiff base ligand, is also supported by
the change in the zeta potential value, see Table S1, which decreases from −19.4 ± 0.8 mV
in NP-NH2 to −28.6 ± 0.6 mV in NP-L at normal pH. This evidences even further that the
presence of primary amines has been reduced by their participation in the condensation
reaction with the 2,4-dyhydroxy benzaldehyde. This is also confirmed by the surface zeta
potential change, from −19.4 ± 0.8 mV of the former to a lower surface potential value
of −28.6 ± 0.6 mV in the case of the latter. Surface zeta potential decreases to a lower
value due to the disappearance of the -NH2 and -NH3

+ functionality after the condensation
reaction with the aldehyde. Furthermore, the coordination of the Co(II) and Cu(II) ions
can be evidenced by a decrease in the zeta potential value from −28.6 ± 0.6 mV in NP-L
to −39.6 ± 0.3 mV in NP-LCu and −40.5 ± 0.2 mV in NP-LCo. This can be interpreted as
either the coordination of the metal ions that have further diminished the primary amine
functional groups on the surface of the NP-L, or that the imine functionalities are also
diminished by the coordination of the metal ions. It is worth noting that mere physical
adsorption of the divalent metal ions does not produce a dramatic change towards titration
of surface charge. This is the case for the trivalent ions [1], as judged from the negative
zeta potential values of NPSiCu and NPSiCo, which were NPs left in the presence of a
0.16 × 10−3 M solution of Co(II) and 0.25 × 10−3 M solution Cu(II) salts and then washed,
see Table S1.

For Reaction 2, the successful functionalization and the formation of the NP-Gly and
NP-N3 can be confirmed from the analysis of the FTIR spectra, Figure 1B. For example,
the shoulder band at 1258 cm−1 appearing for the NP-Gly could be identified as the ring
vibrations of epoxy, confirming that the surface modification was successful. The epoxides
exhibit distinctive IR absorption bands related to ring breathing and asymmetrical ring
stretching between 950 and 810 cm−1 and 1260 to 1240 cm−1. This band at 1258 cm−1 is
non-existent in NP-OH but can be seen in NP-N3 with a much weaker intensity, suggesting
that majority of them had undergone ring opening. The nucleophilic reaction of the epoxy
ring with sodium azide is confirmed by the appearance of a small signal in the region of
2200–2050 cm−1, which is the characteristic stretching vibration of ν(–N-N≡N) in azide. In
addition, changes are observed in the region of 1650–1300 cm−1, such as the appearance of
a new shoulder located at 1438 cm−1. This corresponds to the deformation vibration of the
CH2 group, followed by the decrease in intensity of the band at 1258 cm−1, signaling the
epoxy ring opening in NP-N3.

