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Preface to “"Nanomaterials for Biomedical and
Biotechnological Applications”

Nanomaterials have long been used in basic research at universities and research centres;
therefore, the scientific community is well aware of their potential. What is still not well known
is that almost all kinds of nanomaterials, when properly configurated, can also be used in medical
applications and in industrial processing—in the last case both for catabolic and anabolic biochemical
reactions. The scope of this Special Issue is to collect cutting-edge research works dealing with
nanomaterials that have the potential to produce tools suitable for biomedical and biotechnological
applications.

The authors of this reprint are specialized scholars from high-profile universities who have
contributed with research and review papers. We called on academic, biomedical and industrial

stakeholders who wished to be updated on the latest applications of a variety of nanomaterials.

Angelo Ferraro
Editor
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In the last few decades, biomedical and biotechnological researchers have turned
their interest to nanocomposite materials. One of the first applications of nanomaterials
in medical fields was the use of Gadolinium and Iron Oxide nanoparticles as contrast
agents in MRI imaging. Another well-established clinical application of nanomaterials
is the use of gold nanoparticles to enhance the performance of rapid screen tools such
as lateral flow tests, widely in use nowadays for the COVID-19 pandemic. Since these
very first applications, a growing body of scientific work has been published showing
the extraordinary advantages offered by nanomaterials in speeding up chemical reactions,
enhancing the yield of cell-based catalysis, ameliorating the performance of medications
and many other health care services.

The need for constant improvement to reach a high standard of safety and to make
nanomaterials accessible for marketing has generated, as mentioned before, a considerable
number of scientific papers that highlight new important aspects to be considered, such as
synthesis, stability, biocompatibility, and easy manipulation. In order to provide a compre-
hensive update on the latest discoveries concerning the biomedical and biotechnological
applications of nanomaterials, this Special Issue of Nanomaterials collected 14 papers: 10 as
research articles and 4 as reviews.

The topics analysed in this Special Issue focus on the use of magnetic iron oxide
nanoparticles, gold nanoparticles functionalized ciprofloxacin, boron nitride nanotubes,
poly-e-caprolactone composite sorbent, titanium nanotubes and chitosan—clay nanocom-
posites, which have been applied in both biomedical and biotechnological fields. On the
other hand, the review papers focus on nanotechnology-based diagnostic and therapeutic
approaches to tackle colorectal cancer and SARS-CoV-2-related pathologies; nanomedicine
applications for ocular drug delivery and the different methods to synthetize cerium oxide
nanoparticles meant to be used as a clinical tool.

Iron Oxide nanoparticles present low cellular toxicity, can be easily synthesised and,
most importantly, are easily functionalized with a variety of chemical groups. Four papers
have been published showing the versatility of iron oxide nanoparticles. The work of
G. Banis et al. [1] focuses on the advantages presented by the superparamagnetic feature
of iron oxide nanoparticles, highlighting that they are magnetic only when surrounded
by a magnetic field. Such a property allows to remotely control and thus drive magnetic
nanoparticles using a proper magnetic field, which can be generated either by permanent
magnets or by electromagnets. In their paper, G. Banis and colleagues describe an inge-
nious electromagnet apparatus with the ability to precisely push small drops of magnetic
nanoparticles. The novelty of this research is the possibility to turn, push or attract magnetic
nanomaterials by controlling the intensity of the electric current feeding the electromagnet
array. The paper is accompanied by a video (available on Nanomaterials Journal), where
the authors show the path of magnetically driven nanoparticles suspended in mineral oil.
The clinical implications of these achievements are several, indeed it is now possible to
hypothesise tissue and organ-specific drug administration by conjugating medications
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to magnetic nanoparticles and subsequently using tuneable magnetic fields to reach the
internal target sites.

In addition to superparamagnetism, iron oxide nanocomposites present another in-
teresting physical property: the ability to increase their temperature up to hundreds of
degrees Celsius when embedded in an alternating magnetic field; the so-called magnetic
hyperthermia. Such controlled thermal energy can be used as a physical tool to specifically
kill, e.g., dangerous tumour cells. Sanchez et al. [2] performed an interesting study on
how to produce cubic magnetic nanoparticles with sizes lower than the monodomain
critical value while maintaining the supermagnetism critical value, which guarantees no
agglomeration and, thus, nanoparticles remain in a colloid state when in solution. They
optimised several synthesis variables such as ramp-up temperature, stirring speed, type of
solvent and proportions of raw materials in order to achieve the production goals. Another
important issue examined in the study was the economic and technological viability of
production in order to set the path for future industrial implementation to support clinical
widespread applications of magnetic hyperthermia against tumours.

In this Special Issue, the use of nanoparticles to tackle cancer malignancies both at
diagnostic and at therapeutic levels have also been addressed by an excellent review paper
prepared by Al-Joufi and colleagues [3]. The review, in the first part, provides an exhaustive
but simple overview of colorectal cancer (CRC) disease and the standard diagnostic tools,
whereas in the second part it presents the use of advanced nanomaterials for CRC diagnosis
and treatment.

Another important clinical topic treated in the Special Issue is antibiotic resistance
towards drugs used to cure infectious diseases caused by a variety of microbes. This
phenomenon is becoming a global concern since a growing number of bacteria strains are
now resistant to treatments, presenting a significant threat for human health. Nawaz and
colleges [4] present an interesting paper on how to enhance the efficacy of the antibiotic
Ciprofloxacin by conjugating it to gold nanoparticles. The research focuses on the synthesis
and physical characterization of ciprofloxacin-loaded gold nanoparticles (CIP-AuNPs)
and their effect on the colonisation of the bacterium Enterococcus faecalis in the liver and
kidneys of mice. Authors demonstrate the effectiveness of CIP-AuNPs in eradicating E.
faecalis from the host tissues and, unlike CIP alone, CIP-AuNPs were non-haemolytic, thus
enhancing also the drug’s safety.

Matters of improving safety and biocompatibility have been tackled also for or-
thopaedic implants that are used to repair bone traumas and damages. Baker et al. [5]
propose in their research paper that a new surface treatment with Titanium nanotubes
(TiNT) of implants may promote and improve osseointegration—a phenomenon that leads
to the integration of the implant in the damaged bone. In the study, local and systemic re-
sponses to aligned and trabecular TiNT (the two most common TiNT surface morphologies)
are assessed through in vitro cellular, as well as in vivo, experiments.

In the contest of nanomedicine, Silva et al. [6] report how to improve the performance
of boron nitride nanotubes (BNNTs), which are employed in several medical areas. They
combined copper-64 with BNNTs and synthesized and characterized 64Cu-BNNTs with ap-
preciable properties that suggest numerous multifunctional applications, with advantages
for cancer diagnosis and therapy.

Suresh and colleagues [7] also focus their work on biomedical field and in particular
on how to improve drug activity to tackle rheumatoid arthritis. In their research paper it is
show a novel formulation of a methotrexate-loaded nanoemulsion for subcutaneous admin-
istration. Even though the paper presents initial data that must be confirmed, the authors
show that methotrexate-loaded nanoemulsion, at lower concentration, is safer for systemic
circulation and that anti-arthritic activity of the nanoemulsion in CFA-induced animals is
superior compared to the market drug.In connection with the previous studies, the group
of Veloso and colleagues [8] reported the performance improvement of drug carrier-like
peptide-based hydrogels by using two different functionalized magnetic particles. The
paper showed how to use two different functionalized nanoparticles, citrate-stabilized and
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lipid-coated magnetic nanoparticles, in the formation of dehydropeptide-based supramolec-
ular magnetogels. These nanocomposites have been tested for the encapsulation and release
of Doxorubicin—one of the most commonly used chemotherapeutic drugs in a wide variety
of cancers.

An interesting review is also presented by Khiev and colleagues [9], who analysed
the topic of nanotechnology-based drug delivery systems in treating ocular diseases. The
review highlights the potential of nanomaterial tools to overcome several limitations of
conventional therapies during drug delivery across the blood-retinal barrier, making it a
major clinical challenge. Therefore, the review summarizes the development of organic
and inorganic nanoparticles for ophthalmic applications.

The use of nanomaterials to tackle other human health threats such as the SARS-CoV-2
pandemic is similarly reviewed by Asdaq and colleagues [10] and published in the Special
Issue. The review, in the first part, focuses on the virus’s basic structure, pathogenesis,
and the current treatment options for COVID-19. In the second part, the study addresses
nanotechnology and its applications in diagnosis, prevention, treatment, and targeted
vaccine delivery, laying the groundwork for a successful pandemic fight.

Another critical review study is presented by Nyoka et al. [11], where the authors
focus on the synthesis of cerium oxide nanoparticles by analysing various methods and
explaining how the synthesis method affects physicochemical properties, behaviour in
biological environments and catalytic abilities, as well as toxicity.

Concerning the chemistry application of nanomaterials, the theme of complex bio-
logical mixture separation is discussed by Raabova and colleagues [12]. In their research
paper, the authors describe the advantages of combining poly-¢-caprolactone micro- and
nanofibers for the online extraction of analytes from milk and serum matrixes, and confirm
the protein removal capability, good mechanical stability and re-usability of this sorbent in
more than 300 analyses.

Finally, the following two papers of this Special Issue address biotechnological applications.

M. Savvidou et al. [13] illustrate in their work a biotechnological application of iron ox-
ide nanoparticles. Additionally, in this case they take advantage of the superparamagnetic
property of iron oxide nanoparticles. They report how to harvest microalgae cells from the
culture medium. Microalgae are photosynthetic single cell organisms that grow both in sea
and fresh water. These marvellous forms of life are able to synthetise good quality proteins,
lipids, antioxidant, food dye and other metabolites used for food and cosmetic applications.
They require water medium to grow and, in order to collect their valuable products, must
be separated from their culture liquid. Several de-watering technologies are available, such
as filtration, centrifugation, precipitation, decantation, but all of them are time-consuming,
high energy-demanding and expensive. M. Savvidou and her group report how the use of
magnetic nanoparticles improved de-watering yield and at the same time lowered time
and cost of microalgae harvesting.

The work of Benucci et al. [14] focuses on the development of new nanocomposite
materials for food application. In their research, the authors synthetised chitosan—clay
nanocomposite films to be used as carriers for the covalent immobilisation of the proteolytic
enzyme, Papain. This enzyme is used to stabilise various types of food and drinks. The
paper demonstrates how the use of chitosan—clay nanocomposite enhances the ability of
Papain to stabilise white wine.

Funding: This research received no external funding.
Institutional Review Board Statement: Not Applicable.

Informed Consent Statement: Not Applicable.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Treatment of certain diseases requires the administration of drugs at specific areas of
tissues and/or organs to increase therapy effectiveness and avoid side effects that may harm the
rest of the body. Drug targeting is a research field that uses various techniques to administrate
therapies at specific areas of the body, including magnetic systems able to drive nano “vehicles”,
as well as magnetically labeled molecules, in human body fluids and tissues. Most available actuation
systems can only attract magnetic elements in a relatively small workspace, limiting drug target
applications to superficial tissues, and leaving no alternative cases where deep targeting is necessary.
In this paper, we propose an electromagnetic actuation system able to push and deflect magnetic
particles at distance of ~10 cm, enabling the manipulation of magnetic nano- and microparticles,
as well as administration of drugs in tissues, which are not eligible for localized drug targeting
with state-of-the-art systems. Laboratory experiments and modeling were conducted to prove the
effectiveness of the proposed system. By further implementing our device, areas of the human body
that previously were impossible to treat with magnetically labeled materials such as drugs, cells,
and small molecules can now be accessible using the described system.

Keywords: magnetic driving; magnetic nanoparticles; actuation system; drug targeting

1. Introduction

The remote manipulation of nano- and microparticles attracts researchers from various scientific
fields. Several technologies were adopted, whereby magnetism and composite materials seem to
be the most appropriate tools for this task. The applications of magnetic particles in biomedical
and clinical research fields are several. They are used for drug delivery in tumors [1-4], infective
diseases [5], thrombosis [6], localized administration of drugs [7], stem-cell therapies [8-10], and gene
delivery [11,12]. To manipulate magnetic particles, permanent magnets or electromagnets can be
used. Permanent magnets propagate high-gradient magnetic fields able to retain magnetic particles in
relatively small distances (up to 5 cm); however, the propagated field intensity cannot be adjusted.
Therefore, their clinical applications are limited, e.g., for retaining magnetically responsive materials at
small distances. A second alternative of magnetic manipulation relies on the use of electromagnets
which enable the possibility to fine-tune or switch on/off the generated magnetic field. Many attempts
were made to manipulate magnetic agents for clinical purposes such as the Octomag [13] or the
Mag-puBot system [14]. Nevertheless, all these systems can only attract magnetically labeled items
because of the paramagnetic nature of magnetic nano- and microparticles. Furthermore, an additional
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obstacle in driving pharmaceutical agents in deep tissues and organs is human body size [15]. In order
to reach deep targets while preserving the ability to manipulate pharmaceutical agents, it is necessary
to magnetically push nano- and/or microparticles (magnetic injection) deep into the human body.
In an early study using permanent magnets with a specific configuration, Sarwar and his colleagues
successfully managed to push magnetic particles into rat inner ears, keeping the apparatus at a
corresponding “human head” working distance [16,17]. Nevertheless, the system proposed by Sarwar
has the major drawback of moving parts. To achieve the pushing effect, all magnetic apparatus must
be moved, implying a complex design and a laborious use of the entire device. Electromagnetic
driving devices designed and developed by Probst et al. and Bijarchi et al. were also proposed
recently [18,19]. However, these electromagnetic devices with adjustable magnetic gradients cannot
manipulate magnetic microdroplets at human body working distances.

In this work, we present the design of an actuation system able to manipulate (deflect and push)
magnetic particles at relatively big distances from its cores without the need for moving parts. Indeed,
the pushing effect is obtained by fine-tuning the electric current feeding a specifically configurated
electromagnet array. The optimum design and working conditions (angle, current for each coil,
distance, etc.) were optimized by using computer simulations; subsequently, the magnetic system was
constructed and tested successfully. This design paves the way for driving pharmaceutical agents in
deep areas of the human body. The fact that electromagnets are used offers a promising and fully
controllable tool for biomedical applications to push, deflect, or pull magnetic particles at relatively
long distances from the magnetic core.

2. Materials and Methods

2.1. Magnetic System

The distance between the electromagnet and the magnetic particles to be driven is a key parameter
in the equation governing any magnetic system that is intended to be used for the remote control of
magnetic nano- and/or microparticles [20]. Indeed, the magnetic field intensity must be increased as the
distance increases from the magnets. To design our system, we took advantage of the basic principal
that, thanks to a specific electromagnet configuration, the magnetic field lines sum together at one
specific point due to the linearity of Maxwell’s equations. On this specific point, magnetic lines cancel
each other, creating a magnetic field minimum. The magnetic field strength will increase outward from
this minimum and create outward forces. The apparatus that was constructed following this reasoning
and presented here consists of four coils, two steel cores, four power supplies, and a control system.

To achieve an increasing magnetic field gradient which pushes magnetic particles, the magnetic
lines have to cancel themselves (meet at 180°) at a desirable point and, after that, the magnetic field
vectors should meet again with an angle different from 180°. We used the finite element method
through ANSYS 17 (Ansys, Canonsburg, PA, USA, licensed to National Technical University of Athens)
to test different electromagnet arrangements with various angles and various current combinations to
optimize the magnetic line alighments and obtain a cancellation node, where only one configuration was
selected to be experimentally validated and is presented hereafter. The magnetic core dimensions were
60 x 60 x 170 mm3, made from electrical steel SA1008 (Sidenor steel industry, Maroussi, Greece), and the
inner and outer coils were wound in 350 and 540 turns, respectively, with 2-mm-diameter copper wire.
At each core, two coils were wound (Figure 1). Magnetic cores were surrounded by wooden holders
and connected by an adjustable wooden bar to regulate the angle between electromagnetic elements.

2.2. Control System

The control system was designed and developed in order to control the characteristics of the
supply signal and feed each coil separately with pulsing direct current (DC) (1 s duty cycle, 1 s
pulse width). In order to accomplish this, the control system was based on the pulse-width modulation
(PWM) technique, according to which the modulation of the width (duration) of a pulsed signal results
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in the amplitude adjustment of the output voltage. As a result, the designed control system can be used
to adjust the current, as well as the pulse width (duty cycle) supplied to each coil. The schematic of the
designed circuit is provided in Figure S1 (Supplementary Materials). It consists of four channels, each
of which can be connected to a different coil. Each channel is controlled by a current mode controller
(TS3843B). The output of each controller can be adjusted by a potentiometer, which is located at the
upper panel of the control system. A fifth knob is used in order to control the pulse duration, through
a selection among 12 different capacitor networks, which are connected to the controller through a
Schmitt trigger inverter (74HC14). Finally, the adjusted controller’s output is fed to the gate of a power
metal-oxide—semiconductor field-effect transistor (MOSFET) (IRFP3306PbF), which allows the current
to flow to the connected coil.

The designed circuit was fabricated on a printed circuit board (PCB), having the required terminals
for the connection of the coils. Four power supplies with a maximum output power of 600 W (24 V,
25 A) each were used in order to provide sufficient power to the coils.

Figure 1. Electromagnet unit arrangement with the two coils (outer and inner) and the electrical steel
core: (a) front view; (b) top view.

2.3. Nanoparticles

For the experiments, a microdroplet of superparamagnetic nanoparticles was used. The product
(fluidMAG-Lipid, article number 4119-5) was purchased from Chemicell GmbH, Berlin, Germany.
The nanoparticle core was magnetite-functionalized with a matrix phosphatidylcholine, resulting in
a hydrodynamic diameter of 100 nm. The surfactant (matrix phosphatidylcholine) is hydrophilic;
therefore, nanoparticles were dissolved in water. For the experiment, oleic acid was used in order
to force the nanoparticles to form a microdroplet. The nanoparticle buffer was sterile water, and a
micropipette with adjustable volume between 0-10 puL was used to transfer the microdroplet of
nanoparticles in the oleic acid.

2.4. Microscope

Images and videos were recorded using a simple microscope made of plastic elements to avoid
interference with the magnetic field (Bresser junior DM400 digital microscope, Bresser, Germany).

3. Results

3.1. Magnetic Actuator Modeling and Construction

The electromagnetic system, as well as the control system regulating the current at each coil, was
constructed at our laboratory facilities. The validation of the design was done using a Hall sensor
in order to compare the generated field with the values from the simulations. Measurements and
simulations were taken for 18 A at the outer coils and 6 A in the inner coils. In Figure 2, the whole
apparatus is shown together with the simulation results. Experimental measurements are compared
and a very small deviation between them can be observed. In Figure 2b, the magnetic field intensity
that propagated at a straight line from the middle of the cores is depicted for 18 A at the outer coils and
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6 A in the inner coils. At a distance of 7.5 cm from the cores, for the specific values of current in the
coils, the magnetic field intensity is minimized due to the opposite direction of the vectors at this point.

3.2. Validation of the Pushing Effect

We performed preliminary tests in order to verify the efficiency of the system and the reliability
of the simulations. A paramagnetic sphere of 4-mm radius was placed on an aluminum rail at 9 cm,
nearby the cancellation node (7.5 cm) but are the point where outward force was maximum (Figure 3a)
according to the simulation results as seen in Figure 2. Subsequently, by feeding the coils with
18 A (outer coils) and 6 A (inner coils), the sphere received a magnetic push that moved it by about
10 cm from the initial point (Figure 3b). The results of this experiment confirmed the accuracy of our
simulations, as well as the measurements with the Hall sensors. However, since the aim of our study
was to demonstrate the possibility to magnetically push small particles in the human body, we set up a
second round of experiments.

3.3. Remote Control of Magnetic Microdroplet

For this experiment we used a microdroplet with a volume of 10 pL of water-soluble ferrofluid
material placed in 100% oleic acid (Figure 4). The petri disc containing the microsphere of ferrofluid
nanoparticles and oleic acid was put at a specific distance (9 cm) from the cores in order to align
the microdroplet with the point where outward force was maximum (Figure 4), and electromagnets
were activated as described previously. Due to the high viscosity of the oleic acid and the size of the
specimen, the movement of the microdroplet was restricted only to a few mm as seen in Figure 4.
Nevertheless, this significant magnetic push received by the microdroplet demonstrates that it is
possible to remotely control paramagnetic material.

)

[ 0225

Figure 2. The whole apparatus is depicted in (a): (i) the microscope used to monitor the movement of the
magnetic droplet; (ii) electromagnets; (iii) the control system; (iv) the power supplies. (b,c) Simulations
for the magnetic field intensity propagated by the electromagnets are shown, as well as the vectors of
the field. Arrows in (b,c) indicate the cancellation area created at given distance from magnet cores
and the initial position of the magnetic sphere and microdroplet. (d) The magnetic field intensity
measured by a Hall sensor (orange color) in comparison with the results of the simulation from ANSYS
(blue color). The measurements are taken on the centerline starting from the last point of the cores
(dashed lines). The scale bars are in meters.
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Figure 3. (a) Map of magnetic forces generated around the electromagnets; units reported in the
simulation are arbitrary and are intended to highlight areas where the force is almost zero (dark blue),
while the other colors indicate forces >0. The scale bar is in meters. (b) A paramagnetic sphere pushed
from 9 to 19 cm on an aluminum rail using the actuator system.

Figure 4. Ferrofluid microdroplet being pushed in oleic acid.

Having assured the reliability of the simulations, the next step was to test the deflecting efficiency.
To do so, the ferrofluid microdroplet, a cluster of nanoparticles with average size of 100 nm, was
put at the same starting point, and the coils were fed with specific currents (Figure 5 and Video 51,
Supplementary Materials). In particular, coil 1 and coil 2 of the left array (Figure 5a,b) were fed with
15.5 A and 4 A, whereas coil 3 and coil 4 of the right array were fed with 4 A and 13 A, respectively.
This differential power supplied to the four coils allowed us to create a magnetic flux that moved the
droplet toward the X-axis (Figure 5c). For the deflecting step that allowed us to move the droplet
toward the Y-axis (Figure 5d), coil 1 and coil 2 of the left array (Figure 5e) were fed with 17.5 A and 4 A,
whereas coil 3 and coil 4 of the right array were fed with 4 A and 11 A, respectively. The differential
current suppled to each coil in these experiments allowed remotely controlling a microdroplet of
magnetic material; the experimental data were confirmed by the simulations that predicted a change
in the direction of the magnetic field vectors (Figure 5b,f) as a consequence of power supplied to
the coils. The velocity of the ferrofluid droplet was also calculated to be approximately 135 pm/s.
The driving of the magnetic droplet was based on the optical feedback provided by a microscope
connected to the computer. However, it is possible to predesign a route and program the actuation
system accordingly, in order to drive the microdroplet at a specific route, without intervening during
the procedure. The programming of the actuation system will be presented in a future work.
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Figure 5. (a,b) Simulations of the magnetic field intensity and the vectors of the field for currents used
to push forward the droplet. (c) The positions of the droplet at t =0, 6, and 12 s. (d) The position of
the droplet for t = 24, 32, and 48 s. (e,f) Simulations of the magnetic field intensity and the vectors
of the field for currents used to deflect the droplet. Note the change of direction of the vector in the
cancellation node (arrows) in (b,f) due to different current supply to the four coils. The measurements
are taken on the centerline starting from the last point of the cores (dashed lines). The scale bars are
in meters.

4. Discussion

To achieve pushing and deflecting effects of any magnetic material, a controllable cancellation
node in a given bidimensional space must be realized. In fact, at this unique point, the magnetic lines
at the minimum field point meet each other with opposite vector directions but with the same absolute
field intensity values. Since the magnetic fields do not cancel at other points, this point is a unique
location of a locally minimum (zero) magnetic field strength. The forces increase from low to high
magnetic field; therefore, in the region beyond the cancelation node, the generated forces will push
particles away from the magnetic system. An ideal magnetic actuator system should offer the ability to
adjust the position of the local minimum point and, therefore, to remotely drive the magnetic objects
by regulating the power provided to the electromagnets, and not by moving the magnetic elements.
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The magnetic force applied by a non-homogeneous magnetic field on a particle suspended in a
fluid is given by the following equation:

Fu = po(mp = mf)-V)Hap, (1)

where 1, is the permeability of free space, V is the Hamilton operator, H,, is the
value of the magnetic field intensity applied at the place where the particle is located,
my is the magnetic moment of the particle, and my is the magnetic moment of the liquid where the
particle suspends. x;, and X are the susceptibilities of the particle and the fluid, respectively.

B(Xp ~Xf )
[0y = x5) +3(xs +1)]

In our case, the x f of oleic acid is ~0; thus, the equation can be written as

mp - H”If = Vp Hap- (2)

3X,
Fun = 1tV ———(Hap'V)Hyy. (3)
p
(% +3)
The force applied by a magnetic field with magnetic field intensity H,, at a magnetic particle of
radius a(m) and magnetic susceptibility x is
4o px dHyp  2ma®  wox 2
3 x) P dx 3 X V(|H“”| )
(1+%) (1+%)

= 4)

Based on literature data, the magnetic susceptibility of the magnetic microdropletis x ~ 20 [17] and
that of the human body is x ~ 107°~107* [21]; thus, the efficiency of the magnetic field on the magnetic
microdroplet is not affected remarkably by human tissue. The magnetic force applied depends strongly
on the particle size. Very small objects with size on the order of nm can be manipulated by using
cooling systems, which allow providing higher currents feeding the coils. Moreover, the magnetic
forces can be increased by choosing particles with anisotropic shape [22] or particles with higher
magnetic susceptibility. Furthermore, it must be noted that the magnetic force increases according
to the increase in the magnetic field gradient. A steeper gradient results in a bigger force on a given
microdroplet. Manipulation of magnetic ferrofluids attracted the interest of various scientific fields
due to the multidisciplinary nature of applications. Nacev et al. and Torres-Diaz et al. [23,24] described
various approaches that were done in order to manipulate ferrofluids; however, they reported the
control of ferrofluid at small distances and without the ability to push outward. Other attempts were
made by Zhang et al. and Hassan et al. [25,26] to manipulate ferrofluids using uniform magnetic fields
which are easier to acquire, but the feasibility of this manipulation applied to human body still presents
drawbacks due to system complexity and operational distances. The system presented in this work
overcomes many of these issues.

A highly important field of interest is anti-tumor therapy. Indeed, magnetic drug delivery
could enable a better treatment efficiency, while minimizing side effects of the chemotherapy.
By functionalizing drug nanocarriers with therapeutic molecules able to interact specifically with
tumor cells, it is possible to deliver drugs exclusively to the tumor tissue [27]. Another important
application is targeted regenerative medicine and, more specifically, magnetically driven stem cells.
Stem cells play a special role in renewing and repairing damaged tissues and organs. However, a big
obstacle in such therapies is the inability to retain stem cells to the desired location. To achieve this goal,
magnetic nanoparticles could be inserted in the stem cells, conferring in this way magnetic properties
that allow immobilizing them via an externally applied magnetic field. Furthermore, with magnetically
modified cells, it would be possible to avert the problem of the short-term cell engraftment in organs
or tissue after the injection. One application of stem cells that is becoming increasingly interesting with
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significant opportunities in the field of neurosurgery is the treatment of spinal cord injuries. Spinal
cord injuries (SCls) are defined as complicated pathophysiological damages caused by injuries to the
spinal column, and there are over 700,000 cases per year worldwide [28]. SCI pathophysiology can be
divided into two distinct phases. Primary injury is the initial shearing or compression of the spinal cord
tissue. The mechanical force of the primary injury can lead to hemorrhage, disruption of cell membrane
integrity, and ion and neurotransmitter imbalance that immediately affects neural function. Secondary
injury is related to the progressive inflammatory, ischemic, and apoptotic cascade that follows the
initial mechanical assault [29]. The target of stem-cell therapies for SCI is to minimize the spread of
secondary injury, improve the function of remaining cell populations, and engage regeneration of
neuronal and glial populations. All these therapeutic effects could be achieved via a remote control of
magnetically responsive stem cells and an apparatus like that proposed in the present work.

Another interesting field of application of magnetically responsive cells is cellular transplantation,
which can be augmented with a combination of growth factors, scaffolds, or other biomaterials that
improve cell survival, engraftment, and differentiation. Intraspinal application of these therapies
leads to engraftment of transplanted cells, which may promote neural regeneration through several
proposed mechanisms [30]. The engraftment on specific locations can be effectively increased by using
magnetically modified stem cells. Furthermore, various studies were conducted on the delivery of
magnetically modified stem cells at targets such as the myocardium or at the spinal canal, but the
targeting in all these studies was primeval, since no study used a sophisticated method to guide and,
most importantly, to inject the magnetic stem cells to the location needed [31]. Implementation of our
devices could offer a solution for those pathologies that, at the moment, remain without any feasible
operative option.

5. Conclusions

In this work, we presented an electromagnet system of four coils arranged in two units with
a particular configuration. Laboratory experiments and modeling were conducted to prove the
effectiveness of the proposed system. We showed, for the first time, an apparatus able to push and
deflect magnetic particles just by acting on the currents provided to the four coils without moving
any system part. The reason why two units of two coils per core were utilized is essentially due to a
better control of the magnetic object during the deflection movement. Indeed, by regulating the power
supplied to each coil forming a single unit, the magnetic force generated can be precisely modulated.
The pushing effect could be realized with only two coils; however, in order to deflect and pull the
microdroplet, the four-coil configuration is necessary. Implementation of our device could offer a
solution for pathologies that can be treated with drug target therapies but, at the moment, remain
without any feasible operative option.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/2/371/s1,
Figure S1: Schematic of the control system, Video S1: Magnetic microdroplet deflection and pushing.
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Abstract: Cubic nanoparticles are referred to as the best shaped particles for magnetic hyperthermia
applications. In this work, the best set of values for obtaining optimized shape and size of magnetic
particles (namely: reagents quantities and proportions, type of solvents, temperature, etc.) is de-
termined. A full industrial implementation study is also performed, including production system
design and technical and economic viability.

Keywords: magnetic hyperthermia; magnetic nanoparticles; optimization; economic analysis; plant
design and process engineering; cubic particles

1. Introduction

According to the World Health Organization (WHO), cancer is the main cause of death
in the world, having been responsible for 9.6 million of deaths in 2018. In the next two
decades, the increase in the number of cases is expected to be 60%, according to a new WHO
report [1]. Thus, research in oncology is extremely important to develop therapies to treat
this disease and increase the expectation and quality of life of patients. Currently, the main
treatments are based on surgery, radiotherapy, and chemotherapy. Thus, these techniques
have concentrated most of the research and development till now. Nevertheless, the known
side effects of these treatments have not been completely eliminated yet. Due to all this,
the search for more efficient techniques and more specific action, with fewer unwanted
effects, is important in promoting a better quality of life for patients. Various types of
complementary therapies exist and are continuously being developed. In particular, the
so-called hyperthermia therapies, which take advantage of the fact that tumor cells have
a lower thermal tolerance than healthy cells [2]. In fact, hyperthermia is a therapeutic
procedure in which tissues/cells are heated above normal physiological ranges (between
41 and 46 °C) in order to kill tumor or sensitize cells to increase the efficiency of standard
therapies.

A more recent modality is magnetic hyperthermia (MHT) [3-6], where the increase in
temperature occurs by applying alternating magnetic fields to a magnetic material with
specific characteristics. In fact, the use of Magnetic Nanoparticles (MNPs) in medicine
allows to treat hard-to-reach regions of the body. Chemical manipulation at a nanoscale
size has conferred the ability to conjugate biomolecules, such as antibodies, with magnetic
particles, for a more effective therapy or to achieve a specific goal, making MNPs ideal
vehicles for new therapies based on localized and selective heat dissipation. Thus, MNPs
can simultaneously combine various therapeutic functionalities, such as drug carriers,
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contrast agents in magnetic resonance imaging, or magnetic heating agents. Although
MHT has been incorporated into clinical practice to treat a relatively wide range of types
of cancer (prostate, esophagus, brain, etc.), today, it has shown to be advantageous in the
treatment of sarcomas, carcinomas, and lymphomas.

The ability of the magnetic nanoparticles to generate heat when subjected to alternat-
ing magnetic fields is the basis of MHT. In fact, when exposed to an alternating magnetic
field, MNPs produce heat through two main mechanisms [7]: hysteresis loss and Néel and
Brown relaxation loss. Hysteresis losses occur in large MNPs that have multiple domains,
while relaxation losses occur mainly in single domain MNPs.

Magnetite (iron oxide) particles are well-known for their biocompatibility, possible
monodispersity and easiness of synthesis [7-9]. Besides, mono-domain particles are usually
easy to obtain. Shape and size are important characteristics and it has been proven that
critical size of magnetite to form multidomain structure is between 76 and 80 nm for
cubic-shaped particles and 128 nm for spherical particles [10]. Supermagnetic behavior is
known to exist, at least, below 50-20 nm for magnetite particles, depending on their shape
and other characteristics [11-13]. Besides, SAR values (Specific Absorption Rate) for cubic-
shaped particles have been shown to be higher than the ones presented by spherical-shaped
particles [14,15]. The correlation between particles microstructure and MHT response has
been demonstrated (e.g., [16-18]).

The main methods to produce MNPs are coprecipitation, thermal decomposition,
microemulsion, sol-gel, hydrothermal synthesis, and synthesis with polyols [8,9]. These
methods have been used to prepare particles with an appropriate composition and size
distribution, according to the application in mind. For example, for environmental non-
specific treatments, coprecipitation is usually the preferred method [8,19-23], while for
biomedical applications where monodispersed particles are usually required, less simple
methods, like thermal decomposition and hydrothermal, are preferred [8]. A summary of
the main methods and their characteristics is presented in Table 1.

Table 1. Comparison between selected magnetic nanoparticle manufacturing methods.

. . . Surface- .
Manufacturing . Reaction Reaction . Size Shape .
Method Synthesis Temp. (°C) Time Solvent Capping Distribution Control Yield
Agents
Coprecipitation Yery 20-90 Minutes Water Durmg./ after Relatively Not good High
simple reaction narrow
. . . . . . Relatively
Microemulsion ~ Complicated 20-50 Hours Organic agents ~ During reaction narrow Good Low
Thermal . Hours- . . . .
decomposition Complicated 100-320 days Organic agents ~ During reaction ~ Very narrow  Very good High
Hydrothermal Simple 200-250 I—ézl;lés- Water-ethanol During reaction =~ Very narrow  Very good = Medium
Poliol Simple 25_113;ﬂtng Hours Ethylene PEG During reaction Narrow Very Good High

In the case of magnetic hyperthermia, magnetic nanoparticles must present good size
distribution, good shape control, and a good SAR generation capability.

Most of the published literature is concerned with laboratorial methods to produce
magnetic nanoparticles for hyperthermia applications, but, so far, to the best of our knowl-
edge, none has studied the economic and technological viability of the scale-up of the
method and its possible application at large-scale industrial production (which is an impor-
tant step towards its widespread production and availability, especially after the recent
license of a real medical clinical application of magnetic hyperthermia). This will also limit
the number of producing methods that may be selected, as the method must be easily
scalable (a fundamental characteristic for a production plant).
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The present work is concerned with the maximization of the magnetic hyperthermia
capabilities of the particles, without increasing the costs to an unbearable level. Thus, the
goal is to produce cubic magnetic nanoparticles with sizes lower than the monodomain
critical value and, if possible, the supermagnetism critical value. The optimization of the
main variables (ramp-up temperature, stirring speed, type of solvent, proportions of raw
materials) for the selected method of production is one of the goals. The other goal is to
study the economic and technological viability of the production, in order to set the path
for future industrial implementation to support clinical widespread applications.

2. Materials and Methods
2.1. Reagents

In this study was used: iron (III) acetylacetonate (99%) from Sigma Aldrich (St. Louis,
MO, USA), oleic acid (90%) from Panreac (Barcelona, Spain), benzyl ether (99%) from
Sigma Aldrich (Madrid, Spain), 4-biphenylcarboxylic acid (99%) from Sigma Aldrich
(Madrid, Spain), toluene (99.8%) from Panreac (Barcelona, Spain), hexane (99%) from Pan-
reac (Barcelona, Spain), chloroform (99.9%) from Panreac (Barcelona, Spain), and nitrogen
(99%) from Air Liquide (Paris, France). All solutions were made with distilled water.

2.2. General Experimental Methodology
2.2.1. Synthesis of Cubic Magnetic Nanoparticles

For the synthesis of the magnetic nanoparticles, the method developed by Kim
et al. in 2008 [24] was followed, which gives rise to MNPs with cubic morphology and
with sizes close to the critical size of the superparamagnetic state. In a typical synthe-
sis of magnetite nanocubes, 2 mmol of iron acetylacetonate (Fe(acac);)—Fe(CsH7;0,),,
4.5 mmol of oleic acid (C1gH34), and 52.5 mmol of benzyl ether — C14H14,0—(or 2 mmol of
4-biphenylcarboxylic acid — C13H;90O2—depending on the size and shape) were used. The
initial mixture is first degassed with nitrogen gas. Then, temperature is risen up to 290 °C
at a temperature gradient ramp-up of about 20 °C/min, under energetic stirring. Once the
final temperature is reached, the reaction remains at 290 °C for 30 min. At the end of the
process, the sample is cooled and a mixture of toluene and hexane in a 4:1 volumetric ratio
is added, and the sample centrifuged at 1700 rpm. Finally, chloroform is used to clean the
particles. The main reaction that occurs at these conditions is:

aFe(C5H702)3 +bCigHzq + cCi3H190,/dC14H14O — eFe304 4 Subproducts 1)
The steps of the reaction process are represented in Figure 1.

2.2.2. Particles’ Characterization

Particles were characterized by determining their magnetic properties, size, and shape
and percentage of magnetite. Hence, to certify the percentage of obtained magnetite, X-ray
studies were made (X-ray diffraction (XRD) Bruker D8 Advance, Karlsruhe, Germany);
to determine the morphology and size of the particles, Scanning Electron Microscopy (SEM)
(JEOL JSM-840, Madrid, Spain) was performed; finally, to access magnetic susceptibility,
samples were analyzed with a Kappabridge KLY-4 susceptometer (a semiautomatic auto
balance inductivity bridge, Porto, Portugal).
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Figure 1. Reaction mechanism—based on [25].

2.2.3. Influence of the Main Variables

For all these experiments, the default options are: iron acetylacetonate (III)—2 mmol;
oleic acid—4.5 mmol; 4-biphenylcarboxylic acid—2 mmol; stirring—200 rpm; reaction
temperature—290 °C; temperature ramp-up: 20 °C/min; centrifugal speed—1700 rpm.
The analyzed variables were:

(a) Effect of mechanical stirring (four values were used: 150, 170, 200, and 220 rpm).

(b) Effect of temperature ramp-up (the increasing temperature gradients studied were:
15, 20, 25, and 30 °C/min).

(c) Effect of the type of solvent (the solvents studied were: (a) 4-biphenylcarboxylic
acid—2 mmol; (b) benzyl ether—52.5 mmol; (c) both solvents: 4-biphenylcarboxylic
acid—2 mmol—and benzyl ether—52.5 mmol).

(d) Effect of reagents ratio (the ratios studied were: doubling oleic acid amount, doubling
4-biphenylcarboxylic acid amount, and doubling all reagents).

(e) Degassing time (the degassing time with nitrogen was reduced by half).

In Table 2 are shown the values used in each experiment. It is important to notice that
experiment 7 corresponds to the predetermined conditions with similar results to those
already presented in literature, thus no results are presented here.
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2.2.4. Economic Analysis and Industrial Scale-Up Study

The following methodological steps were applied for the economic analysis and in-
dustrial scale-up [8]: (a) determine the optimized process for magnetic hyperthermia;
(b) perform a market study to determine the demand of the product (magnetic nanoparti-
cles) for hyperthermia applications; (c) determine the size of the plant; (d) analyze all the
process steps, choose all the process units and perform all the mass and energy balances
required in the plant; (e) detailed scale-up design of the main equipment; and (f) analyze
the global economic impact and profitability.

2.3. Instrumentation

The main instrumentation used was: Three-way Reactor (Nahita, Madrid), Orbital
stirrer (Nahita, Madrid), Thermal Heater (Nahita, Madrid), Centrifuge (Fischer, Barcelona),
besides regular laboratory glass material.

3. Results and Discussion

In order to determine the best set of values for the main producing parameters, the
obtained particles need to be analyzed and compared according to their main characteristics.
In this context, it is important to analyze: magnetic properties (magnetic susceptibility),
phase composition or phase distribution ratio (XRD), particle size, and morphology (SEM).

3.1. Magnetic Properties

In Table 3 are shown the results obtained for the magnetic properties of the final
product corresponding to each experiment.

Table 3. Magnetic properties of the produced nanoparticles.

Experiment Number

Magnetic susceptibility (SI)
Experiment number
Magnetic susceptibility (SI)

1 2 3 4 5 6 7 8

251 x 1074 529 x 1074 2.84 x 1074 1.56 x 107* 1.51 x 107 256 x 1074 9.71 x 1075 2.00 x 107*
9 10 11 12 and 14 13 15 16

213 x 1074 9.25 x 107° 4.64 x 1074 312 x 1074 244 x 1074 — —

As it may be seen, the large majority of the obtained nanoparticles present the same
order of magnitude for the magnetic susceptibly. However, particles obtained in experi-
ments 2, 11, 12, and 14 present the highest values, while the lowest values were obtained
for experiments 7 and 10.

3.2. Composition

Concerning their structure, X-ray analysis were made on all particles obtained from
the set of the performed experiments. In Figure 2 is presented one of the diffraction patterns
obtained for these. They all are almost coincident and present the same peaks, so they may
be represented by the one depicted in Figure 2 (except for experiment 15 and 16 for which
no analysis was possible to be done due to the nature of the obtained products). The typical
magnetite peaks are shown in red, according to Powder Diffraction File PDF2 dataset #82-
1533 (Powder Diffraction File, International Centre for Diffraction Data, Newtown Square,
PA, USA). No additional peaks are found, so samples are essentially pure magnetite.

In addition to the qualitative analysis, an estimation of the crystallite size was calcu-
lated by using the Scherrer equation (Table 4). The main peak (at ca. 35.5°) was used for
the calculations. Lanthanum hexaboride (NIST-660b) was used as crystalline standard for
instrumental broadening.
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Table 4. Estimation of the crystallite size (calculated by using the Scherrer equation).

Experiment Number 1 2 3 4 5 6 7 8
D (nm) 73 50 44 39 32 37 88 92
Experiment number 9 10 11 12 and 14 13 15 16
D (nm) 121 36 54 32 50 — —
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Figure 2. X-ray of experiment 14.

3.3. Particle Size and Morphology

In Figure 3 are presented the secondary electron SEM images of the particles obtained
in experiments 1-14, while in Table 5 are presented their size ranges percentages, extracted
from the corresponding histograms shown in Supplementary Materials. For some particles,
high-quality images were not possible to obtain, mostly due to charging, even after gold
sputter coating. In spite of this setback, relevant data were obtained, as summarized in
Tables 5 and 6. Some general comments may be emphasized. Typically, when poorly shaped
particles are obtained, some tendency to large agglomeration is present, maybe suggesting
some kind of growth interference (e.g., Figure 3a,d). When moderately shaped particles are
attained, there is a tendency for euhedral forms, almost cubic, though occasional octahedra
may be present (e.g., some triangles in Figure 3k), but no rhombic-dodecahedra have been
detected. At last, when well-shaped forms are obtained, there is an undoubted preference
for cubes and parallelepipeds, in accordance to the results of Kim et al. 2008 [24]. Some
stacking is observed (e.g., Figure 3g—i), but it has to be underlined that twinning is not
detected in any well-shaped sample.