3.2. Pickering Emulsion Formation and Polymerization

Pickering emulsions are emulsions stabilized by nanoparticles of different sizes and
they were named after S. U. Pickering (1907). Particles stabilize the emulsion by adsorbing
irreversibly at the oil/water interface and forming a shield-like monolayer film at the inter-
face [12–14]. Some particles adsorb spontaneously at the oil/water interface, but others
can be forced to adsorb by kinetic energy input, to overcome the interfacial adsorption
barrier [13,15]. Once adsorbed they become trapped at the oil/water interface. It has been
experimentally demonstrated that the emulsion droplet sizes and the emulsion phase are
determined exclusively by the contact angle β of the nanoparticle at the water/oil interface,
where the oil can be any organic liquid immiscible with water. In the current case, we
convene that the contact angle β is the contact angle formed by the nanoparticle with the
organic phase, see Figure S2. Our experiment is based on the principles laid forward by
Finkle [16], as well as through the experimental observations of Binks and Clint [17] and
Aveyard [18], who tried to predict the emulsion phase from the values of the contact angle.
We have concluded, also through our experimental investigations [7], that the emulsion
phase and oil droplet sizes generated by the spherical nanoparticles depend on the value of
the contact angle β at the interface. Furthermore, if the oil phase is chosen among the vinyl
bearing monomers, the Pickering emulsion can be easily polymerized either thermically or
initiated by exposure to UV, such that the nanoparticles trapped at the oil/water interface
remain frozen. This enables their observation with scanning electron microscopy (SEM).
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This is the core principle of the NanoTraPPED method. In this work, we have chosen
the following vinyl bearing monomers that are immiscible with water and can be poly-
merized: MM, EM, BM, DAEMA, tBA and DVB, whose chemical structures are given in
Figure S3. For the Pickering emulsion stabilization we have chosen NP-OH of diameters
of ≈500 ± 15 nm, shown in the SEM images, which we have subsequently modified, see
Figure S1. Upon polymerization PMM, PEM, PBM, PDAEMA and PtBA microspheres
covered with nanoparticles are obtained. The PEM, PBM and PtBA microspheres obtained
from the Pickering emulsions of the corresponding monomers in water stabilized by the
NP-L with the are presented in Figure 2. Those for NP-LCu and NP-LCo are given in
Figures S4 and S5. From the inset of the SEM images, in Figure 2, the NPs self-assemble
around the Pickering emulsion droplets of the corresponding monomers in water, stabiliz-
ing the emulsion, which after the polymerization remain trapped at the interface. Some of
the NPs have already fallen, leaving on the surface of the polymer circular traces, whose
diameter is direct evidence of their immersion at the interface as it will be discussed next.
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Similarly, the PBM, PDAEMA, PMM, PEM, PtB and PBM microspheres resulting
from the Pickering emulsion polymerization of the corresponding monomer emulsions
stabilized with NP-Gly and NP-N3 are given in Figures S6 and S7, respectively. Generally,
the microspheres obtained in this case are spherical, and their surface is sometimes slightly
wavy or wrinkled, which is due to interfacial jamming of nanoparticles.

An overview of the composition of the Pickering emulsions recipes for each monomer
as well as the polymerization conditions are given in the Table S2. The surface-trapped
nanoparticles can be removed to observe the traces left by the nanoparticles, as we will
cover next.

3.3. Measuring the Contact Angles—The NanoTraPPED Method

The principles of the NanoTraPPED method have been previously discussed [2]. In
the current case, the diameter of the circular traces left on the surface of the microparticles
obtained via Pickering emulsion polymerization were observed with scanning electron
microscopy (SEM) after the removal of the silica nanoparticles by dissolving them with
concentrated solution sodium hydroxide, or by simple ultrasonication. The diameter of
the circular traces remaining on the surface of the microspheres depend on the immersion
depth of the NPs at the interface between water and monomer before polymerization. As
previously discussed [2,7], the immersion depth depends on the affinity of the surface of
the NPs to the organic phase. The diameter of the circular traces can be geometrically
related to the contact angle β of the nanoparticle, see Figure S2. θ = sin−1 l

r , β = 180◦ − θ,
where l is the diameter of the circular trace imprinted by the nanoparticle on the surface of
the polymer and r is the radius of the NPs. The contact angle β of the NP-L with PEM, PBM
and PtBA, as well as the SEM images from which it was measured, are presented in Figure 3.
The results for the NP-LCu and NP-LCo are given in Figures S8 and S9, respectively. It
is important to note that the contact angle β measured with NanoTraPPED is the contact
angle of the NPs at the three-phase line of NP–polymer (NP/P), NP–water (NP/W) and
polymer–water (P/W), as indicated by the subscript to the Greek letter γ throughout this
work. From Figure 3, it can be qualitatively seen that the β of NP-L at the interface increases
with the decrease in the polarity of the polymer, where the decrease in polarity in the order
PEM > PBM > PtBA is quantitatively ranked according to the ratio of the polarity to the

disperse component of the surface energy
√

γ
p
P

γd
P

. The γ
p
P and γd

P for each of the polymers

used in this work were experimentally determined in a previous work [2].
Similarly, the circular traces left on the surface of the polymer microspheres by NP-

Gly and NP-N3 after surface reactions are given in Figure 4 and Figure S10, respectively.
When comparing the contact angle β of the same polymers with different nanoparticles,
for example NP-L in Figure 3 with NP-Gly in Figure 4, or NP-LCo in Figure S9 with
NP-N3 in Figure S10, these appear to be significantly different. Whereas, for the same
nanoparticle but different polymers the contact angles vary much more subtly; compare
the column of images contained within Figures 3, 4, S9 and S10. This proves that the
method is extremely sensitive to a change in surface functional groups of NPs, and is
less sensitive to the chemistry of the polymer. This can be explained by the fact that the
nanoparticle–water, NP/w, interfacial tension unit vector, γNP/w, is larger than that of the
nanoparticle–polymer, NP/P, γNP/P. The magnitude of these two interfacial tension unit
vectors are the main parameters determining the value of the contact angle of the NPs at
the oil/water interface [1]. Therefore, when a surface modification is performed on the
NPs, it results in a much stronger response in the contact angle, due to a stronger change
in γNP/w than a change in γNP/P. This is valid for the o/w emulsions, for which NPs are
more immersed in water phase than in the organic phase [7]. The opposite should be true
for the inverse water-in-oil (w/o) Pickering emulsions.
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Figure 4. SEM images of the circular traces left by NP-Gly on the surface of PEM, PtBA and PBM
microspheres. The cartoons on the right represent the immersion depth of the nanoparticles at the
interface that can be fully described by the contact angle values θ with the water and β with the
organic phase. In the image the l represents the diameter of the circular trace determined by SEM,
and r represents the radius of the nanoparticle.

The experimental data of the circular hole diameters on the polymer colloidosomes
left by the NPs and the calculated contact angles, are summarized in Table S3.

4. Discussion
4.1. Calculating the Surface Energy and Its Polar and Disperse Components

The surface energy of a surface and its polar and disperse components can be calcu-
lated if the contact angles with at least two liquids with known values for surface energy
and the components are known. In the current case, the values of β—the contact angle of
the NP at the interface with the polymer phases are used instead. Furthermore, we have
used the Owens–Wendt–Rabel–Kaelble (OWRK) [8,19] model to determine the surface
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energy components from the contact angle β measured for the NPs with different polymers
of known surface energy and components γd

P/W , γ
p
P/W [2]:

γP/W(1 + cos θ)

2
√

γd
P/W

=
√

γ
p
NP/W

√√√√γ
p
P/W

γd
P/W

+
√

γd
NP/W (1)

Thus, by measuring the contact angle β of each nanoparticle with at least three different
polymer/water interfaces, we calculated the total surface energy and its components

γ
p
NP/W , γd

NP/W in water by fitting the data to a linear equation where the
√

γ
p
NP/W is

the slope and the
√

γd
NP/W is the intercept, as shown in the Figure 5 for Reaction 1 and

Figure 6 for Reaction 2. Interestingly, for Reaction 1, from the data in Figure 5, one can
see that the error bars for the NP-L and NP-LCo are overlapping throughout the range of
the measurement, which suggests that these values are in fact indistinguishable from one
another. On the other hand, the NP-LCu values differ for the latter portion of the curve,
with clearly non-overlapping errors. Thus, we conclude that the NP-L and NP-LCo are
indistinguishable, while the NP-LCu and NP-NH2 could be clearly distinguished from the
other groups of data, meaning that they are uniquely determined.

For Reaction 2, the slope of the NP-N3 is markedly different from that of NP-Gly,
suggesting that the polarity of the former is greater than that of the latter. For the latter
portion of the curves in Figure 5 the error bars of the two curves do not overlap, suggesting
that the group of data belonging to NP-N3 is clearly distinguishable from that of NP-Gly.
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angle measured from the circular traces left by the nanoparticles NP-Gly and NP-N3. The error
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4.2. Monitoring the Change in the Surface Energy of NPs with NanoTraPPED

The surface energies were determined for each of the NPs after each step of surface
functionalization, namely the γd

NP/W , γ
p
NP/W and the values are summarized in Table 1.

Table 1. Interfacial energies γd
NP/W , γ

p
NP/W of the NPs adsorbed at the interface calculated with the

OWRK equation graphically represented in Figures 5 and 6.