21



Nanomaterials 2021, 11, 1652

Figure 3. Cont.
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Figure 3. SEM of the nanomagnetite particles obtained in experiments: (a) 1; (b) 2; (c) 3; (d) 4; (e) 5; (f) 6; (g) 7; (h) 8; (i) 9;
(j) 10; (k) 11; (1) 13; (m) 12 and 14. White bar length = 1 um.
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Table 5. Size ranges percentages of each experiment product. The size ranges showing highest percentage are highlighted
for each case: light grey— between 10-19%; medium gray- between 20-29%; 'dark grey— more than 30%.

Exp. 10-20 2028  28-36  36-44  44-52 52-60 6068 68-76 76-84 8492  92-100  >100
Number (nm) (nm) (nm) (nm) (nm) (nm) (nm) (nm) (nm) (nm) (nm) (nm)
1 0% 0% 0% 0% 0% 0% 1% 2% 3% 2% 12% 80%
2 0% 0% 0% 0% 2% 8% 8% 9% 14% 14% 13% 32%
3 0% 0% 4% 15% 24% 27% 15% 12% 1% 0% 2% 0%
4 0% 5% 12% 28% 26% 18% 7% 2% 0% 2% 0% 0%
5 0% 3% 12% 25% 26% 14% 9% 6% 3% 1% 2% 0%
6 0% 6% 24% 25% 17% 17% 5% 2% 2% 2% 0% 0%
7 0% 0% 0% 0% 1% 4% 4% 11% 12% 12% 10% 46%
8 0% 0% 0% 0% 0% 1% 1% 3% 3% 3% 7% 82%
9 0% 0% 0% 0% 0% 0% 0% 0% 1% 2% 4% 93%
10 0% 11% 9% 19% 30% 18% 9% 4% 0% 0% 0% 0%
11 0% 4% 13% 18% 16% 20% 10% 13% 2% 3% 2% 0%
12,14 6% 26% 32% 16% 9% 5% 4% 1% 1% 0% 0% 0%
13 0% 4% 6% 6% 15% 20% 24% 12% 5% 5% 4% 3%
15 — — — — — — — — — —
16 — — — — — — — — — —
Table 6. Main conclusions from the obtained results.
Exp. . o Magnetic .
Number Morphology Main Size Ranges Character Conclusions
The low resolution does not allow to
. 92-100 nm: 12% determine their precise morphology. Size
! Undefined >100 nm: 80% Regular much larger than desired. Presents some
large agglomerations.
76-84 nm: 14% The low resolution does not allow to
. 84-92 nm: 14% . . determine their precise morphology. Size
2 Undefined 92-100 nm: 13% Slightly Higher much larger than desired. Presents some
>100 nm: 32% large agglomerations.
36—44 nm: 15%
Generally irregular. 44-52 nm: 24% Acceptable morphology. Size larger than
3 Some cubic-shaped 52-60 nm: 27% Regular desired. Some large agglomerations are
particles are present. 60-68 nm: 15% present.
68-76 nm: 12%
28-36 nm: 120/0 Poorly defined morphology. Size slightly
36—44 nm: 28% . A
4 Irregular 44-52 nm: 26% Regular larger than desired. Small agglomerations
59-60 nm: 18% of medium size are seen.
! . (o}
28-36 nm: 120/0 Poorly defined morphology. Size slightly
5 Irregular 36-44 nm: 25% Regular larger than desired. Small agglomerations
& 44-52 nm: 26% & ger Fhan destred. 88
5960 nm: 14% of medium size are seen.
Generally irregular. 28-36 nm: 240/0 Acceptable morphology. Size slightly
. 36—44 nm: 25% . .
6 Some cubic-shaped 4450 nm: 17°% Regular larger than desired. Some agglomerations
particles are present. 52-60 nm: 179 /0 of medium size are seen.
68-76 nm: 11%
. 76-84 nm: 12% .
7 Cub.lc/ cobblestone 84-92 nm: 12% Slightly Lower Ideél morphology. Size much larger than
particles 92-100 nm: 10% desired. There are no agglomerations.
>100 nm: 46%
8 Cub}c/ cobblestone ~100 nm: 82% Regular Idegl morphology. Size much larger than
particles desired. There are no agglomerations.
9 Cubic/cobblestone 100 nm: 93% Regular Ideal morphology. Size much larger than
particles ' desired. There are no agglomerations.
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Table 6. Cont.

Extﬁ;\ber Morphology Main Size Ranges lg[;agrr:::r Conclusions
20-28 nm: 11%
Generally irregular. 28-36 nm: 9% Acceptable morphology. Size slightly
10 Some cubic-shaped 36—44 nm: 19% Slightly Lower larger than desired. Large agglomerations
particles are present. 44-52 nm: 30% are not visible.
52-60 nm: 18%
28-36 nm: 13%
Generally irregular. ii_‘;é nm: 180/0 Acceptable morphology. Size slightly
. —52 nm: 16% . . .
11 Some cubic-shaped 50-60 nm: 20% Slightly Higher larger than desired. There are several
particles are present. 60-68 nm; 10% medium-sized agglomerations
68-76 nm: 13%
44-52 nm: 15% The low resolution does not allow to
. 52-60 nm: 20% determine their precise morphology. Size
13 Undefined 60-68 nm: 24% Regular much larger tharli required. llsresengtz some
68-76 nm: 12% large agglomerations.
nerall ic-sh
}?:rtieclis};rceu Ercesseri}.)ed 20-28 nm: 26% Very good morphology. Very good size.
12 and 14 Some irreeular sha 28-36 nm: 32% Slightly Higher Th ) i
g pe 3644 nm: 16% ere are no agglomerations.
also appears.
15 No particles obtained E— E— E—
16 No particles obtained _ _ _

3.4. Discussion of Results

In Table 6 is presented a summary of the main conclusions, considering all the results
presented previously.

From Table 3, it may be concluded that except for the case of experiments 15 and
16 (where no particles are obtained), the particles present the same order of magnitude
concerning magnetic properties (being experiments 2, 11, 12, and 14 the ones that present
particles with higher magnetic properties and 7 and 10 the ones that present particles with
lower magnetic properties, by a ratio of 3—4). Clearly, the process is well behaved for
the majority of parameters, does not pose serious threat to the attainment of magnetite
crystals, and does not have a strong influence on their anisotropy and the alignment
of magnetic moments. The exceptions are experiments 15 and 16, corresponding to the
increase of the surfactant (oleic acid) and one of the tested solvents (4-biphenylcarboxylic
acid), respectively.

Considering the attainment of the cubic shape, only experiments 3 (highest stirring),
6 (highest ramp-up temperature scale gradient), 10 (highest centrifuging speed), and 11
(doubling of all reagents quantities) are acceptable, and experiments 7, 8, 9 (all using benzyl
ether as solvent), 12, and 14 (using both solvents—benzyl ether and 4-biphenylcarboxylic
acid, highest centrifuging speed and high temperature ramp-up gradient) are ideal. Com-
paring the products of these last experiments, considering the size of the particles, it may be
concluded that particles obtained in experiments 7, 8, and 9 present a much larger size than
desired (using benzyl ether as solvent alone is good for the shape, but not for obtaining
small sizes); in experiments 3, 6, 10, and 11 the obtained particles present slightly larger size
than desired and present agglomerations, while in experiments 12 and 14, obtained parti-
cles present the desired size and no agglomerations are observed. Therefore, steps followed
to obtain particles in experiments 12 and 14 stand-out as the optimized particle production
method, as these experiments present final cubic-shaped nanoparticles with high magnetic
properties, with the desired size and no agglomerations. Hence, using both solvents at the
same time (benzyl ether and 4-biphenylcarboxylic acid) and maintaining the selected base
preferences for the other reagents and stirring speed (while increasing the centrifuging
speed) seems to be the best option to obtain the desired magnetic nanoparticles.
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3.4.1. Parameters Influence
By analyzing each parameter, it may be concluded that:

(a) increasing stirring speed is beneficial (experiments 1, 2, and 3),

(b) increase in temperature ramp-up does not affect the results (experiments 4, 5, 6, 7, §,
9, and 10),

(c) substituting the solvent (4-biphenylcarboxylic acid by benzyl ether) improves the per-
centage of particles presenting a cubic form, but increases particle sizes (experiments
7,8,and 9),

(d) doubling the quantities of oleic acid or 4-biphenylcarboxylic acid leads to a null
production of particles (experiments 15 and 16),

(e) doubling the quantity of the two reactives and one of the tested solvents is not
detrimental (experiment 11),

(f) reducing the degasification time is detrimental (experiment 13),

(g) using both solvents at the same time (4-biphenylcarboxylic acid and benzyl ether)
improves the process (experiments 12 and 14).

3.4.2. Ideal Value of the Parameters

From all the above, it may be concluded that the ideal conditions are: iron acetylace-
tonate (III)—2 mmol; oleic acid—4.5 mmol; 4-biphenylcarboxylic acid—2 mmol; benzyl
ether—b52.5 mmol; stirring—200 rpm; reaction temperature—290 °C; temperature ramp-
up—25 °C/min; centrifugal speed 2500 rpm.

4. Potential Industrial Implementation

To determine the potential industrial implementation of the cubic magnetic nanoparti-
cle manufacturing process, the methodology described in [8] is followed: first, determine
the potential international demand of the product (magnetic nanoparticles for magnetic
hyperthermia applications), then, determine the plant size, analyze all the process steps
and chose all the process units (based on the mass and energy balances), perform a detailed
scale-up design of the main equipment, and finally analyze the economic impact and
profitability. By following this methodology it was possible to determine the technological
and economic viability of the industrial implementation of the optimized process for pro-
duction of cubic-shaped magnetite nanoparticles based on the optimized values found in
Section 3. In what follows, only the main results are present (in Supplementary Material
are given all the details concerning these calculations).

4.1. Size of the Plant

The minimum size of the plant in order to be profitable is 3850 kg /year.
The plant will be designed for an annual income of EUR 203,200,000, at a price of EUR
30,000/ kg magnetic nanoparticles. The annual production is equivalent to 6773 kg/year.

4.2. Process Engineering Design

In Figure 4 is depicted the process diagram of the proposed industrial plant and in
Supplementary Material the characteristics of each stream.

26



auojaoe

‘saponredoueN ajnouse padeyg-oiqny) 9onpoIJ 03 Jue[J 943 JO 39aysmo[ Surresurduy ssaoo1] § ISy

102413 au3jhyla
01-1

£0-al

JAMO|
uonJenxy 1-

ENS

19MO|
uone[nsaq

aL

Jolesedas
Jnaude

NS

101089y

Ja8ueyoax3
1eaH

2l

Jaiisedaq

JAXIAI

N

juej
a8e.015

I

aIN}eOUaWON

juswdinb3

1s17 yuswdinbgy

I

18Y18 |Azuaq

£0-d
P
&
s915EM aaudew ] ppoeayjAxoquesjiuaydig-¢
601 80-1 = Todi
ot
0w S zZ0-y 10N X
D | n\x\/l/, aR L//_
_ /_ st e || g _ /_ € ppeale|o
- & 3 zol
wi0j010[Yd . =
o1 y
90-1 1001 Ry -
m £
st SN _/ L 21eu03228A1228 (]11) U
3 = N 10
auexay g
501
uaBoniu

TS9T “I1T “T20T S[piojpuiousN

27



Nanomaterials 2021, 11, 1652

The process begins in the M-01 mixer where the main components (stored in the
T-01, T-02, T-03, and T-04 tanks) are mixed in their stoichiometric proportions. The main
raw materials are: iron (III) acetylacetonate, which will act as the precursor agent, oleic
acid, which will be the surfactant and intervenes in the ligand exchange reaction with iron
acetylacetonate, and 4-biphenylcarboxylic acid and benzyl ether, which will act as solvents.
When the raw materials have been mixed in the M-01, the mixture is taken to the R-01
reactor, as well as to reactors R-02 and R-03. In the reactors, the degassing is done with
nitrogen delivered by the degasser D-01. The degassed mixture is then heated through a
jacket heater up to 290 °C (563 K), with a constant temperature ramp-up rate of 25 °C/min
and a stirring of 800 rpm. When the mixture reaches 290 °C, it remains constant for 30 min.
Then, the sample is fed to the heat exchanger IC01, where it is cooled to room temperature.
Subsequently, the mixture is introduced in the mixing container M-02 and a mixture of
hexane and toluene is added, from tanks T-05 and T-06, with a ratio of 1:4, to facilitate the
subsequent separation. The entire mixture is then passed through a magnetic separator
SM-01, which is responsible for retaining the MNPs synthesized in the reactor. Lastly,
the MNPs are cleaned with chloroform and stored in tank T-07. Regarding the remaining
compounds, they are discarded by the magnetic separator through stream 21, including
benzyl ether, hexane, toluene, and the other by-products (acetone), which are recycled
to reduce raw material costs. For such an effect, distillation towers and a liquid-liquid
extraction tower are used.

4.3. Global Economic Impact and Profitability
In Table 7 is presented a summary of the overall economic balance of the plant.

Table 7. Overall economic balance of industrial implementation of MNPs production for magnetic
hyperthermia applications.

Cost EUR Invested Capital EUR
1.1 Raw Materials 48,298,030 1.1 Instrumentation 827,043
1.2 Direct Human Labor 829,870 1.2 Initial Setup 473,602
1.3 Indirect Human Labor 207,358 1.3 Piping and Valves 372,270
1.4 General Services 580,909 1.4 Measuring and Control 165,409
1.5 Supplies 80,096 1.5 Heat Isolation 57,893
1.6 Maintenance 234,179 1.6 Electrical Installation 124,057
1.7 Laboratory 165,974 1.7 Land and Structures 1,122,893
1.8 Board and Technical Staff 224 564 1.8 Auxiliary Facilities 330,817
1.9 Amortization 82,704 1.9 Project and Design 361,923
1.10 Taxes and Insurances 160,192 1.10 Constructor Hiring 208,439
TOTAL COST OF FABRICATION 50,863,876 1.11 Unexpected Expenses 521,098
2.1 Commercial Expenses 10,172,775 1.12 Preliminary Studies 2,803,343
2.2 Management 131,826 1.13 Preliminary Startup 640,764
2.3 Financial Expenses 5,809,661 - -
2.4 Research 240,286 TOTAL IMMOBILIZED 8,009,550
2.5 Technical Services 2,032,000 CIRCULATING CAPITAL 21,038,753
TOTAL COST OF MANAGEMENT 18,386,548 TOTAL INVESTED CAPITAL 29,048,303
TOTAL PRODUCTION COSTS 69,250,424 TOTAL INCOME 203,200,000

As it may be seen from Table 7 and the calculations in the Supplementary Material,
a maximum net benefit of EUR 100,462,182 /year and a margin of profits over costs of 145%
may be attained.

4.4. Discussion of Results—Industrial Adaptation

From the obtained results, the economic viability of the industrial implementation of
a plant producing magnetic nanoparticles for hyperthermia applications seems evident.
Nonetheless, it is important to notice that market demand was based on the current and
foreseen demand for biomedical applications. This means that the produced particles must
also be able to be used in other biomedical applications in order to reach the expected
selling amount and price. The characteristics of the particles seem appropriate for this
goal also (although in some cases it will probably require a further process stage for
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functionalization, but the economic margin is enough to absorb this step and maintain
economic viability).

In what concerns the technological viability, the designed process seems appropriate,
also considering all the mass and heat balances that were performed and the process units
applied. The recovery and recycling of the raw materials after reaction is considered, as
well as an appropriate recovery and purification step concerning the produced magnetic
nanoparticles.

5. Conclusions

Hyperthermia applications of magnetic nanoparticles is currently a highly intensive
field of research. Cubic-shaped magnetite particles seem to be the most promising type
of particles for magnetic hyperthermia. Nonetheless, only a few studies present proper
ways to obtain this type of particle, no optimization of the processes has been done, and
no proper study of the influence of the main operating parameters is available in the
current literature. In this work, a method for the production of cubic-shaped magnetite
nanoparticles was applied and the influence of the solvent, precursor and surfactant
quantities and ratio, type of solvent, stirring speed, centrifuge speed, temperature ramp-up
gradient, reaction temperature, and degassing time was studied. It was concluded that
increasing stirring speed is beneficial, an increase in temperature ramp-up does not affect
the results, substituting the solvent (4-biphenylcarboxylic acid by benzyl ether) improves
cubic form presence but increases particle size, doubling the quantities of oleic acid or
4-biphenylcarboxylic acid leads to a null production of particles, doubling the quantity of
the two reactives and one of the solvents is not detrimental, reducing the degasification
time is detrimental, and using both solvents at the same time (4-biphenylcarboxylic acid
and benzyl ether) improves the process. The best values for the studied variables are: iron
acetylacetonate (III)—2 mmol; oleic acid—4.5 mmol; 4-biphenylcarboxylic acid—2 mmol;
benzyl ether—52.5 mmol; stirring—200 rpm; reaction temperature—290 °C; temperature
ramp-up—25 °C/min; centrifugal speed—2500 rpm.

Then, the industrial implementation of a process to produce these magnetite nanopar-
ticles based on the optimized values reached in the research stage was fully designed and
studied in order to study the potential industrial implementation viability. Full process
engineering, including energy and mass balances, was also conducted for the plant. The
designed plant has proven to be viable economically and technically, with a maximum net
benefit of EUR 100,462,182 /year. Since the profit is much larger than regular bank benefits,
investors may consider attractive the construction and startup of the designed industrial
plant, even if several of the parameters have to be adjusted (e.g., adjustment of the sell
price of the particles, estimation of some costs, etc.). It is expected that this work will serve
as a demonstration of the connection between science and practical applications, and to
allow scientific improvement of other processes bearing in mind their possible industrial
implementation.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/nano11071652/s1, Figure S1: Histogram and size range of the synthesized nanomagnetic
particles—Sample 1.; Figure S2: Histogram and size range of the synthesized nanomagnetic particles—
Sample 2.; Figure S3: Histogram and size range of the synthesized nanomagnetic particles—Sample
3.; Figure S4: Histogram and size range of the synthesized nanomagnetic particles—Sample 4.; Fig-
ure S5: Histogram and size range of the synthesized nanomagnetic particles—Sample 5.; Figure Sé:
Histogram and size range of the synthesized nanomagnetic particles—Sample 6.; Figure S7: His-
togram and size range of the synthesized nanomagnetic particles—Sample 7.; Figure S8: Histogram
and size range of the synthesized nanomagnetic particles—Sample 8.; Figure S9: Histogram and
size range of the synthesized nanomagnetic particles—Sample 9.; Figure S10: Histogram and size
range of the synthesized nanomagnetic particles—Sample 10.; Figure S11: Histogram and size range
of the synthesized nanomagnetic particles—Sample 11.; Figure S12: Histogram and size range of
the synthesized nanomagnetic particles—Sample 13.; Figure S13: Histogram and size range of the
synthesized nanomagnetic particles—Sample 12 and 14.; Figure S14: Market growth for nanoparticles
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for biomedical applications.; Figure S15: Nanomedicine market growth rate until 2019.; Figure S16:
Another study of the nanomedicine market until 2020.; Figure S17: Total costs/incomes versus total
capacity; Table S1: Costs of Raw Materials; Table S2: Direct human labor costs.; Table S3: Labor costs
for indirect human labor.; Table S4: Chief Personnel labor costs; Table S5: Management Personnel
labor costs; Table S6: Streams of the Plant and their characteristics.
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Abstract: Colorectal cancer (CRC) is a serious disease that affects millions of people throughout
the world, despite considerable advances in therapy. The formation of colorectal adenomas and
invasive adenocarcinomas is the consequence of a succession of genetic and epigenetic changes in the
normal colonic epithelium. Genetic and epigenetic processes associated with the onset, development,
and metastasis of sporadic CRC have been studied in depth, resulting in identifying biomarkers
that might be used to predict behaviour and prognosis beyond staging and influence therapeutic
options. A novel biomarker, or a group of biomarkers, must be discovered in order to build an
accurate and clinically useful test that may be used as an alternative to conventional methods for
the early detection of CRC and to identify prospective new therapeutic intervention targets. To
minimise the mortality burden of colorectal cancer, new screening methods with higher accuracy and
nano-based diagnostic precision are needed. Cytotoxic medication has negative side effects and is
restricted by medication resistance. One of the most promising cancer treatment techniques is the use
of nano-based carrier system as a medication delivery mechanism. To deliver cytotoxic medicines,
targeted nanoparticles might take advantage of differently expressed molecules on the surface of
cancer cells. The use of different compounds as ligands on the surface of nanoparticles to interact
with cancer cells, enabling the efficient delivery of antitumor medicines. Formulations based on
nanoparticles might aid in early cancer diagnosis and help to overcome the limitations of traditional
treatments, including low water solubility, nonspecific biodistribution, and restricted bioavailability.
This article addresses about the molecular pathogenesis of CRC and highlights about biomarkers. It
also provides conceptual knowledge of nanotechnology-based diagnostic techniques and therapeutic
approaches for malignant colorectal cancer.

Keywords: colorectal cancer; biomarkers; cytotoxic medication; nanotechnology; genetic pathways;
epigenetic changes; prognostic; phytomedicine

1. Introduction

Colorectal cancer (CRC) is a serious health issue in developed and developing coun-
tries alike, with the third highest incidence rate of all tumour-causing diseases [1]. This
kind of cancer is a leading cause of morbidity and mortality in Western nations. Only a
small percentage of CRC instances are caused by basic genetic abnormalities, with most
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cases occurring due to specific regular factors and growing age [2]. If left untreated, it can
spread to the intestinal wall and the muscles beneath the surface of the skin. Environmental
and genetic variables can also combine in many ways to accelerate cancer development
and make it more difficult to treat.

In most cases, patients appear beyond the age of 60, with precursor starting adenomas
that develop into cancer over for 1 to 2 decades [3]. Generalised screening of this population
at age 50 years and older has been shown to reduce death from the disease, detect cancer
at an earlier stage, and reduce the incidence of the disease. There have been four major
hypotheses put out on the aetiology of colorectal cancer. To begin, the same genetic and
epigenetic changes that cause colon cancer also increase the risk of developing colorectal
cancer. Second, cancer develops in a staged manner, beginning with a precancerous
condition and progressing to malignancy. Third, cancer development necessitates a lack of
genetic stability. Fourth, in hereditary cancer syndromes, the germline forms of significant
genetic abnormalities are generally associated with the development of rare colon cancers,
which are caused by somatic occurrences of hereditary diseases [4].

Epigenetics, defined as heritable changes in gene expression without permanent
changes in DNA sequence, plays an important role in the aetiology of different malignancies,
including colorectal cancer. Recent epigenetic research has found a missing connection
between certain gene expression patterns associated with CRC and the lack of genetic
abnormalities. This missing link has now been discovered during the last two decades [5].
As an example, microsatellite in-stability (MSI), which is a hallmark of a molecular subgroup
of CRC, results from an inability to repair DNA mismatches (MMRs) [6] properly. A genetic
mutation can cause this defect in one of the MMR genes, the hypermethylation of the MLH1
gene’s promoter, or both. Chromosome instability (CIN) in CRC has also been linked to
global hypomethylation [7]. There is further evidence that cancer-related pathways at
the post-transcriptional level are influenced by microRNAs (miRNAs), which play a role
in nearly all phases of CRC, from initiation through progression and metastasis. Cell
development is inhibited by miR-143, which downregulates in CRC because it tar-gets the
KRAS mRNA transcript [8]. Aside from improving our knowledge of CRC pathogenesis,
these discoveries have also provided new opportunities to find disease biomarkers and
treatment targets. The various CRC biomarkers such as BRAF mutations, NRAS, and
KRAS, microsatellite instability (MSI), DNA mismatch repair (MMR) status, and CpG
island methylation have been studied. A KRAS or NRAS mutation is associated with a
worse prognosis, and anti-epidermal growth factor receptor (anti-EGFR) antibody treatment
will be ineffective [9]. Mutation in BRAF V600E is seen in 8-10% of individuals with CRC.
These patients have a more aggressive illness and a worse prognosis in the adjuvant and
metastatic context. People with BRAF mutation and microsatellite instability-high (MSI-H)
tumours had a better overall prognosis than people with BRAF mutation and microsatellite
stable (MSS) illness, and it turns out, using MSI to screen for Lynch syndrome and identify
patients who could benefit from immunotherapy is becoming increasingly important
in CRC [10].

A variety of drug-loaded nanoparticles in the 20-400-nm size range have made sig-
nificant contributions to chemotherapeutic drug delivery in recent years (e.g., liposomes,
dendrimers, polymeric nanoparticles, and micelles) [11]. Many potential nanomedicine
advancements are based on these systems, which have evolved from basic drug-loaded
nanoparticles to multifunctional nanoparticles that target particular cancer cells by attach-
ing them to specific cell-surface proteins. Antigens such as integrin and folic acid receptors,
which are differentially expressed on the surface of cancer cells, can be targeted using
targeted nanoparticles [12]. Several of these nanoparticles are now in clinical trials. A
great deal has been learned about using nanoparticles as therapeutic platforms for treating
malignancies ranging from the prostate to the ovary. The clinical development of nanopar-
ticles for cancer therapy is restricted, despite the high death and morbidity rates associated
with CRC. In this review, we emphasise in detail the pathogenesis of colorectal cancer
and their suitable candidate as biomarkers and nanotechnology-based diagnostic methods
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and therapeutic approaches for malignant colorectal cancer. Additionally, it provided an
outlook on therapeutic nanoparticles for the management of CRC.

2. Pathogenesis of Colorectal Cancer

Genetic alterations in oncogenes and tumour suppressor genes occur sequentially
from normal to the dysplastic epithelium in the adenoma—carcinoma process. This results
in the development of CRC. Genomic changes, both genetic and epigenetic, convert normal
glandular epithelium into adenocarcinoma when they accumulate [13]. While molecular
mechanisms behind the cancer’s unabated development and spread remain a mystery,
several genetic pathways have been proposed to explain CRC aetiology (Figure 1). CRC
involves numerous molecular pathways, including the three major pathways: CIN, MSI,
and CIMP, all of which play a crucial role in the development of CRC due to genetic
and epigenetic changes (Table 1). Three molecular pathways that indicate progression
from cancer have been identified: microsatellite instability (associated with hypermutated
group), chromosomal instability (completely within the non-hypermutated category), and
the CpG Island Methylator Phenotype (CIMP; associated with both the hypermutated
and non-hypermutated groups) [14]. These molecular pathways may dictate tumour
development and metastatic time, as the epidemiology, mutational trials, and immune
responsiveness information vary by route. The methods used to treat an illness might
also differ. A biomarker known as “EMAST” refers to elevated microsatellite alterations
at selected tetranucleotide repeats recently demonstrated to predict patient survival as
a modulator of the three biological pathways. Individuals with sporadic CRC cannot
predict whether they develop a metachronous adenoma or cancer based on the previously
identified pathways [15,16]. Clinical monitoring is critical in detecting and eliminating
metachronous lesions in these patients.

CHROMOSOMALINSTABILITY

Structural chromosomal
abnormalities build-up throughout
time. Tumor suppressor genes are

located on chromosome 17p and
section 18q, which have been lost or
deleted (e.g; APC, TP53, and PTEN).
TGF-p and the epidermal growth
factor receptor (EGFR/HERI1) are
important signaling pathways, as is
an activation of the Wat/-catenin
pathway, as is modulation of the
downstream MAPK and
phosphoinositide-3 kinase (PI3K)
signaling pathways.

MICROSATELLITE
INSTABILITY

In the absence of DNA
mismatch repair genes
(DNA  MMR), tiny
sections of the genmome
are duplicated several
times, resulting in the
accumulation of errors in
the DNA.

CpG ISLAND METHYLATOR PHENOTYPE

CIMP high levels are associated with BRAF
MUTATION and methylation of MLHI1, and are
typically seenin the colon's proximal region.

Figure 1. Multiple genetic pathways of CRC pathogenesis.

The biological behaviour, prognosis, and therapeutic response of CRC are all very
variable. CRC has historically been divided into three subgroups based on the three
pathophysiological routes of carcinogenesis: CIN, MSI, and CIMP from a molecular per-
spective [17]. CIN is the distinguishing feature for most CRCs, accounting for ~80-85%
percent of the cases. CIN is characterised by the activation of growth-promoting path-
ways while simultaneously decreasing the activity of apoptotic pathways, with the latter
being more common [18]. These tumours begin as adenomatous polyps due to the APC

gene’s deactivation mutation [encodes the WNT pathway effector adenomatous polyposis
coli (APQ)].

35



Nanomaterials 2022, 12, 169

Table 1. An assessment of the MSI-H, EMAST, CIMP, and CIN CRC indices.

. . Genomic . . .
Pathophysiological Routes Instability Inflammation Prognosis Pathogenesis
Causes to the mutation Tumo;:or;izg?r,uliamma
CIN and OPY number intraepithelial sites all Referent Genetic changes t hat lead
variation; MSS; h . ¢ to heterozygosity loss
aneuploid ave varying degrees o
differentiation
Leading . Without hMLH1 Poor survival without Without hMLHl
CIMP hypermethylation at hypermethylation: varied =~ hMLH1 hypermethylation hypermethylation:
DNA loci yp y ’ yP Y unknown
Microsatellite instability . .
L Crohn’s-like around — Target gene frameshift
MSI-H (MSI) and diploid tumour (tumour margin) Better survival; early stage mutation; BRAFV600E
is appeared
s . Tumour nests surrounding Chromosome instability in
Instability found in epithelial components combination with a
EMAST mostly at MSS and p p Poor survival; later stage

MSI-L, includes MSI-H

have been linked to this
condition.

frameshift mutation on a

target gene

Further, the progress to adenocarcinomas by activating mutations in the KRAS (re-
sponsible for the receptor tyrosine kinase signalling) and deactivating mutations in SMAD4
(accounting for the TGFf, it played an important role in the cell cycle control). Due to the
initial event, this pathway is sometimes referred to as the APC pathway [19]. There are no
mutations of MSI, MLH1, methylation, or BRAF in the CIN pathway. Moreover, Lynch
syndrome (hereditary CRC’s most frequent type) is caused by the germline mutations in
the MMR genes, including MLH1, MSH2, MSHS6, and PMS2. It is believed that MSI is
initiated by a lack in the MMR DNA, causing mutations in the MLH1, MSH2, and MSH6
MMR genes. It is possible to have MMR deficiency due to MLH1 deactivation induced
by biallelic hypermethylation of the MLH1 promoter or by dual somatic mutations in the
MMR genes [20]. It is noticed that the individual with MMR-deficient and MSI-high CRC
(dAMMR-MSI-H) demonstrated a good prognosis but did not acquire therapeutics benefits
from 5-fluorouracil (5-FU) and has already been characterised based on MSI status [21]. A
subset of colorectal cancers known as CIMPs, which are defined by a substantial percentage
of CpG island hypermethylation around the promoter of multiple tumour-suppressor
genes, is identified by epigenetics rather than by CIN or MSI. Due to its close association
with colorectal carcinogenesis’s serrated route, hypermethylation of the MLH1 promoter,
as well as its association with female gender, advanced age, and poor histology, CIMP has
a significant risk of being found in patients with the disease [22]. However, the lack of
a defined definition of CIMP-high makes it difficult to translate this pathophysiological
feature into treatment. Although CIMP testing is most commonly done on MLH1, MINT1,
CACNAI1G, and CDKN2A (could potentially up to 16 distinct genes identified), there is
currently does not agree about which cut-off values will be applied to distinguish between
CIMP high and CIMP+ on certain scientific procedures must be employed to conduct
assessments for CIMP tests [23].

As early as lesions in the polyp cancer development sequence, gene alterations have
a role in cancer creation and progression. The abnormal crypt focus is the initial histo-
logical lesion linked to CRC development [24]. Tumour suppressor gene APC is often
altered in colorectal cancers, and dysplastic aberrant crypt foci can spread mutations. The
Wingless/Wnt pathway is activated by inhibiting APC, a systematic approach to start the
polyp cancer development sequence. The Wnt signalling pathway harbours the clonal
development of polyp cells to cancer due to subsequent mutations in genes like KRAS
or TP53 (Figure 2). The transforming growth factor b (TGFB1)-mediated cell signalling
pathway may also be modulated by KRAS and TP53 mutations, further accelerating CRC
development [25].
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Figure 2. Pathways of signalling that have been genetically changed by CRC.

Oncogene activation and tumour suppressor gene inactivation are attributed to genetic
and epigenetic alterations that occur during colon cancer development. B-Raf sends EGFR
signals to KRAS, a proto-oncogene that activates the MAPK pathway [26]. Over half of all
CRCs have mutations in KRAS or B-Raf, which trigger the MAPK signalling pathway and
promote proliferation while also stopping cell death. The P13 K, WNT-APC-CTNNB1, and
TGFB1-SMAD signalling pathways are also part of CRC. It also includes the RAS-RAF-
MAPK pathway [27].

The study of epigenetic changes in cancer has led to the identification of genes com-
monly altered in these specific pathways, leading to in-depth investigations into the biology
of CRCs. Novel CRC diagnostic and prognostic tests and new treatments are being devel-
oped based on these findings.

3. MSI, CpG and CIMP Involvement in the Progression of CRC

CRC is a group of several illnesses, some purely molecular, while others include
morphological manifestations. Colorectal carcinogenesis has been linked to three distinct
molecular pathways, including chromosomal instability (CIN), microsatellite instability
(MSI), and chromosomal mismatch repair (CIMP) (Figure 3). For example, chromosomal
size and structure are altered in the CIN route. In contrast, changes in the number of mono
and dinucleotide repeats in the coding and regulatory regions are seen in the MSI pathway.
CRCs grow in two distinct routes, including the conventional adenoma—carcinoma se-
quence and the serrated neoplasia pathway, morphologically multistep processes [28]. An
adenocarcinoma sequence that dates back to antiquity describes the progression of benign
adenomas, including tubular adenomas, tubulovillous adenomas, or villous adenomas,
progress and transform into invasive adenocarcinomas. The phrase “serrated neoplasia
pathway” refers to the concept that sessile or conventional serrated adenomas can develop
into invasive adenocarcinomas [29].

Even though Lynch syndrome is associated with inherited MSI-H tumours, the CIN
pathway is the underlying biological mechanism for the typical adenoma—carcinoma se-
quence. Tubular adenomas with variable villosity are Lynch syndrome premalignant
lesions. The great majority of spontaneous MSI-H CRCs, in contrast to Lynch syndrome
tumours, are considered to develop in CIMP-H sessile serrated adenomas with BRAF
mutation through methylation-associated inactivation MLH1. Hereditary and spontaneous
MSI-H CRCs take the conventional adenoma—carcinoma sequence and the serrated neo-
plasia pathway, respectively, whereas MSI-H tumours follow a distinct morphological
multistep approach. CIMP-H/non-MSI-H CRCs, in contrast to CIMP-H/MSI-H CRCs,
originate from pre-existing conventional serrated adenomas [30].
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Figure 3. Involvement of MSI, CpG, and CIMP in the progression of CRC. (A) Every age groups
are susceptible to malignancy, and progression of colorectal cancer shows after the occurrence of
metastasis; (B) In the case of CIN, various molecular pathways play crucial roles such as Wnt, KRAS,
TP53, and EMAST and forms CRC progression. While MSI-H shows progression via hMLH1 and
BRAF. Whereas, CIMP is interconnected with KRAS mutation and causes cytogenetic to normal cells.

On the whole, 65-75 percent of CRCs are caused by the CIN route, whereas 20-30 percent
are caused by the CIMP pathway and 5 percent by the hereditary MSI pathway. Females
have a larger percentage of the CIMP route than men. Older persons have a higher
percentage of the CIMP pathway than younger people. The CIMP pathway is more
prevalent in the proximal intestine than the distal colon or the rectum [31].

4. Epidemiology

The frequency of colorectal cancer (CRC) has risen alarmingly in recent years around
the globe (Figure 4). In 2020, an estimated 1.93 million new CRC cases were identified,
and 0.94 million people died as a result of CRC-related causes globally, accounting for
10% of global cancer incidence (total 19.29 million new cases) and 9.4% of deaths due
to cancer (total 9.96 million deaths). It is projected that CRC will be the third-greatest
cause of cancer-related deaths in men and women globally in 2020, with 515,637 deaths
in men and 419,536 in women, respectively [32]. Over 5.25 million individuals globally
(5-year prevalence) have CRC, making it the second-most common disease after breast
cancer (7.79 million new cases per year). Approximately 1.15 million new instances of
colon cancer, 0.7 million cases of rectal cancer, and 50,000 cases of anal cancer in 2020 were
found, according to the database from GLOBOCAN 2020. These figures are expected to
rise to 1.92 million, 1.16 million, and 78,000 by 2040. Countries have different rates of
colorectal cancer (CRC) [33]. Among countries, the greatest age-standardised incidence
rates were observed in Hungary (45.3 cases per 100,000 people in 2020), Slovakia (43.9%),
Norway (41.9 cases per 100,000), the Netherlands (41.0 cases per 100,000), and Denmark
(40.9 cases per 100,000). Guinea, Gambia, Bangladesh, Bhutan, and Burkina Faso will
have the lowest age-standardised incidence rates in 2020 at 3.3, 3.7, 3.8, 3.8, and 3.8 cases
per 100,000 people, respectively.
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Figure 4. Epidemiology of colorectal cancer.

5. Biomarkers Based on Epigenetic Changes for CRC

When CRC progresses from an adenomas or serrated lesions stage, genetic and epi-
genetic changes accumulate in the lesions, giving progressively dysplastic characteristics
until they become an adenocarcinoma [34]. To avoid this illness, it is critical to find precan-
cerous lesions and early-onset colorectal cancer in people at average risk who are otherwise
healthy during routine screening. As far as CRC screening is concerned, colonoscopy
is the gold standard, since it can detect and eradicate precursor lesions [35]. For these
reasons, many people choose not to get colonoscopies. They are painful, costly with low
compliance rates, and can cause complications, including haemorrhage and perforation.
For precursor lesions like adenomas, non-invasive screening procedures like the faecal
occult blood test (FOBT) and faecal immunochemical test (FIT), widely used in Europe
and other Western nations, have lower sensitivity and specificity than colonoscopy. As a
result of these drawbacks, new non-invasive detection methods for precursor lesions and
early-stage CRCs are urgently required [36].

At intermediate stages of CRC staging, the currently used tumour-node-metastasis
(TNM) classification approach is inadequate for prognostication and clinical decision-
making [37]. Individuals with a high risk of illness recurrence or mortality (prognostic
biomarkers) and those who would benefit from chemotherapy, immunotherapy, or targeted
therapy are urgently in need of biomarkers that aid identify these patients (which may
be unnecessary). Many epigenetic biomarkers, including DNA methylation, histone alter-
ations, miRNAs, and long noncoding RNA, have shown promise as clinically significant
biomarkers for CRC diagnosis, prognosis, and therapy response prediction (IncRNA) [38].

Blood and other body fluids and tissues can include quantifiable indicators of patho-
logical or physiological processes or conditions or diseases, such as molecular markers
(biomarkers). Molecular markers can be used to identify conditions or diseases. Biomarkers
are important diagnostic, prognostic, and therapeutic tools for cancer detection, diagnosis,
and therapy selection (Figure 5). It can also be used to pinpoint the exact location of a
tumour and identify any areas that are at an advanced stage of growth or are receptive to a
particular therapy [39]. These molecular markers represent the mechanisms of neoplastic
cell exfoliation and mucus secretion of aberrant glycoproteins in CRC by reflecting the
mechanisms of cell exfoliation and mucus secretion. Shortly, researchers hope to find novel,
non-invasive DNA, RNA, or protein-based molecular markers that may be used to detect
colorectal cancer in the blood, faeces, and other body fluid. The prognostic, predictive,
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and diagnostic markers have been developed for the determination of the CRC. Diagnostic
biomarkers indicate the likelihood of the illness progressing. Patient treatment measures
can be predicted with the use of these molecular markers. Predictive biomarkers are utilised
for forecasting the efficacy of treatment in cancer patients [40]. Colorectal polyps can be
detected early with the use of the following biomarkers.
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Figure 5. Epigenetic biomarkers in CRC.

5.1. Molecular Markers for Diagnosis
5.1.1. HNPCC (Hereditary Nonpolyposis CRC)

HNPCC is the most well-known autosomal dominant hereditary colon cancer condi-
tion. It is a screening test for the early identification of colorectal cancer (CRC). HNPCC
is present when a germline mutation is identified in one of the four MMR genes, such as
MSH6, MLH1, MSH2, and PMS2, all found in the human body. Many young patients with
a new genetic condition come from families where colon cancer runs in the blood.

40



Nanomaterials 2022, 12, 169

5.1.2. Telomerase

The telomerase is key enzyme that preserves the telomere (repeating DNA (TTAGGG/
AATCCC in the human telomeres) that protects from chromosomal breakdown, elimination
of operational genes, and cell death. Telomerase is necessary for the maintenance of the
telomere. The activation of telomerase is an independent diagnostic and prognostic marker
for malignant tumours that can be used independently.

5.1.3. Insulin Like Growth Factor Binding Protein 2 (IGFBP2)

According to research, compared to healthy individuals, CRC patients had higher
serum and plasma levels of IGFBP2. It has emerged as a diagnostic device for the primary
identification and development of CRC, since it is implicated in cancer cell proliferation,
migration, and invasion.

5.1.4. Pyruvate Kinase M2 (PKM2)

PKM2 refers to a cytosolic enzyme expressed in both normal and malignant cells and
plays an important function in energy metabolism. PKM2 expression is upregulated in
CRC and other gastrointestinal malignancies. It may also be relevant for CRC inquiry
and/or diagnosis based on stool or blood samples as a dismal prognostic sign.

5.2. Molecular Markers for Prognostic
5.2.1. p53

The existence of the tumour inhibitor p53 is also considered an independent prognostic
factor for colon cancer. The alteration of the tumour-suppressor gene p53 is an initial
and critical step in ulcerative colitis-associated carcinogenesis (sometimes referred to as
TP53). The development of carcinoma in an adenoma coincides with a p53 mutation and
a loss of heterozygosity (LOH) in the wild-type allele, further demonstrating its function
in the regulation of malignancy. Patients with CRC who are missing this gene have a
bad prognosis.

5.2.2. 18 q Loss of Heterozygosity

Patients with colorectal cancer (CRC) who have chromosomal 18q LOH have a reduced
chance of survival. Patients with stage II or stage III colon cancer who lose their somatic
heterozygosity have a worse prognosis than those whose tumours retain both of their
parents” alleles on chromosome 18 q. Patients with stage II or stage III colon cancer with
this 18qLOH have a poorer prognosis than those with normal alleles on chromosome 18q.

5.2.3. MLH1 Methylation

DNA microsatellite unstable recognition or the absence of the MLH1 protein produc-
tion on immunohistochemical investigation confirm somatic MLH1 inactivation in primary
colorectal malignancies, which is more common in early-stage colorectal cancers than in
late illness. A more indolent illness or a better prognosis might result from this inactivation
in the absence of adjuvant treatment.

5.2.4. VEGF

One of the angiogenic agents in CRC is vascular endothelial growth factor (VEGF),
which is expressed in roughly 50% of CRCs but only in extremely low amounts in normal
colonic mucosa and adenomas. As a result, VEGF-1 expression appears to deliver useful
predictive information in CRC patients.

5.3. Predictive Molecular Markers
5.3.1. KRAS

The discovery of KRAS mutations is employed as the foremost potential prognostic
marker in anti-EGFR (epidermal growth factor receptor) antibody-based therapy in CRC,
such as panitumumab and cetuximab.

41



Nanomaterials 2022, 12, 169

5.3.2. B-Raf V600E

The activation of this kinase by somatic mutation leads to an unconstrained MAPK
signalling pathway in humans. The BRAF V600E activating mutation does not respond to
EGFR inhibitor treatment in individuals with stage IV CRC. Although the significance of
BRAF mutant level as a predicting marker gene is uncertain, BRAF mutant as a biomarker
of anti-EGFR antibody resistance is perhaps the extensively researched predicting potential
of BRAF alteration.