Nanoparticle γp
NP/water (mN/m) γd

NP/water (mN/m) γNP/water (mN/m)

* NP-OH 1.05 0.01 1.06

** NP-Gly 0.66 0.1 0.76
NP-N3 0.21 0.02 0.23

* NP-NH2 0.13 0.00 0.13
NP-L 0.78 0.22 1.00

NP-LCu 1.16 0.08 1.24
NP-LCo 0.81 0.52 1.33

* values taken from reference [2]. ** values taken from reference [7].

From the data presented in the Table 1, for Reaction 1, we can state that the total
interfacial energy of the NPs with water, γNP/water, increases in the order NP-NH2 < NP-
L < NP-LCu < NP-LCo. A higher value of the γNP/water indicates a decreasing affinity
between the NPs and water. Note that it is generally accepted that a vanishingly small
interfacial tension indicates total wettability and adhesion of a liquid on a solid surface, or
in the case of a liquid biphasic system, a vanishingly small interfacial tension between the
liquids indicates a high level of miscibility to total miscibility. Similarly, here, the NP-NH2
have the lowest total interfacial energy with water, signaling a good dispersibility of these
in water. Although the others are comparable, we predict that the sedimentation of the
nanoparticle colloid will be faster (these systems have only kinetic colloid stability) for the
NP-LCu and NP-LCo than that of NP-NH2 due to the observed difference in the interfacial
energy. Here we note that the NanoTraPPED method directly yields the interfacial energies
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of the NPs, because the contact angle is measured directly at the three-phase line, or at
the polymer/water interface. Conversely, for Reaction 2, the γNP/water decreases with the
substitution reaction, where NP-Gly > NP-N3. This suggests that the NP-N3 are better
wetted by water.

Furthermore, the interfacial energies γd
NP/W , γ

p
NP/W can easily be converted using the

combining rules equation [1] into the surface energy of nanoparticles in air γd
NP, γ

p
NP :

γ
p
NP =

(√
γ

p
NP/W +

√
γ

p
W

)2
(2)

Based on the above formula, we have recalculated the values of the surface energies
and its disperse and polar components, γd

NP, γ
p
NP that are given in Table 2.

Table 2. Surface energies γd
NP, γ

p
NP of the NPs calculated with the Equation (2).

Nanoparticle γp
NP (mN/m) γd

NP (mN/m) γ NP (mN/m)

* NP-OH 25.40 33.92 59.32

** NP-Gly 26.02 51.72 77.74
NP-N3 27.43 53.47 80.90

*NP-NH2 41.96 25.40 67.36
NP-L 59.86 30.83 90.69

NP-LCu 62.96 28.67 91.63
NP-LCo 60.18 33.62 93.80

* values taken from reference [2]. ** values taken from reference [7].

From the values presented in Table 2, a general trend can be observed, for the Reaction
1, namely the surface energy of the NPs, γNP, increases in the order NP-OH < NP-NH2 <
NP-L ≤ NP-LCu < NP-LCo. The steepest increase in the surface energy is first observed
in Table 2, from NP-OH upon the attachment of 3-(triethoxysilyl)propylamine with the
formation of NP-NH2 functionality. This increase in the polar component γ

p
NP to the almost

doubling of its value, although the -NH2 has a smaller dipole moment than the -OH, see
Table S4, can be explained by the introduction of a greater number of these functional
groups on the surface of the NPs than that of hydroxyl groups. The second greatest change
in surface energy can be observed for NP-L after the surface attachment of the ligand by
the reaction between the 2,4-dyhydroxy benzaldehyde and the surface amine groups, see
Table 2. Again, the change in the polar surface energy component is the steepest, γ

p
NP,

and is much larger for NP-L than for NP-NH2, while the disperse component varies only
slightly. This can be explained by the increasing number of polar functional groups; for
every ligand attached on the -NH2, two more polar -OH moieties (Table S4) are introduced,
see Scheme 1A.