5.3.3. PIK3CA Status

The PIK3CA mutation causes an abnormal stimulation of the AKT pathway, leading to
cancer cell growth. If the PI3K/AKT pathway is persistently activated, it is likely to affect
CRC progression significantly. Colon cancer cells often with an induced PIK3CA mutant
were more sensitive to cetuximab in preclinical studies even than PIK3CA wild-type cells.

5.3.4. ERCC—1

Repair protein for DNA excision ERCC-1 is a nucleotide excision repair gene that
is involved in DNA repair. A new analysis of metastasis and stage II or III CRC and
evaluating ERCC-1 as a possible predictive biomarker in direct response to oxaliplatin by
studying dysregulation of ERCC-1 expression in between oxaliplatin treatment has been
presented [41-44].

6. Diagnostic/Materialistic Tool for the Treatment of Colorectal Cancer

A diet rich in vegetables, fruit, and whole-grain cereal goods, as well as regular
exercise, lowers the chance of developing colorectal cancer. CRC risk has been linked to
environmental variables such as obesity, smoking, and high alcohol intake. Calcium and
vitamin D3 supplementation may have a disease-fighting effect. It has also been shown that
long-term usage of acetylsalicylic acid (NSAIDS) decreases the risk of cancer. Colorectal
cancer is just one of many cancers that can be prevented by quitting smoking or abstaining
from smoking. Adenomas (primary prevention) and malignancies (early detection) can be
detected with screening tests (secondary prevention).

This is why regular screenings in high-risk people can help detect CRC even if symp-
toms are not present. After the diagnosis of colon cancer, the diagnostic tools are also
useful for the TNM staging, which is used to determine the appropriate treatment. These
include colonoscopy, sigmoidoscopy, magnetic resonance imaging (MRI), CTCG, trans-
rectal ultrasonography, stool testing, double-contrast barium enema, and many others.
However, all techniques have some of the other related limitations and remain inaccurate
for effective diagnosis in the early phases of the disease process. There is a pressing need
to develop more advanced diagnostic methods in order to increase survival rates, reduce
disease-related problems due to diagnosis at later stages, and properly stage the disease so
that appropriate therapy may be prescribed. Here are some of the most commonly used
diagnostic tools, along with their advantages and disadvantages (Figure 6) [45,46].

6.1. CT Colonography

When referring to a computerised x-ray imaging procedure, “virtual colonoscopy” or
“CT colonography”, both terms refer to the same thing: a method that produces two- and
three-dimensional images of the colon. It is possible that CT colonography can be used as
an alternative to colonoscopy in patients with obstructive or stenotic tumours. After the
colon has been completely evacuated (bowel preparation), it is insufflated with air or carbon
dioxide to increase its size for better imaging during the CT scanning procedure. After
insufflation, the subject is scanned in both the supine and prone positions. CT colonography
is comparable to colon endoscopy in terms of patient pain because of the need for colon
evacuation and insufflation, but it has the advantage of not requiring anaesthesia. For
polyps larger than 10 mm in diameter (big polyps), the detection sensitivity and specificity
are excellent (82 percent), but the sensitivity is poor (63 percent) for polyps between 6 and

42



Nanomaterials 2022, 12, 169

9 mm in diameter (small polyps). Furthermore, the method cannot distinguish between
flat and serrated lesions. For diagnosing the local stage of a CRC tumour, MRI is preferred
over CT colonography, which performs poorly in this regard. Due to its high level of
accuracy in determining the tumour’s invasion and spread, preoperative MRI is useful in
planning surgery. The CTCG approach has many drawbacks, including radiation exposure,
a lack of sensitivity to detect small polyps, the necessity for intestinal preparation, and
the need for an extra procedure to remove polyps if they are discovered. As a result, the
patient’s concern rises and the expense rises as a result of unneeded monitoring, which is
exacerbated by extracolonic lesion identification [45,47].

Diagnostic/Materialistic tool for the treatment of colorectal cancer
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Figure 6. Diagnostic/materialistic tool for the treatment of colorectal cancer.

6.2. Colonoscopy and Sigmoidoscopy

Endoscopy is the most often used and most effective procedure for CRC diagnosis.
Colonoscopy and sigmoidoscopy are included in this procedure. These tests enable the
detection of a tumour and the removal of a portion of the large intestine for histological
analysis to be performed. Sigmoidoscopy has a sensitivity and specificity of 92-97 percent
for the detection of polyps and expanded CRCs. Sigmoidoscopy only reveals the lowest por-
tion of the colon and the rectum when performed with a flexible endoscope. Colonoscopy
provides the same level of sensitivity and specificity as a colonoscopy in terms of obtaining
an image of the entire intestine. Colonoscopy has several advantages over other screening
tests, including the fact that it may be completed in a shorter period and that it improves
the patient’s acceptance and tolerance of new sedative procedures. In comparison to the
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control group, the study that included individuals with an average risk of CRC following
colonoscopy revealed a 67 percent of overall decrease in morbidity and a 65 percent of the
overall decrease in mortality. Preliminary screening with sigmoidoscopy and colonoscopy
was found in a randomised trial to reduce CRC incidence and mortality by 33% and 38-59%.
As a result of this discovery, sigmoidoscopy has become increasingly popular as the main
screening method in England and elsewhere. Smaller polyps (6-10 mm) are difficult to
identify with this invasive method. It also restricts cancer detection in the ascending colon,
the transverse colon, and the cecum. Endoscopy (sigmoidoscopy) can be used to diagnose
and treat CRC in patients who are ineligible for surgery (according to the severity of the
tumour or comorbidities). Methods for removing the cancer-related blockage are among
these procedures. Patients typically report discomfort from endoscopy despite its many
benefits. Due to the potential for consequences, people avoid or postpone the evaluation.
Virtual colonoscopy has been increasingly popular in recent years. The use of computed
tomography is it provides a 3D view of the large intestine. Perforation or bleeding from the
large intestine can be reduced by the use of virtual colonoscopy [45,47,48].

6.3. Stool Test

GFOBT and FIT are two of the most commonly utilised main screening modalities
for CRC detection. Stool testing can identify blood spilling from CRCs in the stools of
asymptomatic patients. FITs are more commonly used than gFOBTs because of their ease of
use and greater sensitivity. Patients who have a positive stool test must have a colonoscopy
to get an accurate diagnosis and to remove any polyps that are found. The detection of
DNA markers released by malignant cells in a person’s stool is a promising technique for
CRC screening. Stool DNA testing has a high level of sensitivity (71-91%) and specificity
(93-100%) for the identification of colon cancer. False results are common because of the low
sensitivity and specificity of the FOBT. Additionally, these tests fail to detect nonbleeding
tumours. Faecal occult blood testing is a straightforward, inexpensive, and non-invasive
diagnostic procedure. Haemoglobin in faeces implies gastrointestinal bleeding, according
to the test. Since it can come from both malignant alterations and polyps larger than
1 to 2 cm, blood in faeces is an unspecific sign of colon cancer. The test’s sensitivity can
be increased by as much as 90% by repeating it. Heme and human globin are the two
building blocks of haemoglobin, and the immunohistochemistry faecal occult blood test
(FIT) confirms its presence in CRC diagnoses. Aside from sDNA, which indicates DNA
changes in colorectal adenocarcinomas, molecular diagnostics, such as PCR, may be used
to separate and discriminate DNA from that of bacteria in faeces. The usefulness of CRC
molecular diagnostics based on genetic and epigenetic testing is restricted. Costs are
expensive, because it is not widely available. Molecular diagnoses of CRC have some
drawbacks, which have prompted researchers to look for biomarkers that can be found in
biological samples at a cheaper cost [45,47,49,50].

7. Nanotechnology-Based CRC Diagnostic Techniques

Medicines based on nanoparticles are being developed as therapeutic methods for
cancer therapy, which has led to significant improvements in pharmaceutical research [51].
These advancements have reduced the adverse effects of cytotoxic drugs while simulta-
neously increasing their efficacy and solubility. The encapsulation of anticancer cargo,
including as siRNA, antibiotics, and chemotherapeutics has proven highly effective in
the last 50 years using a variety of distinct nanoparticles with various forms, sizes, and
chemical natures [52]. Using the increased permeability and retention effect afforded by
tumour vascular and lymphatic drainage, these first-generation anticancer nanoparticles
passively penetrate tumour tissue, allowing nanoparticle extravasation and storage within
cancer cells, improving therapeutic effectiveness. Early diagnosis and therapeutic efficacy
monitoring can both benefit from the use of nanoparticles [53]. Incorporating various con-
trast agents (such as radioactivity, superparamagnetic, or fluorescent), as well as targeting
groups and biocompatible coatings, into a nanoparticle design is a feasible option [54]. Due
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to the disadvantages of low tissue specificity, rapid clearance, and nonspecific extracellular
distribution associated with small molecular weight gadolinium and metal chelate-based
contrast agents, nanotechnology may be used to modify these contrast agents to improve
CRC diagnostic sensitivity and specificity [55]. Various nanostructures are being used as
inputs of in vitro diagnostic assays for protein indicators or nucleic acid targets. In vivo
imaging with nanostructures, similar to in vitro diagnostics, seems to be a potentially
intriguing area in diagnosing colon cancer [56]. There are, however, just a few examples of
how nanotechnology has been used in CRC imaging. Novel MRI contrast agents are among
the most readily useful pieces of colorectal cancer technology. The introduction of nanos-
tructures that modify standard contrast agents like gadolinium or imaging agents like iron
oxide could increase the detection capability of medical image [57]. These nanostructures
enhance the capabilities of traditional MRI imaging, but they also provide new possibilities
for the early diagnosis and healing of the CRC. Tumour early diagnosis and healing tech-
niques not possible with current conventional technologies have been found as beneficial
nanotechnological applications in cancer biology [58]. When it comes to diagnosing, pro-
ducing, and healing some malignancies, nanometre-sized particles of various structures
and conformations have shown to be highly effective and promising new approaches. A
patient’s long-term survival can be affected by the early identification of CRC, which is
critical for prevention [59]. Here are a few examples of recent Nps accomplishments that
have opened up new possibilities for the early identification and successful treatment
of CRC.

7.1. Quantum Dots (QDs)

QDs are semiconductor nanocrystals that generate fluorescence when excited by light
and have remarkable optical properties, such as high brightness, photobleach resistance,
and the ability to emit fluorescence at many wavelengths [60]. QD-based nanotechnol-
ogy, with its optical and chemical benefits, is a developing platform for cancer research,
particularly colorectal cancer [61]. Its bandgap energy, the degree of energy required to
transport electrons from one electronic zone to the next, this time at a greater frequency,
is an important characteristic of a semiconductor nanocrystal. An exciton is a pair of
electrons and holes formed as a result of this excitation strategy. The unstable exciton
returns its ground state and releases fluorescence photons in the form of energy [62]. When
the semiconducting nanocrystal size and shape approach the bulk Bohr exciton radius,
which is still generally 2-10 nm in length, electrical and optical properties are added to the
particle. Scientists know that as a nanocrystal’s size decreases, its bandgap increases, and
its stimulation and emissions wavelength decrease because of this inverse relationship [63].

Park et al. used an enzyme-sensitive fluorescent dye in conjunction with antibody-QD
conjugates to produce a multiplexed detection method for the fast and precise diagnosis
of CRC. The instrument incorporated a Cresyl violet—glutamic acid (CV-Glu) derivative
as the fluorescent molecular probe, as it easily transits between two fluorescent colours in
reply to k-gluta myltranspeptidase enzymatic activity (GGT). A biocompatible, 690-nm
emitting AgInS, /ZnS (core/shell) QD probe was created by bioconjugating an anti-matrix
metalloproteinase-14 antibody (MMP14). The probe provided significant findings in ex
vivo and in vitro applications by employing human CRC cell lines, ex vivo patient tumour
samples, and ex vivo experimental animal model tissues. The researchers utilised two-
photon microscopy to show that the co-application of both probes penetrated the tissue
at depths of 10-20 mm quickly. The study’s findings indicated that using both probes
simultaneously allowed for quick (within 5 min) and accurate imaging of tumour lesions
that would otherwise be impossible to identify using traditional colonoscopy procedures.
When CRC was in its beginning phases, the dual-probe approach helped find hyperplastic
polyps and adenomas [64].

Carbary-Ganz et al., created a dual-modality imaging technique that uses optical co-
herence tomography and laser-induced fluorescence to provide non-destructive endoscopic
viewing of CRC with just a minimal amount of invasiveness. While CRC develops and pro-
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gresses, this method allows for the concurrent longitudinal surveillance of biochemical and
morphological changes. With great sensitivity and specificity, QDot655-VEGFR2 localised
to the colon in carcinogen-treated animals and provided a significant difference between
sick and healthy tissue ex vivo [65].

7.2. Iron Oxide Nanocrystals

Iron oxide NPs are incorporated in MRI as a contrast agent for human use because
of their dual magnetic and photothermal properties. Apart from that, they are highly
biodegradable in vivo, and then, the iron salts delivered after disintegration can be ingested
into the body system through a well-coordinated biochemical mechanism [66]. There is a
magnetic core to the iron oxide nanocrystals and a polymer covering, which will contain the
various medicinal molecules. These nanoparticles have various biological properties due to
their relatively small dimension, efficient surface region, minimal deposition rate, and ease
of cellular transport [67]. The severe toxicity and oxidation sensitivity of strong magnetic
metals like cobalt and nickel seem to offer limited biomedical utility. Using nanoparticles,
a cancer cell is transformed into a tiny magnetic magnet that may be attached to the
biopsy needle’s tip. These nanoparticles are unstable in aqueous environments and easily
collected and deposited [68]. It cannot detect the target tumour using nanoparticles of
the iron oxide in vivo due to the diverse overexpression of the highly targeted receptor in
cancer cells. Using magnetic nanoparticles, it is possible to discriminate between malignant
and normal tissue. It is possible to create functional groups on these nanoparticles that
crosslink with tumour-targeting molecules such as peptides or monoclonal antibodies or
small molecules for the diagnostic testing or remedial agent administration due to their
great surface area [69].

Kim et al. used a 3D multi-echo gradient echo to compare the particular performance of
three distinct parametric techniques (normalised signal intensity, R2* (R-lymph node Region
of interest), and susceptibility) to measure the number of ultra-small superparamagnetic
iron oxide (USPIO) particles in lymph nodes. Before and after USPIO injection, nine rabbits
with VX2 tumour implants were scanned. All of this was accomplished by combining 3D
GRE amplitude and phase data to produce multi-echo combined T2* (weighted multi-echo
combined magnitude image of 3D mGRE 24 h after USPIO injection)-weighted pictures
and an R2* map. USPIO build-up in 18 lymph nodes (nine metastatic and nine reactive)
was found to have a significant impact on signal intensity. R2* differences before and after
USPIO injection were statistically significant between lymph nodes that were reactive and
metastatic (p < 0.05), although signal intensity and vulnerability were not significantly
different between the nodes. USPIO-enhanced MRI employing R2* mapping from 3D multi-
echo GRE may be used to identify lymph node metastases and to perform a parametric
analysis of the lymph node status in a rabbit model, as demonstrated in their work [70].

Wu et al. conducted a meta-analysis to examine how well USPIO-enhanced MRI and
non-enhanced MRI, as well as USPIO-enhanced MRI in various body areas and postcontrast
MRI performed in the diagnosis of lymph node metastases. As a result of this meta-analysis,
USPIO-enhanced MRI is more accurate than conventional MRI in the diagnosis of lymph
node metastases. For lymph node characterisation, postcontrast pictures alone are sufficient
to provide the same diagnostic performance as pre-contrast MRI. There is still a lot of
research to be done on the use of USPIO enhanced MRI in clinical practice [71].

Kuo et al. developed an antibody-targeting peptide AP-1(MPVA-AP1) and anticancer
medicines by incorporating the magnetic nano-vehicles. The magnetic nano-vehicles dis-
seminated in the dilute solution demonstrated great hemocompatibility and toxic-free to
L929 fibroblasts, indicating that they might be used in treatments. The researchers found
significant encapsulated hydrophobic and hydrophilic low-molecular-weight medicines
and protein-like pharmaceuticals using a straightforward manufacturing approach. Mag-
netic nano-vehicles were also used to immobilise the antibody-targeting peptide AP-1,
which was verified using electron spectroscopy. The results of a CRC cell (CT26-IL4R«)
assay demonstrated that the AP-1-bound nano-vehicles (MPVA-AP1) show exceptional
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targeting and selectivity. In the absence of a magnetic stimulation, a stable storage test
revealed virtually little leakage of the encapsulated medicines. Instead of rupturing in the
presence of a high-frequency magnetic field, doxorubicin-loaded nano-vehicles released
the drug with pinpoint accuracy. There was further evidence from in vivo experiments that
the magnetic nano-vehicles showed significant chemotherapeutic and thermotherapeutic
effects. Due to this, magnetic nano-vehicles with smart properties, such as MPVA-AP1,
hold great promise for anticancer applications that need precise dosing and regulated
release [72].

It was found that the coprecipitation technique proposed by Syu et al., (2019) was
simple and ligand-assisted to manufacture biocompatible iron oxide (IO) nanocrystals
with NIR absorbance for cancer theranostics. Nanocrystals had little cytotoxicity in HT-29
colorectal cancer cells; however, the vitality of cells treated with nanocrystals dropped
substantially following laser irradiation at a 808-nm wavelength. Cell death is thought to be
caused by changes in protein secondary structure and membrane permeability, among other
things. Nanocrystals with magnetic field (MF) application significantly enhanced tumour
aggregation by fourfold in the in vivo studies, leading to a thrice-larger T2-weighted MR
signal than that provided by a conventional T2-weighted MR contrast agent (Resovist®)
and improved photothermal potency for the therapy of cancer. The novel iron oxide
nanocrystals were shown to be highly biocompatible and show significant promise as a
cancer theranostic agent [73].

8. Synthetic/Herbal Nanocrystal Used in Drug Delivery System

Biomedicine’s use of nanotechnology is expanding quickly. The field of nanotechnol-
ogy serves as a link between various NPs and nanophases in terms of both technology and
science [74]. Particles with a size range of 1-100 nm with great specific surface area and
specialised surface properties are referred to as nanoparticles (NPs) [75]. It is possible to
obtain controlled drug release, site-specific drug delivery, and reduced toxicity by using
nanoparticles (NPs). The NP’s size significantly impacts how well it is taken in by cells
and excreted from them in vivo. It has been demonstrated that greater particulates have
much reduced concentrations of intracellular delivery than small nanoparticles at a similar
quantity and that NPs with such a dimension of 100 nm had 2.5-fold more absorption than
1-m size nanoparticles [76]. Since the glomerular capillary sieve coefficient is 10 nm, NPs
with a smaller diameter exhibit better renal clearance. Larger NPs, on the other hand, are
unable to diffuse into intracellular gaps because of the increased permeability and retention
(EPR) effect, lacking in a approach cancer cells [77]. The toxicology of NPs is influenced
by physicochemical characteristics, including size, shape, and concentration, which affect
absorption, circulation time, and total toxicity. The phospholipid bilayer structure gives
the cell membrane a negative surface charge, making it even more susceptible to positively
charged particles [78].

In other words, because they immediately enter the cell membrane and cause mem-
brane rupture or damage, highly positive charged NPs have higher cytotoxicity. NP
surfaces have been modified to hold a negatively charged initially to allow them to the exist
specific macrophage organelles that is later converted to a positive charge by environmental
cues to enhance drug administration [79]. To counteract the cationic charge, scientists used
serum albumin in preincubated NPs, including shape and size, toxic effects, quantity, and
charge density, which should be considered while designing nanomedicine. For example,
MRI imaging, cancer diagnostics, precise cell and subcellular treatment, and the detec-
tion of genetic mutations NPs have enormous promise, with suitable surface changes in
biomedical and therapeutic applications such as nanoparticle surface modification [80].

9. Phytomedicine Drug Delivery Using Nanoparticles

Developing resistance to chemotherapeutic drugs and radiation therapy is a key
challenge in cancer treatment. Phytochemicals with low side effects, namely lycopene,
genistein, epigallocatechin gallate, anthocyanin, curcumin, and resveratrol, are being
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investigated by researchers as an alternative therapy to help overcome this problem [81,82].
On the other hand, phytochemicals have several disadvantages, including poor absorption,
limited water solubility, and rapid metabolism. Consequently, using NPs to formulate these
phytochemicals can improve phytochemical medication delivery while also minimising
adverse effects [82].

9.1. Curcumin

As a chemoprevention and anticancer agent, curcumin obtained from Indian spices
turmeric is highly effective. Inhibiting different signalling pathways such as NF-kB, STAT3
and EGFR, which contribute to tumour development and metastasis, slows the advance-
ment of many malignancies, including CRC [83]. Due to the nanoformulation, curcumin
has improved water solubility and distribution while causing no harm to healthy cells.
To create a nanocurcumin formulation for use in CRC treatment, NPs made of liposomes,
polymers, cyclodextrin, nanogels, gold, lipids, and micelles can be used [84].

In addition to its ability to act as a free radical scavenger, curcumin also changes
the expression of several stress proteins and angiogenesis-related genes. It inhibits the
activity of numerous key transcription factors, namely activator protein 1 (AP-1) and
nuclear factor k-light chain enhancer of activated B cells (NF-«B) [85]. Additionally, the
size of 10 pm showed significant antioxidant activity. It triggered cell death when they
reached a concentration of around 50% at 50 um, which may be due to the production
of superoxide radicals [86]. Human plasma levels can be as low as 0.41-1.75 umol/L
after taking 4-8 g of turmeric orally each day. The curcumin concentration is critical for
evaluating the biological consequences of frequent oral intake. Bio-transformed moieties,
such as tetra hexahydro—curcumin, have drawn attention because of their poor systemic
bioavailability [87].

Additionally, research shows that curcumin is an efficient chemopreventive drug in
addition to its antitumour properties (Figure 7). It works by inhibiting cyclooxygenase,
phospholipase A2, and phospholipase-Cr1 in tumours of the colon, stomach, and skin. It is
clear that antagonists of COX-2 are effective in suppressing polyp development and cancer
growth in FAP, and were it not for the negative consequences, COX-2 inhibitors would be
strongly suggested for cancer polyp chemoprevention [88]. In order to avoid carcinogenesis,
we require drugs that block cellular pathways that cause or promote cancer. With these
characteristics, curcumin is a promising chemopreventive agent. It has recently been shown
that 5-LOX plays a crucial function in controlling cell proliferation and apoptosis [89]. Some
research shows 5-LOX overexpression in cancer cells and human tumours, such as those
of the gastrointestinal tract and liver and those of the breast and prostate. 5-LOX has also
been shown to be overexpressed in the brain and the mesothelium. 5-LOX overexpression
has been connected to enhanced proliferation and tumour growth in investigations done in
the lab and on mice in the wild [90].
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Figure 7. Curcumin and the arachidonic acid metabolism: A potential inhibitory effect.

Ohd et al. indicate that 5-LOX and cysteinyl leukotriene receptors are overexpressed in
human colon adenocarcinomas and that individuals with these mutations have a poor prog-
nosis. It indicates that increased 5-LOX expression is related to malignant transformation,
although the exact processes that link 5-LOX gene expression to colon cancer development
are unclear. The use of COX-2 knockout mouse models has demonstrated that COX-2
plays a function in colon carcinogenesis. However, in colon carcinogenesis, similar data
from 5-LOX knockout animals are missing [91]. According to Raveendran et al., curcumin-
encapsulated PCL exhibits hydrophobicity and effective NP stability due to its amphiphilic
block copolymer nature. It was an effective technique, because it targeted the tumour and
made tumour cells more susceptible to treatment resistance. Additionally, this formulation
enhanced water solubility, resulting in increased in vitro curcumin absorption by Caco-2
CRC cells. There was significantly less inhibition in the micelles of bigger amphiphilic
block copolymers than smaller ones [92].

9.2. Resveratrol

Natural phenols such as resveratrol are found in fruits such as red grapes, blue-
berries, and raspberries [93]. Resveratrol has been discovered to have anticancer, anti-
cardiovascular, anti-inflammatory, and antiaging biological and pharmacological effects [94].
Further studies have shown that resveratrol has antiproliferative properties in vitro against
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CRC via modulating intracellular signalling pathways such as PTEN/PI3K/Akt, Wnt/3-
catenin, and others [95]. It is possible to discover therapeutic medication’s biological targets
and molecular processes by using network pharmacology as an approach in clinical ill-
nesses (Figure 8). As a result, identifying biomarkers and treatment molecular pathways
is crucial even before diagnosing a patient with a relapsed CRC [96]. Resveratrol belongs
to the phytoalexin stilbene compound and is isolated from the various plants extracts.
Chemo-sensitising, antioxidative, and anti-inflammatory characteristics are some of the
things it does. Due to the poor physicochemical profile of resveratrol, it is not generally
recommended therapeutically despite its positive features [97]. The iNOS, COX-2, and
other inflammatory signalling pathways are all reduced by resveratrol, inhibiting proin-
flammatory mediators, including IL-13 and TNF-« [98]. Soo et al. created and improved
an innovative drug carrier by co-encapsulating resveratrol and cyclodextrin-resveratrol
inclusion complexes in liposomes” lipophilic and hydrophilic compartments. The final
formulation’s particle size, polydispersity index, and zeta potential were measured at
131 + 1.30 nm, 0.089 +£ 0.005 and —2.64 £ 0.51 mV, respectively. The drug release profiles
of 40-60% were found to be acceptable for the standard liposomal formulations and free
resveratrol, while the innovative nanoformulations demonstrated total (100%) release in
24 h. It remained steady at 4 °C for 14 days. In HT-29 colon cancer cell lines, resveratrol-
encapsulated liposomes showed in vitro cytotoxicity. Liposomes were shown to have a
dose-dependent cytotoxicity profile that was also boosted compared to free resveratrol (in
DMSO). Using liposomal formulations to deliver hydrophobic chemotherapy agents is pos-
sible because of the study’s findings, which show that the co-encapsulation of resveratrol
in its purest form with its cyclodextrin complex is feasible [99]. Summerlin et al. enclosed
resveratrol in colloidal MSN, and they discovered that the encapsulation efficiency and
loading capacity of MCM-48-resveratrol were superior. In CRC cell lines, the formula
promoted tumour cell killing via the PARP and cIAP1 pathways. Furthermore, it slowed
down the production of NF-kB. As a result, this new approach to medication development
may be useful in the future [100].
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Figure 8. Schematic illustration of resveratrol as a novel healing method for treating CRC by targeting
distinct signalling pathways.

10. Chemotherapeutic Drug Delivery Using Nanoparticles

Most cancers are still treated with radiotherapy and chemotherapy. It is a serious issue
that a combination of high dosages and combinational therapy produces severe toxic effects
to healthy colon cells. Moreover, it is also associated with a variety of cardiac and digestive
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side effects. Hence, it is required to reach the target location because of the short half-life of
these therapies and the tendency towards resistance [101]. Since the drug’s circulation time
and pharmacokinetic characteristics may be improved via nanocarrier-based delivery, it
may overcome these adverse effects [102].

10.1. 5-Fluorouracil (Capecitabine)

5-Fluorouracil (5-FU) was applied to heal CRC as a single agent and in combination
with other drugs for more than 40 years [103]. Researchers had to develop an oral version
of 5-FU because of its short half-life, the necessity of using a central line, and the demand
for continual infusions [104]. When compared to conventional 5-FU, Capecitabine provides
many benefits. After passing through the digestive tract, it undergoes three enzymatic
processes before transforming to 5-FU (Figure 9). Thymidine phosphorylase (TP), the
pathway’s last enzyme, is thought to be present in tumour tissue at disproportionately
high levels, which increases the agent’s effectiveness and tolerance through tailored deliv-
ery [105]. Most CRC chemotherapy regimens start with 5-FU as the main active ingredient.
Deoxythymidine monophosphate (dTMP) plays key role in DNA replication and repair
and is inhibited by 5-FU by altering into fluorodeoxyuridine monophosphate (FAUMP) in
cells [106]. FAUMP creates a stable complex mostly with the enzyme thymidylate synthase,
inhibiting the production of dTMP. It often interacts mostly with the formation and activity
of nucleic acids by substituting uracil or thymine in DNA and RNA as a secondary method
of action. The 5-FU-related gene TYMP (formerly known as ECGF1), genes for the thymi-
dine phosphorylase (TP) protein, varied amongst the groups. After being converted to
fluorodeoxyuridine (FUDR) by the action of TP, the active metabolite FAUMP is produced.
In vitro, the overexpression of TP increases the 5-FU sensitivity, which is thought to be due
to the increased production of FAUMP as a result [107].
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Figure 9. Mechanism of 5-FU for the treatment of CRC.

Capecitabine was used in a phase II study by Mizumoto et al. The quality of life and
disease-free survival of individuals treated with Capecitabine may improve if the adverse
effects are reduced throughout the drug. Capecitabine (2500 mg/m?/day) was given to
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CRC patients for five days, followed two days off (5 days on/2 days off regimen). It took
three weeks to complete one course, and it took 24 weeks to complete all eight courses.
Retrospectively, included patients on the traditional regimen received substantially more
treatment courses than those on the 5 days on/2 days off regimen, with a p-value of 0.0438.
There was a substantially greater rate of patients in the 5 days on/2 days off regimen
completing their planned therapy (p = 0.0389). However, according to the results of this
phase II research, toxic effects related to the 5 days on/2 days off regimen are less severe
than those associated with the more traditional regimen, and adverse events are more
common. However, there are fewer reports of high-grade toxicities. The novel regimen had
a shorter time to treatment failure and showed high practicality. There was no significant
difference in overall quality of life or side effects (mainly mild); therefore, the 5 days
on/2 days off regimen must be a plan to be studied in future randomised controlled trials
to confirm its viability [108].

10.2. Oxaliplatin

Oxaliplatin is a third-generation diamino cyclohexane (DACH) platinum compound.
Oxaliplatin creates intrastrand connections between two adjacent guanine residues or
between guanine and adenine, inhibiting DNA replication and transcription [109]. Oxali-
platin is the third generation of the DACH platinum compound. Oxaliplatin is successful
in the treatment of colorectal cancer, but platinum compounds cisplatin and carboplatin
have been shown to be ineffective [110]. It is frequently used to treat patients who have
not responded to 5-fluorouracil (5FU)-based therapy. Oxaliplatin’s cytotoxic effects, on the
other hand, are still poorly studied in detail. Many chemotherapeutic drugs, including
oxaliplatin, have been demonstrated to cause apoptosis in tumour cells [111]. Since a
medication’s cellular target is dependent on the accumulation in cancer cells, the clinical
efficacy of oxaliplatin may be influenced by variables that regulate its accumulation due
to its expression by tumour cells or by biological barriers that impact drug disposition.
(e.g., enterocytes and hepatocytes) (Figure 10).

Oxaliplatin can enter cells passively or by transporters that carry it in from the outside.
Its physicochemical properties are important to determine if passive diffusion is preferable
to other routes [112]. Due to these characteristics, it may accumulate better in tumour
cells than cisplatin, even in drug-resistant cells with a lower permeability toward the
more hydrophilic drug. Efflux and influx transporters work together to determine how
much medication is stored in cells. Oxaliplatin’s therapeutic efficacy and side effects may
be influenced by the tissue-specific expression of influx transporters or decreased efflux
transporter activity when these variables are present [113].

Trifluridine/tipiracil FTD/TPI and oxaliplatin were used synergistically by Limagne et al.
to enhance the immunogenic cell death (ICD). Even though all therapy groups indicated
T-cell dependence, only the combination effectively induced ICD in vivo. Furthermore,
neither FTD/TPI or oxaliplatin affected regulatory T cells or myeloid-derived suppressor
cells. However, they did remove type-2 tumour-associated macrophages (TAM2), resulting
in increased cytotoxic CD8+ T-cell infiltration and activation. Secondary T-cell exhaustion
was related to both tumour cell PD-L1 expression and CD8+ T-cell PD-1 induction.

Last, but not least, even when used alone, anti-PD-1 did not boost the antitumor
efficacy of FTD/TPI or oxaliplatin monotherapy, but when combined with the drugs, it
did. FTD/TPI and oxaliplatin depleted TAM?2 in a new immunomodulatory manner. A
rationale for using oxaliplatin and FTD/TPI to remove immunosuppressive cells and boost
checkpoint efficacy in patients with metastatic colorectal cancer has been provided by the
induction of ICD in vivo by combining these medicines [114].
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Figure 10. Numerous influx and efflux transporters that allow oxaliplatin to enter the cell passively
(dashed arrow). There are several kinds of organic cation transporters, such as the OCT 1/2/3 trans-
porters, copper transporters, MRP2 multidrug resistance-associated proteins, glutathione transporters,
MATE 1 multidrug and toxin extrusion transporter, and ATP7A /B ATP-binding cassette transporters.

11. Current Colorectal Cancer Clinical Trials and State of Nanotechnology

Clinical endpoints and biomarkers are two issues that were particularly interested in
when it comes to contemporary clinical studies. The alterations in OS amid two treatment
groups in research evaluating a single line of therapy are becoming increasingly challeng-
ing to accomplish in advanced cancer patients with all types of clinical end goals [115].
There are a rising variety of viable therapeutic choices available in second and subsequent
chemotherapy lines in addition to the regularly utilised and often ethically obligatory sal-
vage therapies. However, the initial treatment effect may be weakened or confounded, even-
tually precluding the proof of a statistical significance overall survival improvement [116].
A growing number of patients will have to be included in clinical studies over an ex-
tended period to obtain significant statistical and clinically acceptable OS impacts from
long-term patient survival and the ensuing mild OS risk ratio variations within the treated
group [117]. Induction chemotherapy combined with a targeted drug is the standard treat-
ment for metastatic colorectal cancer [118]. Clinical trials have evaluated various techniques
for maintaining cytotoxic treatment until progression against periods of observation or
using various maintenance medicines in several randomised trials. On the other hand,
clinical trials have shown wildly divergent effectiveness findings, making it difficult to
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draw any firm conclusions about which method is best. Table 2 shows the summary of
various current and finished clinical studies of CRC.

Table 2. Illustration of completed and ongoing clinical trials evidence for CRC.

Title

Location

Trial Identifier

Phase and Status

Methodology, Biostatistics and Data

Metastatic Colorectal Cancer Database Management NCT04031625 Not applicable, Recruiting
Dijon, France
Maintenance Therapy for Metastatic Colorectal
Cancer After First-Line Treatment with Medical College of Zhejiang University i
Fruquintinib Plus Capecitabine Versus Hangzhou, China NCT04733963 Phase 2, Recruiting
Bevacizumab Plus Capecitabine
CRC Patients having liver metastases are being Massachusetts General Hospital, .
treated with TAS-102 and radiation therapy United States NCT03223779 Phase 1, Recruiting
Anlotinib Combined With mXELIRI as Second-line Guangdong Provincial Hospital of -
Treatment of Advanced Colorectal Cancer Chinese Medicine Guangzhou, China NCT05035914 Phase 1, Recruiting
Do Colorectal Cancer Risk Estimates Affect Stanford University School of Medicine .
Screening Behavior? Palo Alto, US NCT03819920 Not Applicable, Completed
Study of Fruquintinib Efficacy and Safety in Hutchison Medi Pharma
Patients with 3+ Line Colorectal Cancer (FRESCO) Investigational Site NCT02314819 Phase 3, Completed
in Phase III Hefei, Anhui, China
Gut Microbiome Dynamics in Metastasized or Wilhelmina Ziekenhuis . o
Irresectable Colorectal Cancer Assen, Netherlands NCT03941080 Not Applicable, Recruiting
Dabrafenib + Trametinib + PDR001 Massachusetts General Hospital NCT03668431 Phase 2, Recruiting
In Colorectal Cancer Cancer Center
Colorectal Cancer Research Consortium (NCRCC) .. o -
Study: National Colorectal Cancer Zhejiang University College of Medicine NCT04074538 Not Applicable, Recruiting
R Hangzhou, China
Research Consortium
. . Fondazione del Piemonte per
A Translational Stqdy Examines the Impact of the I'Oncologia NCT02238821 Not Applicable, Completed
MET Oncogene in Human Colorectal Cancer .
Candiolo, Italy
The Use of a Patient Navigator to Increase Group Health Centre
Colorectal Cancer Screening Uptake Sault Ste. Marie, Canada NCT01506687 Phase 3, Completed
Regorafenib in the Treatment of Patients with Henan Cancer Hospital
Metastatic Colorectal Cancer: rlan Lancer Tospiia NCT05023720 Not Applicable, Recruiting
. Zhengzhou, China
Real-World Effectiveness
Investlggtmg the effect§ on colorectal cancer National Talvxfan.Umhversﬂy Hospital NCT01595256 Not Applicable, Completed
patients of a walking programme Taipei, Taiwan
Metabolomics-Based Detection of Indiana University Cancer Center .
Colorectal Cancer Indianapolis, US NCT00507598 Not Applicable, Completed
Exploration into how often patients with colorectal . . .
cancer who are receiving irinotecan-based therapy Caritas St. Eélr?aﬁfgi I\I/Ijesdlcal Center NCT00713128 Not Applicable, Completed
experience nausea and vomiting & !
A Colorectal Cancer Screening Decision Aid for Robeson Health Care Corporation .
American Indians That Is Culturally Adapted Lumberton, US NCT03569761 Not Applicable, Completed
Vaccination Against MSI Colorectal Cancer Krankenhaus. Nordwest NCT01461148 Phase 2, Completed
Frankfurt/Main, Germany
Fecal Occult Blood Tests for Colorectal Cancer Qilu Hospital .
Screening: A Comparison of the Different Methods Jinan, China NCT04454099 Not Applicable, Completed
. . Cancérologie et
C.Oncem for Positron Emission Tomography (PET) Hépato-Gastro-Entérologie NCT00199654 Phase 3, Completed
in Colorectal Cancer Stage II and III Follow-Up
Bordeaux, France
. Memorial Sloan-Kettering Cancer
Relapsed/ refrathry Colorectal Cagcer Patients Center NCT01270698 Phase 1, Completed
Receiving IMMU-130 Trial
New York, US

54



Nanomaterials 2022, 12, 169

12. Future Prospects and Recommendation

Colorectal cancer is still the leading cause of cancer-related death in the globe. To
enhance the overall survival, minimise the disease-free progress, and reduce the recur-
rence risk, early detection is critical. Oncogenes and tumour suppressor genes undergo
successive mutations in the adenoma-carcinoma pathway, progressing from normal to
dysplastic epithelium. Normal glandular epithelium becomes adenocarcinoma when ge-
netic and epigenetic alterations to the genome accumulate. Even though the molecular
processes responsible for the cancer’s growth and spread remain a mystery, numerous
genetic pathways have been postulated to explain CRC aetiology. A biomarker is a useful
tool for detecting diseases early on and predicting how well a patient will respond to
therapy. Although biomarkers employed at various stages of the illness make it easier
to control CRC, each one has its limits. To make advances in biomarker creation and
validation, understanding molecular interactions that aid pathogenesis is necessary. The
use of nanotechnology in the treatment of colorectal cancer is critical. When it comes to the
elimination or, at the very least, the chronic treatment of cancer, nanotechnology has shown
to be a vital and optimistic technique. The use of nanotechnology in cancer diagnosis and
therapy has been game-changing. It has been a priority in biomedicine to create drug
delivery techniques that can affect biodistribution, tissue absorption, and pharmacokinetics,
among other things.

Contrary to popular belief, nanomedicine can have a significant impact on human
CRC diagnosis and treatment and even improve normal human physiology in some cases.
We hope that this article will help scientists, research scholars, industrialists, etc. with their
research work and provide ease in searching through the findings of the current research
work in CRC. It also helps to identify the diagnostic, prognostic, and predictive biomarkers.
Thus, it provides a conceptual knowledge of nano-based medicine for the management
of CRC.

13. Conclusions

Many people around the world are still affected by CRC. mCRC management remains
a challenge despite screening recommendations and advancements in treatment options.
A variety of genetic and epigenetic factors contribute to the heterogeneity of CRC. There
is also much variability in the tumour microenvironment in CRC, making it difficult to
find therapeutic targets for people with metastatic CRC. The heterogeneity of tumours
within and across primary and metastatic sites can be extremely diverse. This could
be a contributing factor to a treatment failure when a patient develops a resistance to
targeted medicines. Since the effectiveness of more recent focused treatments depends
on a good understanding of the patient’s previous response, a tumour specimen analysis
is also required for understanding the underlying illness mechanism and/or tumour
resistance traits. As our understanding of the colorectal carcinogenesis molecular landscape
expands, new molecular biomarkers with prognostic and predictive information are being
identified. For the real-time examination of tumour clonal development, medication
response, the existence of minimum residual illness, and acquired resistance, liquid biopsies
are a potential approach. CRC patients may benefit from real-time molecular categorisation
and customised treatment using non-invasive biomarkers. With a better understanding
of the epigenetic regulatory mechanisms, including cancer-specific epigenetic changes,
prospective clinical implications as diagnostics or therapeutic targets in colorectal cancer
can now be explored more thoroughly.

The diagnostic efficacy of these biomarkers in early-stage CRC screening, prognos-
tication, or treatment response prediction has yet to be improved, and most of these
biomarkers have not yet been validated in large independent patient cohorts. A significant
step towards individualised medicine should, in our opinion, include the consideration of
non-cancer-related aspects such as nutrition and lifestyle. The existing methods in the can-
cer management sector have been rapidly replaced by new ones that offer greater diagnostic
capabilities, increased sensitivity for tumour staging, and better therapeutic approaches.
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There are various advantages to using nanotechnology in colon cancer treatment. We can
see early indications of nanotechnology’s value in evaluating colorectal cancer imaging,
medicines, and ablation methods. The first measures have already been taken to improve
these areas. There should be no doubt that nanotechnology-based techniques have the
potential to treat cancers other than CRC, even if this opinion has concentrated on CRC as
a particularly attractive target for early application.
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Abstract: Metallic nanoparticles, such as gold nanoparticles (AuNPs), have been extensively studied
as drug delivery systems for various therapeutic applications. However, drug-loaded-AuNPs have
been rarely explored in vivo for their effect on bacteria residing inside tissues. Ciprofloxacin (CIP)
is a second-generation fluoroquinolone with a broad-spectrum of antibiotic properties devoid of
developing bacteria resistance. This research is focused on the synthesis and physical characterization
of Ciprofloxacin-loaded gold nanoparticles (CIP-AuNPs) and their effect on the colonization of
Enterococcus faecalis in the liver and kidneys of mice. The successfully prepared CIP-AuNPs were
stable and exerted enhanced in vitro antibacterial activity against E. faecalis compared with free CIP.
The optimized CIP-AuNPs were administered (500 ug/Kg) once a day via tail vein to infected mice
for eight days and were found to be effective in eradicating E. faecalis from the host tissues. Moreover,
unlike CIP, CIP-AuNPs were non-hemolytic. In summary, this study demonstrated that CIP-AuNPs
are promising and biocompatible alternative therapeutics for E.-faecalis-induced infections resistant
to conventional drugs (e.g., beta-lactams and vancomycin) and should be further investigated.

Keywords: drug delivery; antibiotics; antimicrobial resistance; gold nanoparticles; ciprofloxacin;
Enterococcus faecalis; liver and kidney infections; nanotechnology

1. Introduction

E. faecalis has become one of the most daunting bacteria among the opportunistic
pathogens [1]. This bacterium is responsible for a major percentage of nosocomial infections.
It can cause infections in the gastrointestinal, respiratory, and urinary tracts; root canal; etc.
Its characteristic features include extraordinary survival capacities in extreme conditions
and development of resistance against antibiotics [2-4] such as 3—lactam antibiotics and
vancomyecin [5]. Hence, innovative and effective antibiotics are required to tackle drug
resistance mediated by E. faecalis infections.