Upon the exposure of the NP-L to a solution of 10−2 M of Cu2+ and Co2+ ions, the metal
ion can be either attached to the surface of the NP-L by chemical reaction, coordination
and formation of a chemical complex with the Schiff base, or physical adsorption on the
negatively charged NP-L surfaces, see the zeta potential value in Table S1. While the surface
attachment of cations via physical adsorption is inevitable, the coordinative binding of
the metal ions by the ligand L was also demonstrated from the FTIR spectra. The change
in the surface energy NP-L with the physisorption and chemical coordination of the of
Co2+ with the formation of the NP-LCo complex is minimal, and is indistinguishable
within the error limit of the method. Only in the case of Cu2+ does the formation of the
NP-LCu lead to some more notable change in the total surface energy, mainly due to the
increase in the polar component, see Table 2. The increase in the polar component with
the coordination of the Cu(II) ions could be interpreted by the formation of highly polar
coordinative L- > Cu(II) bonds, but this comes at the expense of the elimination of polar
functionalities of imine -CH=N and hydroxyls -OH. However, the overall polarity of these
interfacial complexes will also depend on their geometry. The only slight change in the
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polar γ
p
NP component with Co(II) and Cu(II) detected suggests that the transformation of

the interfacial ligand and the formation of the interfacial complex does not come with a
dramatic surface transformation, but it is still detectable with NanoTraPPED.

For Reaction 2, see Table 2, the functionalization from NP-OH to NP-Gly produces a
stark change in the disperse component of the surface energy, while the functional group
replacement from NP-Gly to NP-N3 produces only a slight increase in both the polar and
disperse energy component such that the total surface energy increases from 77.74 mN/m
in the former to 80.9 mN/m in the latter case. Although these observed changes are small,
the non-overlapping errors in Figure 6 suggests that these are significant and above the
error limit of the method. We further note that in Reaction 2, similarly to Reaction 1,
there are subtle changes in the functional groups, as the coordination of metal ions and
substitution of glycidyl with azide produces only small changes in the total surface energy
or its components. The polar surface energy γ

p
NP component increases in the order NP-OH

> NP-Gly > NP-N3, which seems to follow the increase in the overall dipole moment of
the functional groups, see Table S4. The disperse component due to London dispersive
interactions also increases in the same order.

Another interesting aspect to note is that the overall surface energy of the NPs seems
to increase with the increase in the complexity of the molecular structure attached to
the surface; that is, any surface modification with an increase in the number of bonds,
branching or increase in number of atoms leads to an increase in the total surface energy.

5. Conclusions

In this work, we have demonstrated that the NanoTraPPED method can be deployed
in monitoring the chemical transformation taking place at the surface of NPs. For this pur-
posed we have designed two surface reactions that change the surface chemistry either by
attachment or coupling of a molecular fragment to the surface or by replacement of a surface
functionality. Stark changes in the surface energy of NPs are noted when a large molecular
fragment is attached to the surface, such as the attachment of 3-(triethoxysilyl)propylamine,
or 2,4-dyhydroxy benzaldehyde, and only minor changes in the surface energies are noted
when slight changes in the nature of functional groups are performed, such as the substitu-
tion of the similar epoxy moiety with azide, or coordination of metal ions. Nonetheless, the
NanoTraPPED proves to be a viable method to monitor the surface reactions and to fully
characterize the physicochemical state of NPs.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nano13071246/s1, Scheme S1: Surface functionalization reaction scheme, Figure S1: SEM
images of the silica NPs before and after functionalization, Figure S2: Cartoon of nanoparticle
adsorbed at the oil/water interface, chemical structure of the vinyl bearing monomers, Figure S3:
Recipes for Pickering emulsion preparation and polymerization, Figures S4–S7: Microspheres of
polymers with the circular traces obtained on their surface after the polymerization of the Pickering
emulsion stabilized by different nanoparticles, Figures S8–S10: Diameters of the circular traces on
the surface of the microspheres and the contact angles at the interface, Table S1: NP zeta potentials,
Table S2: SEM images of microparticles, Table S3: Summary of all hole diameters and contact angles
with the polymer, Table S4: calculated values of the electric dipole moments of the functional groups.
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