The development of antimicrobial resistance (AMR) is one of the most pressing global
issues, and great efforts have been committed to explore new and advanced antibiotics.
However, extensive and impeded regulatory approval has shifted the focus to improve
the efficacy of existing blockbuster drugs [6]. Advances in nanotechnology offer exciting
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methods to provide novel materials that can support penetration into biofilms, promote bac-
teria entry of the drugs, and present synergism with their own functional attributes [7-9].
Metallic nanoparticles (NPs), such as gold nanoparticles (AuNPs), are gaining recognition
as improved drug delivery vehicles. They have shown effectiveness for various medical
illnesses, including cancer, chronic diseases, and antibacterial, antiviral, and antifungal
infections [10]. AuNPs do not exert (inherent) antibacterial activity; however, they enhance
antibacterial properties of the loaded antibacterial drugs [11]. Drug-loaded AuNPs collapse
bacteria membrane potential, hinder ATPase activity, and halt binding of ribosomes to
tRINA leading to deteriorated bacterial cell metabolism [12]. Moreover, their site directed
activity can target biofilms and quorum sensing [13,14]. The stability and the activity of
such AuNPs under physiological conditions (such as pH, temperature, etc.) have also been
evaluated in various studies, as such factors can modify their antibacterial activity [15,16].
Over the last years, various nanocarrier systems against E. faecalis have been reported such
as ciprofloxacin and metronidazole encapsulated nanomatrix gels [17], bismuth nanopar-
ticles [18], chitosan—propolis nanoparticles [19], doxycycline-functionalized polymeric
nanoparticles [20], methylene blue and biogenic gold nanoparticles [21], silver nanopar-
ticles and calcium hydroxide mixtures [22], biosynthesized silver nanoparticles [23], and
graphene oxide nanoparticles [24].

Ciprofloxacin [1-cyclopropyl-6-fluoro-1,4-dihydro-4-oxo-7 piperazinylquinolone-3-
carboxylic acid] (CIP) is a large spectrum fluoroquinolone antibiotic that is widely used for
the treatment of numerous bacterial infections in joints, bones, skin, tooth, gastrointesti-
nal, and urinary and respiratory tracts [25]. CIP-loaded gold nanoparticles (CIP-AuNPs)
were reported by Tom et al. in 2004 [26]. Recently reported nanocarriers for CIP include
CIP-loaded nanocomposites [27], PLGA—chitosan-based ciprofloxacin [28], Ciprofloxacin-
containing polymer-based nanofibers (scaffolds) [29], and CIP-loaded single-walled carbon
nanotubes [30]. This study aims to use ciprofloxacin protected gold nanoparticles to eradi-
cate bacteria in the tissues of mice. The physical characterization of the nanoformulated
version of this drug along with in vitro antibacterial activity, against E. faecalis, were carried
out. For in vivo studies, an infectious mouse model was developed for E. faecalis and
anti-colonization through the use of CIP-AuNPs was determined.

2. Materials and Methods
2.1. Bacterial Strains

The Gram-positive bacterial strain used was E. faecalis JH2-2 (derived from the parental
strain JH2). GM17 medium was used for their growth at 37 °C [31].

2.2. Preparation of AuNPs and CIP-AuNPs

The AuNPs were prepared by a previously reported method [26]. Trisodium citrate
(0.5 mM) and chloroauric acid (0.5 mM) (MERK, Munich, Germany) were fluxed together.
Citrate acted as a stabilizer as well as a reducing agent. The particle formation was
confirmed upon achieving a red wine color. For the loading of CIP on AuNPs, 20 mL of the
above solution was mixed with 5 mL of CIP (0.5, 1.0, 1.5, 2, and 2.5 mM) at pH 6.5. Then,
the solution was stirred until the red color turned to blue-purple.

2.3. Characterization of AuNPs and CIP-AuNPs

The CIP-AuNPs were characterized by UV-Vis spectrophotometry using a UV-2800
(BMS Biotechnology Medical Services, Madrid, Spain) spectrophotometer. Zeta potential
was recorded using a Malvern Zeta sizer (Malvern, UK). Scanning electron microscopy
(SEM) and Energy-dispersive X-ray spectroscopy (EDS) analyses were carried out using
a SEM VEG 3 LMU (Tescan, Czech Republic), while Fourier-Transform Infrared Spec-
troscopy (FTIR) analyses were carried out using a Bruker FTIR Spectrometer ALPHA II
(Westborough, MA, USA).
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2.4. Drug Loading Capacity and Encapsulation Efficiency

CIP loading capacity and encapsulation efficiency by the AuNPs were evaluated using
Equations (1) and (2), respectively.
_ Weight of CIP in CIP — AuNPs

Loading capacity (%) = Weight of CIP — AuNDs x 100 (1)

Total CIP added — F P
Encapsulation Efficiency (%) = o2 CTot:l CFP v deZlee < x 100 ()

2.5. Drug Release Efficiency

The in vitro release of CIP from the CIP-AuNPs formulated with various concentra-
tions of CIP was studied over time using a UV-Vis spectrophotometer at 280 nm from 0
to 24 h (every 2 h) by adding 20 mL of a 20-mM PBS buffer to 20 mL of the CIP-AuNPs
solutions. The cumulative drug release was calculated using Equation (3).

CIP released from the CIP — AulNPs at t

lati 1 o) =
Cumulative drug release (%) The total amount of CIP loaded onto the AuNPs.

®)

To determine the quantity of the drug present at the absorption site, a significant
predictor Tgg9,, was calculated as the time taken to release 60% of the drug. For instance,
Stineman interpolation using Minitab 17 software was applied. The T4, drug release data
were fit into the Korsmeyer-Peppas model for non-swellable matrices (Section 51.3).

2.6. Kinetic Analysis of the Drug Release

To determine the drug release from the CIP-AuNPs, numerous mathematical models
(zero-order, first-order, and Higuchi’s model) were employed (Section 51.3) [27,32].

2.7. In Vitro Stability of CIP-AuNPs

The effect of temperature on CIP-AuNPs was found by heating CIP-AuNDPs at different
temperatures (25 °C, 50 °C, 75 °C, and 100 °C) for 30 min. The effect of pH values (4, 7,
and 10) and different salt concentrations (0.05, 0.1, 0.5, and 1 M) on CIP-AuNPs were also
determined. For salt concentration, 10 mL of CIP-AuNPs were centrifuged at 10,000x g for
10 min. The resulting pellets were suspended in NaCl solutions (50 mM-1 M) at 37 °C for
24 h.

2.8. In Vitro Antibacterial Potential of CIP-AuNPs

The Minimum Inhibitory Concentration (MIC) of free CIP was calculated using differ-
ent concentrations of CIP and CIP-AuNPs (0.1-10 mg/mL) against E. faecalis. The bacterial
cultures at exponential phase of ODgy were harvested and counted for 10° CFU/mL using
the standard dilution method. Using a standard inoculum of 10® CFUs, cultures were
incubated at standard conditions for 24 h. The concentrations with a 50% reduction in
bacterial count were observed as MIC. With an inoculum of approximately 10° CFU/mL,
50 uL of a 10-fold-diluted culture were plated on M-17 agar plates for measuring the viable
cells. Colonies were counted after 24 h [33,34]. Moreover, a zone of inhibition test was
also conducted by using the disc diffusion method to compare the antibacterial activity of
CIP-AuNPs and free CIP. An E. faecalis culture was developed on the nutrient agar plate. A
zone of inhibition (in mm) was then measured for E. faecalis using the Kirby-Bauer method.
Sterile Whatman filter paper discs were impregnated with CIP, AuNPs, and CIP-AuNPs at
a concentration of 10 pg/disc each.

2.9. Hemolytic Activity of CIP-AuNPs

A hemolysis test was carried out to compare the hemolytic activity of different con-
centrations (i.e., 10, 25, 50, and 100 pg/mL) of CIP-AuNPs (2 mM CIP), AuNPs, and CIP.
Blood samples were taken from healthy female donors. Red blood cells were incubated for
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4 h using the method described by Zarmina et al. [35]. As a positive control, Triton X-100
(0.5%) was used, while PBS was used as a negative control. The absorbance was measured
at a wavelength of 550 nm.

2.10. Colonization of E. faecalis in BALB/c Mice

The in vivo investigation was conducted using female BALB/c mice (eight weeks
old, weighing 25-30 g; n = 15) purchased from the National Institute of Health (NIH),
Islamabad Pakistan. They were kept at 25 &= 2 °C and presented with a natural light-dark
cycle (10-14 h). The mice were given autoclaved tap water and a normal diet ad libitum.
For bacterial colonization in hepatic and renal tissues, a well-established intravenous (IV)
infection model was used [36]. The GM17 broth at a temperature of 37 °C was used and
the preculture was grown overnight. A total of 100 uL of preculture was added to brain
heart infused (BHI) medium supplemented with 40% filter-sterilized serum. Phosphate
buffer saline (PBS), pH 7.4, was then used to wash the subsequent pellets from the cultures,
optimized by colony counting for the number of cells. The bacterial pallets were then
suspended in sterile PBS. A total of 100 puL of the suspension adjusted for 1 x 10” cells/mL
of bacterial suspensions were (tail vein) injected into each of the female mice (1 = 15).

2.11. In Vivo Antibacterial Activity of CIP-AuNPs

To assess the in vivo antibacterial activity of CIP-AuNPs and CIP, they were suspended
or dissolved in PBS buffer. The infected group (n = 15) was treated with CIP-AuNPs
(500 ug/Kg, n = 5) and with free CIP (10 mg/Kg, n = 5); the remaining five mice remained
untreated. CIP-AuNPs and free CIP were delivered by the tail vein once a day for eight
days starting from the seventh day of infection until the day of the challenge. After a week
of treatment, all mice were sacrificed, and their liver and kidneys were removed to measure
the viable bacterial count through the colony-forming unit (CFU) method. For instance,
organs were weighed and homogenized in 10 mL of a PBS solution. 10-fold dilutions of
the homogenate were plated on the agar plate. CFUs were counted after 24 h.

2.12. Statistical Analysis

Statistical analysis (such as the mean, standard deviation, and multiple group com-
parison analysis by one-way ANOVA) was carried out using Origin 2021 (OriginLab
Corporation, Northampton, MA, USA) and Graph Pad Prism 9.2.

3. Results
3.1. Synthesis of AuNPS and CIP-AuNPs

The synthesis of AuNPs was accomplished by a chemical reduction method. The red
color confirmed the formation of AuNPs upon the addition of citrate to chloroauric acid.
The UV-Vis graph shows the absorbance peak of gold nanoparticles at 521 nm (Figure 1).

Further, the addition of CIP into the AulNP solution resulted in a purple to bluish
solution, indicating CIP adsorption onto the AuNPs. UV-Vis spectroscopy verified the
adsorption of various CIP concentrations on AuNPs, as presented in Figure 2. The transition
of the solution color took place upon adding different CIP concentrations, typically from
red to purple to bluish, and finally, to dark blue (Figure 1).
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Figure 1. UV-Vis spectra of CIP, AuNPs, and CIP-AuNDPs.
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Figure 2. UV-Vis spectra of CIP-AuNPs loaded with various CIP concentrations.

3.2. CIP Encapsulation Efficiency and CIP Loading Capacity

CIP encapsulation efficiency was the highest (60.83%) at the highest CIP concentration
used (2.5 mM); conversely, CIP encapsulation efficiency into AuNPs was the lowest (24.43%)
at the lowest CIP concentration used (0.5 mM) (Table 1). Consistently, the drug loading
capacity was also drug-concentration-dependent. Indeed, CIP loading capacity into AuNPs
was the highest (34.54%) at the highest CIP concentration used (2.5 mM); conversely, CIP
loading capacity into AuNPs was the lowest (8.85%) at the lowest CIP concentration

(0.5 mM) (Table 1).

Table 1. Encapsulation efficiency (%) and loading capacity (%) of CIP onto the AuNPs at varying CIP

concentrations.
CIP Concentration AuNPs Encapsulation Efficiency (%) Loading Capacity (%)
0.5 mM 24.43 8.85
1.0 mM 29.30 15.60
1.5 mM 30.65 28.85
2.0 mM 48.92 33.81
2.5 mM 60.83 34.54
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3.3. Particle Size and Zeta Potential of AuNPs and CIP-AuNPs

The average particle size (PS) of AuNPs was found to be 23 nm. The PS for the
different CIP-AuNPs are mentioned in Table 2. Upon addition of CIP (0.5 mM and 1 mM),
the size of the NPs remained almost the same at 24 nm. The PS increased to 41, 88, and
128 nm using 1.5, 2.0, and 2.5 mM CIP, respectively.

Table 2. Zeta potential values for CIP-AuNPs, AuNPs, and CIP.

CIP-AuNPs Z;Ii";fz)ge PDI StDev (d. nm)  Zeta Potential (mV)
0.5 mM 24.43 0.26 6.21 321
1.0 mM 24.09 0.301 6.044 —33.3
1.5 mM 41 0.68 10.21 ~19.7
2.0 mM 88.2 1.000 57.4 —13.4
2.5mM 128.2 0.48 79.18 212

The zeta size and charge values of the CIP-AuNPs and AuNPs are mentioned in
Table 2. The AuNP had a negative charge of —32.1 mV, which remained unchanged upon
the addition of 0.5 mM CIP. However, the zeta potential (ZP) and PDI values of the CIP-
AuNPs at a 1.5 mM CIP concentration were —19.7 + 6.65 mV and 0.680, respectively.

3.4. Surface Morphology and Elemental Chemical Composition of AuNPs by SEM—-EDS

The surface morphology of the chemically prepared NPs (AuNPs and CIP-AuNPs)
was analyzed by SEM at 10 kV. SEM images revealed spherically-shaped AuNPs (Figure 3a),
2 mM CIP-AuNPs (Figure 3b), and 2.5 mM CIP-AuNPs (Figure 3c). The SEM analysis
further presented a high polydispersity of 2.5 mM CIP-AulNPs.

Figure 3. SEM micrographs of (a) AuNPs, (b) AuNPs (2 mM), and (c) CIP-AuNPs (2.5 mM).

Besides, EDX analysis was carried out for elemental mapping of CIP-AuNPs (2.5 mM)
(Supplementary Materials Figure S1, Section 52.1).

3.5. Structural Analysis of CIP-AuNPs by FTIR Spectroscopy

The FTIR of CIP-AuNPs, AuNPs, and free CIP are presented in Figure 4 and Sup-
plementary Materials Table S1. FTIR results showed the successful adsorption of CIP in
AuNPs. The stretching of the N-H bond of the imino moiety on the piperazine group
of the CIP was shown by the band at 3410 cm~!. Absorption bands at 1655 cm ™! and
1070 cm~! represent a primary amine (N-H) bend of the pyridone moiety and the C-F
functional group of the CIP, respectively [30]. The peak at 1634.84 cm~! corresponded
to C = O symmetric stretching, and the band at 1381.02 cm ™! was assigned to the C-H
stretching vibration in the AuNPs. The CIP-AuNPs exhibited bands at 3341 cm™~!, which
corresponded to the strong stretching vibration of the O-H group of alcohols and phenols,
while the band at 2062 cm ™! referred to strong C-H stretching [33]. The stretching bands
at 3410 cm ! of the N-H bond of the imino moiety on the piperazine group of the CIP
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moved to 3449 cm ! for the CIP-AuNPs, showing adsorption of CIP on AuNPs. It has been
reported that the nitrogen atom of the NH moiety of the piperazine group of CIP binds to
the AuNP surface to form CIP-AuNPs. The binding of CIP to the surface of AuNPs was
confirmed by the fact that the corresponding NH, peaks were broadened and shifted to
higher wavelengths (1655 cm ™! to 1667 cm~!). The broad stretching band of O-H was due
to water traces in the CIP-AuNP and AuNP samples. The weak bands around 2900 cm !
in CIP-AuNPs are explained by traces of citrate.
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Figure 4. FTIR spectra of CIP-AuNPs, AuNPs, and free CIP.

3.6. Kinetics of CIP Drug Release from AuNPs

The drug release curve is represented by a normal biphasic drug release pattern, which
can be split into two stages (Figure 5). In the initial stage (0-5 h), a rapid release of CIP
occurred from all the formulations. This confirmed the adsorption of CIP on the surface
of AuNPs, in which the CIP-AuNPs displayed a high surface-to-volume ratio due to their
small size, which promoted burst release [34]. The second stage (5-24 h) was when the
drug was released in a prolonged fashion. The Ty of CIP release from the AuNPs loaded
with 2 mM of CIP was obtained at 27 h. The Ty for 0.5 mM CIP, 1.5 mM CIP, or 2.5 mM
CIP was found to be around 70 at 38 h, 29 h, and 24.5 h, respectively, upon extrapolating
the drug release. These results indicated that drug release was seed size-dependent i.e., the
smaller the nanoparticles, the slower the drug release.
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Figure 5. In vitro CIP release from AuNPs loaded with various CIP concentrations.
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A first-order release was observed for CIP release from the CIP-AuNPs, which demon-
strated that CIP release from CIP-AuNPs (2 mM) was concentration-dependent (Supple-
mentary Materials Figures 52-56). Overall, the release studies demonstrated that CIP-
AuNPs loaded with >1 mM CIP are suitable nanoformulations for CIP administration in a
sustained manner. The initial burst release will act as a loading dose to suppress the disease
spread, while the sustained release phase will contribute towards a better therapeutic effect.

3.7. Stability Tests on CIP-AuNPs

The CIP-AuNPs with targeted drug concentration (2 mM) showed stability at room
temperature and in a basic medium. They were unstable at different salt concentrations.
The color change from blue to dark blue was observed with an increase in temperature for
the CIP-AuNDPs, and 2.0 and 2.5 mM of CIP (Supplementary Materials Figures 57-511),
which is attributed to the increase in particle size (PS) due to aggregation. CIP-AuNPs
(2 mM) were stable at room temperature (25 °C), and the An,x increases on the order of
25 °C <50 °C <75 °C <100 °C. With different pH values (Supplementary Materials Figures
512-516) and increasing salt concentrations (Supplementary Materials Figures 517-521),
irregular trends in Apmax (adsorption peak of CIP, 280 nm) of CIP-AuNPs in all formulations
were observed. For further analysis, the CIP-AuNPs (2 mM) formulation was selected.

3.8. In Vitro Antibacterial Activity of CIP-AuNPs at the Optimized Dose

The MICs of free CIP and CIP-AuNPs were tested against E. faecalis JH2-2. For com-
parison of antibacterial activity of CIP and CIP-AuNPs (2 mM), the Minimum Inhibitory
Concentration was obtained for our strain. The MIC of CIP and CIP-AuNPs were found
tobe 2 pg/mL and 1 pg/mlL, respectively. The zone of inhibition using 10 ug/disc are
presented in Figure 6. As such, a larger zone of inhibition of 23 mm was obtained for the
CIP-AuNPs compared with CIP (21 mm), whereas no zone of inhibition was obtained for
the bare AuNPs.

Zone of inhibtion {(mm)

CIP-AuNPs

Figure 6. The zones of inhibition (ZI) displayed by CIP, AuNPs, and CIP-AuNPs for E. faecalis.

3.9. In Vivo Anticolonizing Potential of CIP-AuNPs in an Animal Model

The infected mouse liver and kidneys appeared to be inflamed and some lighter zones
underneath the liver (Figure 7A) were observed. Since the strain was not biofilm-forming,
no particular lesions were visualized in the infected liver Figure 7A(a). Mice treated
with CIP and CIP-AuNPs had a normal liver appearance Figure 7A(b,c) respectively. The
kidneys of infected, CIP treated and CIP-AuNPs treated mice presented no particular
change in morphology or texture, Figure 7A(d—f) respectively. The average bacterial
count (log;pCFU/gm organ) in the infected liver was 39.53+ 1.93 (Figure 7B(a)). CIP
and CIP-AuNPs treated mice harbored 29.049 £ 1.343 log1oCFU/mL and 28.4 + 0.421
log10CFU/mL (p = 0.428) respectively, in the liver. The bacterial load in the kidneys of
infected mice was 13.98 £ 0.232 log;oCFU/mL (Figure 7B(b)) while kidneys of CIP and
CIP-AulNPs treated mice presented significantly lower bacterial load, 7.91 + 0.2132.76 &+
0.034 log1oCFU/mL (p < 0.0D0076), respectively. The in vivo data revealed that the mice
treated with CIP-AuNPs significantly reduced bacterial colonization in the kidneys (Figure
7B,D) compared with those of CIP-treated mice. The CFU for the 10-fold serial dilutions
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in the infected, CIP treated and CIP AuNPs treated liver are shown in Figure 7C(a—c)
respectively. Same dilutions for infected, CIP treated and CIP AuNPs treated kidneys are
shown in Figure 7D(a—c) respectively.
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Figure 7. Effect of CIP (10 mg/Kg) and CIP-AuNPs (500 png/Kg) on the colonization of E. faecalis in the
(A) mouse organs—(a) infected liver, (b) CIP-treated liver, (c) CIP-AuNPs-treated liver, (d) infected
kidney, (e) CIP-treated kidney, (f) CIP-AuNPs treated kidneys, infected kidneys, (B(a,b)) CFU E.
faecalis in the infected liver and kidney; (C) CFU counting in the liver—(a) infected, (b) CIP-treated,
and (c) CIP-AuNPs-treated; (D) CFU counting in the kidneys—(a) infected, (b) CIP-treated, and
(c) CIP-AuNPs-treated.

3.10. Hemolytic Activity of CIP-AuNPs

Hemolytic activity results of the CIP, AuNPs, and CIP-AuNPs are presented in
Figure 8. According to ISO/TR 7406, the percentage hemolysis considered to be safe
is <5%. These results present the greater hemolytic activity of CIP (6.4, 7.2 and 10%) com-
pared with AuNPs and CIP-AuNPs (2 mM). Since the intravenous route gave an escape
to the drug from first-pass metabolism, results indicate a hundred percent availability
of the drug or nanoparticles in plasma. Considering the average mouse weight was 28
g, the average injected doses of CIP and CIP-AuNPs in the mice were 280 pg and 14 ug,
respectively. The results indicated that CIP had hemolytic activity at concentrations of
20 ug/mL and above.
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Figure 8. Hemolytic activity of CIP, AuNPs, and CIP-AuNPs, ** presents p < 0.01.

4. Discussion

Ciprofloxacin is a second-generation fluoroquinolone that is active against many
Gram-negative and Gram-positive bacteria. It acts through inhibition of bacterial DNA
gyrase and topoisomerase IV. There has been no cross-resistance reported for CIP and other
fluoroquinolones; therefore, it is of high clinical value. However, there are certain side
effects associated with CIP including low blood sugar, headache, nerve damage causing
numbness, tendon rupture, and joint pains. Gold nanoparticles are efficient drug carriers
that have the ability to improve the antibacterial effects of loaded antibiotics as well well
as to reduce the amount of drug required to be effective because of their retention and
penetration into bacterial biofilms and cell membranes at the infected sites.

This study reported the effectiveness of spherical CIP-AuNPs as an antibacterial
platform against E. faecalis infection in the kidneys and liver of mice. The spherical CIP-
AuNPs (Figures 1 and 3) were successfully prepared using a non-simple ionic interaction
between CIP and negatively charged AuNPs, which maintained their therapeutic functions
without chemical modification [28]. Drug adsorption or loading on the NP was determined
by UV-Vis spectroscopy and FTIR. In CIP-AuNPs, the zeta potential values changing from
—32.1mV to —19.7 mV and —13.4 mV indicated the adsorption of CIP onto AuNPs [37].
The negative charge on the AuNPs and the positive charge of the CIP [26] (at 6.5 pH)
resulted in electrostatic interactions; hence, enhanced CIP encapsulation efficiency and
loading capacity was observed. The addition of different concentrations of the drug to
the nanoparticles changed the color from red to purple to bluish purple, and finally, to
blue. Increasing the concentration of CIP-AuNPs (>2 mM of CIP concentration) caused
the zeta potential values to become less negative (Table 2). The zeta potential values
ranging between —5 mV and 5mV generally demonstrate fast aggregation [38]. The SPR
spectra of CIP-AuNPs—2 mM (Figure 1) indicated an increase in the peak intensity of the
AuNPs upon the addition of CIP. Moreover, there was a slight shift in the CIP peaks. These
changes indicated loading of CIP onto the AuNPs. Considering the standard limits, the zeta
potential values of CIP-AuNPs at a 2.5-mM CIP concentration showed fast aggregation.
Optimization of the drug for loading is, thus, an important criterion for electrostatically
loaded drugs. The encapsulation efficiency, which actually represents the amount of the
drug that gets incorporated into a particle at a provided concentration, may help in this
regard. The drug loading values present the percentage of drug in terms of weight of the
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nanoparticles. Considering this, we selected CIP-AuNPs (at a 2 mM CIP concentration) for
the antibacterial and hemolysis studies.

The stability testing of the CIP-AuNPs illustrated a drastic shift in the stability of the
CIP-AuNPs at 100 °C, which could be due to an increase in collision frequency between
CIP-AuNPs. The activation energy produced from these collisions would be enough for
CIP-AuNPs to react, which is fully depicted by the Arrhenius equation (Supplementary
materials Figures 57-512). From the observation of the effect of temperature on different
CIP-AuNPs, the 2.5 mM ratio showed a change to dark blue. Thus broadening of the
CIP-AuNPs peak at the 500 nm range shows particle aggregation. This is due to the fact
that the particles destabilize causing a decrease in extinction peak intensity, resulting in a
lower number of stable nanoparticles. In the case of pH, the CIP-AuNPs with 2 mM of CIP
showed a peak shift from 537 nm to 521 nm at pH 7 and 10 (Figure S15). This is because
of the fact that the CIP acquired a negative charge. This negative charge occurred due to
deprotonation of the amine group, which then further led to drug unloading. The effect of
salt showed the broadening of CIP-AuNPs peaks, this could be attributed to the fact of a
very high molar concentrations of the salt used in this experiment. The submolar salt (100
mM and above) (Supplementary materials S17-521) led to AuNP aggregation and drug
unloading.

In the current study, the in vitro drug release was assessed by various kinetic models
consisting of the zero-order, first-order, Higuchi, and Korsmeyer-Peppas models. A first-
order release was seen for CIP release from the CIP-AuNPs. This shows that CIP release
from CIP-AuNPs was directly dependent on the drug concentration (Supplementary
materials Figures 52-56). Overall, the release studies demonstrated the dependence of
CIP-AuNPs on particle size. Smaller particles release drugs in a very slow fashion. The
most suitable drug release kinetics was obtained by CIP-AuNPs (2 mM).

A higher level of antimicrobial activity is afforded by the CIP-AuNPs. This is due
to the large surface-to-volume ratio of AuNPs, which facilitated the adsorption of CIP
molecules onto the AuNP surfaces via electrostatic interaction between the amine groups
of CIP and AuNPs. The MIC of the CIP-AuNPs was half to that of CIP. Considering that
the overall particle seed was gold, the drug amount administered was much lower; thus,
carrier driven therapies require less amount of the drug to achieve the same therapeutic
outcome. It is well established that silver nanoparticles prepared via a chemical reduction
procedure exhibited antibacterial activity. However, for the AuNPs in this study, no
inherent antibacterial activity was obtained. This depicts that the surface-area-to-volume
ratio of AuNPs served its purpose as a drug delivery system and supported the CIP
approach to the target site, thus improving antibacterial activity. Studies revealed that
both positively and negatively charged gold nanoparticles get localized in the bacterial
membranes. For entry, the binding of negative charged particles to the bacteria’s lipid
bilayer results in local gelation. In contrast, the positively charged NPs get along the
fluidity in the gelled regions of the bilayers [39-41]. Once CIP-AuNPs have reached the
bacterial surface, they might have entered or fused with the cell membrane of E. faecalis
and served as a reserve for the continuous release of CIP, which must have then diffused
into the interior of the E. faecalis. It has also been reported that while acquiring resistance,
E. faecalis has cationic membrane proteins on their surface, which alter the membrane
fluidity and potential. At moderate levels of E. faecalis resistance, the cell surface becomes
neutralized, while at further higher resistance levels, the cell surface acquires a positive
charge. This positive charge on the membrane may further permit CIP-AuNPs to interact
and enter the bacterial cell [39—41].

The in vivo antibacterial activity showed significant reduction in CFU by CIP-AuNPs
compared with CIP. However, in the case of the liver, the difference was not significant but
comparable to CIP; this could be attributed to the fact that the E. faecalis presented a very
high hepatic load. Moreover, since the nanoparticles did not have a polymer coating such
as polyethylene glycol, many of them can be uptaken by the reticuloendothelial system and
could have been taken for detoxification. In the case of the kidneys, the nanoparticles may
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have stayed or been entrapped at the glomerular filtration barrier (GFB), which is present
within the glomerulus and sandwiched between the glomerular capillary and Bowman’s
space. Different layers of the GFB have pore sizes between 8-100 nm and, thus, act as a
sieve for the nanoparticles. The nanoparticles, especially the anionic nanoparticles, have
higher retention time in the kidneys and, in general, the nanoparticles disintegrate before
passing through the GFB. The accumulation of nanoparticles with this size range could be
the reason behind the efficiency of the significant decrease in bacterial count in the mice
treated with CIP-AuNPs over mice treated with CIP.

Ciprofloxacin has also been associated with hemolytic anemia [42]. In addition to
improved antibacterial activity, this study (Figure 7) also reported limited hemolytic activ-
ity of the CIP-AuNPs (2 mM) on human red blood cells (RBCs). These results presented
the greater hemolytic activity of CIP (6.4, 7.2, and 10.6%) as compared to AuNPs and
CIP-AuNPs. It has been reported that a positive charge on the particle’s surface possesses a
membrane-destabilizing and concomitantly destructive effect that results from the interac-
tion of a positive charge and a negative charge of the cell membrane. Therefore, the limited
hemolytic activity of the CIP-AuNPs (with a 2-mM CIP concentration) is attributable to
the negative charge on its surface and the lack of free CIP in the medium. Considering
the average mouse weight as 28 g, the average injected doses of CIP and CIP-AulNPs in
the mice were 280 ug and 14 ug, respectively. The results indicated CIP to be hemolytic
at a concentration of 20 pg/mL and above (Figure 8). Due to this, the mice experienced
hyperactivity and irritation at the site of injection soon after the administration of CIP, and
decreased eating after the second day of treatment.

Antibiotics, such as CIP, are an attraction because of their broad spectrum and lack of
resistance development. E. faecalis has resistance acquisition capacity and this challenge
can be sealed with CIP. Despite of the enormous work conducted on the development of
CIP nanocarriers, there is a lack of studies investigating the effects of these nanoparticles in
animal models. These studies are extremely important as bacteria residing in the tissue and
forming biofilms might not be easily accessed by circulating nanoparticles and therefore
they can obtain a colonization advantage. This in vivo study concluded showing efficiency
of the CIP-loaded gold nanoparticles against intra-abdominal and urinary tract infections
caused by E. faecalis. Further investigations for the biocompatibility and biofilm formation
in the host tissues are necessary and will be vital for the further assessment of these novel
nanoparticles.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/nano11113152/s1. Figure S1: EDX analysis of the CIP-AuNPs; Figure S2: Kinetic analysis
of the drug release for CIP-AuNPs (0.5 mM CIP)—(A) zero-order kinetics, (B) Korsmeyer-Peppas
plot, (C) first-order kinetics, and (D) Higuchi kinetics; Figure S3: Kinetic analysis of the drug release
for CIP-AuNPs (1 mM CIP)—(A) zero-order kinetics, (B) Korsmeyer—Peppas plot, (C) first-order
kinetics, and (D) Higuchi kinetics; Figure S4: Kinetic analysis of the drug release for CIP-AuNPs
(1.5 mM CIP)—(A) zero-order kinetics, (B) Korsmeyer—Peppas plot, (C) first-order kinetics, and (D)
Higuchi kinetics; Figure S5: Kinetic analysis of the drug release for CIP-AuNPs (2 mM CIP)—(A)
zero-order kinetics, (B) Korsmeyer-Peppas plot, (C) first-order kinetics, and (D) Higuchi kinetics;
Figure S6: Kinetic analysis of the drug release for CIP-AuNPs (2.5 mM CIP)—(A) zero-order kinetics,
(B) Korsmeyer—Peppas plot, (C) first-order kinetics, and (D) Higuchi kinetics; Figure S7: Temperature
effect on CIP-AuNPs formulated with 0.5 mM CIP; Figure S8: Temperature effect on CIP-AuNPs
formulated with 1 mM CIP; Figure S9: Temperature effect on CIP-AuNPs formulated with 1.5 mM
CIP; Figure S10. Temperature effect on CIP-AuNPs formulated with a 2-mM CIP concentration;
Figure S11: Temperature effect on CIP-AulNPs formulated with 2.5 mM CIP; Figure S12: pH effect
on CIP-AuNPs formulated with 0.5 mM CIP; Figure S13: pH effect on CIP-AuNPs formulated with
1 mM CIP; Figure S14: pH effect on CIP-AuNPs formulated with 1.5 mM CIP; Figure S15: pH effect
on CIP-AuNPs formulated with 2 mM CIP. Figure S16: pH effect on CIP-AuNPs formulated with
2.5 mM CIP; Figure S17: Effect of salt concentrations on CIP-AuNPs formulated with 0.5 mM CIP;
Figure S18: Effect of salt concentrations on CIP-AuNPs formulated with 1 mM CIP; Figure S19:
Effect of salt concentrations on CIP-AuNPs formulated with 1.5 mM CIP; Figure S20: Effect of salt
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concentrations on CIP-AuNPs formulated with 2 mM CIP; Figure S21: Effect of salt concentrations
on CIP-AuNPs formulated with 2.5 mM CIP; Table S1. Spectral assignments for AuNPs, CIP-AuNPs,
and free CIP.
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Abstract: Orthopedic implants requiring osseointegration are often surface modified; however,
implants may shed these coatings and generate wear debris leading to complications. Titanium
nanotubes (TiNT), a new surface treatment, may promote osseointegration. In this study, in vitro
(rat marrow-derived bone marrow cell attachment and morphology) and in vivo (rat model of
intramedullary fixation) experiments characterized local and systemic responses of two TiNT surface
morphologies, aligned and trabecular, via animal and remote organ weight, metal ion, hematologic,
and nondecalcified histologic analyses. In vitro experiments showed total adherent cells on trabecular
and aligned TiNT surfaces were greater than control at 30 min and 4 h, and cells were smaller in
diameter and more eccentric. Control animals gained more weight, on average; however, no animals
met the institutional trigger for weight loss. No hematologic parameters (complete blood count with
differential) were significantly different for TiNT groups vs. control. Inductively coupled plasma mass
spectrometry (ICP-MS) showed greater aluminum levels in the lungs of the trabecular TiNT group
than in those of the controls. Histologic analysis demonstrated no inflammatory infiltrate, cytotoxic,
or necrotic conditions in proximity of K-wires. There were significantly fewer eosinophils/basophils
and neutrophils in the distal region of trabecular TiNT-implanted femora; and, in the midshaft of
aligned TiNT-implanted femora, there were significantly fewer foreign body giant/multinucleated
cells and neutrophils, indicating a decreased immune response in aligned TiNT-implanted femora
compared to controls.

Keywords: orthopedic; nanomedicine; nanomodified surfaces; animal model; immune response

1. Introduction

Titanium, both commercially pure and alloyed, has been used for decades in various
biologic environments, including orthopedic implant designs [1-4]. With a combination of
corrosion resistance, biocompatibility, mechanical properties approximating bone, and low
cost, titanium continues to be a common material for fracture plates and screws as well
as components requiring solid bone-implant fixation (e.g., knee arthroplasty tibial tray,
hip arthroplasty femoral stem) [1-4]. To promote osseointegration, macroscale coatings
have been applied to titanium implant surfaces via titanium plasma spray (TPS) as well as
hydroxyapatite (HA) coating or sintering for powder- or bead-based coatings [5-8]. These
coatings, however, are subjected to shear loads during surgical implantation, contact with
surgical tools, and eventually micromotion at the bone-implant interface in vivo [5-8].
These coatings may then separate from the substrate, generating third-body wear debris
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that increases mechanical wear of bearing surfaces. Additionally, local phagocytic cells en-
countering this debris may initiate a biologic cascade leading to periprosthetic osteolysis [9].
The body’s immune response to wear debris is dependent on particulate composition, con-
centration, and morphology and may result in periprosthetic joint infection, bone fracture,
catastrophic implant fracture, as well as osteoclastic bone resorption around the implant,
component loosening, and, ultimately, revision surgery [5,10,11].

Titanium nanotube (TiNT) surfaces, which are electrochemically etched from the
titanium implant substrate instead of applied as a coating, are an emerging technology that
may enhance osseointegration of orthopedic implants [12-17], although literature is scarce
regarding the in vivo immune response and toxicity to these nanostructured materials as
implantable devices [18,19]. Due to improved interfacial strength, decreased thickness, and
potential for more rapid osseointegration, TiNT surfaces may generate less third-body wear
particulate compared to current coating technologies; however, thorough characterization
of the immune and inflammatory response to new implantable materials is needed.

Two TiNT surface morphologies, termed aligned and trabecular, have been devel-
oped for orthopedic applications necessitating osseointegrative properties [17,20-22]. The
aligned TiNT morphology comprises arrays of vertically oriented nanotubes, while the
trabecular TINT morphology exhibits a random surface resembling the three-dimensional
porous network of trabecular bone. In this study, local and systemic responses to aligned
and trabecular TiNT surfaces were assessed through in vitro cellular response on each
material as well as in vivo performance in a clinically relevant, rodent model of long-term
femoral intramedullary implant to simulate joint arthroplasty, including assessment of
longitudinal animal weights, remote organ weights, metal ion levels in remote organs and
whole blood, hematology, and nondecalcified histology [23,24]. Following on survivability
testing and finite element modeling indicating that compression and shear loading to the
TiNT surfaces were below yield failure strength, this study hypothesizes that TiNT sur-
faces will demonstrate equivalent local and systemic responses, equivalent to unmodified
titanium alloy substrate surfaces [22]. Further, we hypothesize that aligned and trabec-
ular TiNT surfaces yield comparable in vitro and in vivo results, as both morphologies
provide additional surface area for cell attachment as well as resultant bony ongrowth and
ingrowth.

2. Materials and Methods
2.1. Implant Fabrication

Samples for in vitro and in vivo studies were fabricated with titanium alloy (Ti-6Al-4V
ELI) sheet and wire (wire: Custom Wire Technologies, Inc., Port Washington, WI, USA),
respectively, using a well-established electrochemical anodization process (Appendix A—
Supplemental Methods, Figure A1) [17,21]. Following the initial etching process, aligned
TiNT surfaces were then ultrasonicated in deionized (DI) water for 2 minutes; however,
trabecular TiNT surfaces received no additional treatment (Figure 1). Control samples
were rinsed with DI water and air-dried. On average, inside diameter (ID) of individual
nanotubes was 60 nm and 1 um length on aligned TiNT surfaces. Similarly, trabecular TINT
surfaces contained a 1 um layer of 60 nm ID aligned nanotubes, on average, covered with
an additional 1 um of over-etched nanotubes. The over-etched layer mimics the porous
structure and topography of trabecular bone.
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Figure 1. Aligned titanium nanotubes (TiNT) (A) and trabecular TiNT (B) surfaces. (A,B) Scale Bar: 1 um.

2.2. In Vitro Experimentation to Assess Cell Attachment and Morphology

Cells for all in vitro experiments were isolated from the intramedullary cavities of the
femora of 14-week-old female Sprague Dawley rats (SD; Charles River Laboratories, Wilm-
ington, MA, USA). Following isolation and culture using previously described methods,
the plastic-adherent fraction of bone marrow cells (BMC) was collected and used for all
subsequent experiments (Appendix A—Supplemental Methods, Figure A2) [17]. This cell
population was selected for experimentation due to the potential of mesenchymal stem
cells (MSC) to differentiate toward numerous cell types, including osteoblasts.

Early cell attachment and morphology were compared between aligned TiNT, trabec-
ular TiNT, and control surfaces, using three samples per group per timepoint (coupons
sectioned from sheet: 10 mm x 10 mm; timepoints: 30 min, 2 h, 4 h) [15,25]. To increase
attachment potential, all sample coupons were soaked in fetal bovine serum (FBS) for
30 min prior to drop-seeding (density: 40,000 BMCs/coupon), followed by a 6 h incubation
before adding the remaining volume of media and incubating overnight. At each timepoint,
cells were fixed and stained with Actin Green (Actin Green 488 ReadyProbes Reagent,
Life Technologies, Carlsbad, CA, USA) for cytoskeleton visualization and morphology
(1 drop stain; 40 min incubation) as well as 4’, 6-Diamidino-2-Phenylindole, dihydrochlo-
ride (DAPI; Life Technologies, Carlsbad, CA, USA) for nucleus visualization (0.5 mL stain;
20 min incubation). Following cell fixation, fluorescence imaging (IX71, Olympus America,
Center Valley, PA, USA) was performed at thirteen standardized regions of interest to
quantify the total number of adherent cells, cell equivalent diameter, and cell eccentricity.
Because all non-adherent cells were removed prior to imaging, Actin Green and DAPI also
demonstrated cell adhesion to the surfaces. Environmental scanning electron microscopy
(SEM; Vega3XMU, Tescan USA, Warrendale, PA, USA) was used to further document
cell morphology; specifically, cells were fixed in 4% glutaraldehyde on coupons, and then
coupon was sputter-coated with a thin layer of gold—palladium alloy. Samples were imaged
at 20.0 kV and a magnification of 300x. Total cell number, cell equivalent diameter, and
cell eccentricity (measured using onboard microscope measurement tool) were statistically
compared using a one-way analysis of variance (ANOVA) model, with a Tukey post-hoc
test and « = 0.05.

2.3. In Vivo Experimentation to Assess Biologic Response to Nanotube Surfaces

After preparing titanium alloy Kirschner wires (K-wire; Custom Wire Technologies,
Inc., Port Washington, WI; USA, material: Ti6Al4V ELI Hard, diameter: 1.25 mm, single
trocar tip for insertion), aligned TiNT-etched, trabecular TiNT-etched, or unetched titanium
(control) K-wire implants (n = 6 per group) were inserted retrograde into the femoral
intramedullary canals of SD rats for a single, long-term endpoint of 12 weeks [24,26,27].
Three naive/nonoperative animals were housed for the same duration, in order to establish
baseline characteristics. Treatment groups were randomized just prior to surgery by
nonoperative staff. Rats received daily veterinary care to identify complications and
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were weighed weekly; at endpoint, hematologic, metal ion, and histologic analyses were
performed.

2.4. Surgical Procedure for Unilateral Intramedullary Implantation

Under an Institutional Animal Care and Use Committee (IACUC)-approved protocol,
14-week-old, female SD rats underwent unilateral femoral implants via retrograde insertion.
After anesthetization, rats were placed supine on a sterile, heated operating table with
the knee in maximum flexion. Following final sterile preparation, a lateral-patellar skin
incision allowed access to the distal femur. After drilling a shallow, pilot hole in the
intercondylar groove, a K-wire was inserted into the intramedullary canal to the greater
trochanter (proximal femur). Placement of the implant was confirmed via fluoroscopy.
The K-wire was then clipped and recessed at the insertion site, followed by closure of
arthrotomy and skin incisions with appropriate suture materials. Animals were then
recovered and allowed ad libitum activity under endpoint.

2.5. Postoperative Care and Health Assessments

All rats were evaluated daily for clinical signs of complications and overall health,
including pain level, activity level, and food/water consumption. Rats were weighed
preoperatively and weekly throughout the experiment. At endpoint, remote organs were
collected and weighed, as another assessment of animal health. A one-way ANOVA model
was used to compare longitudinal animal weights and endpoint organ weights between
treatment groups, with « = 0.05.

2.6. Hematologic Analysis

At endpoint, each anesthetized rat underwent antemortem cardiac puncture to collect
blood for hematologic analyses (CBC; complete blood count with differential) to quantify
the following thirteen parameters associated with either systemic inflammation/infection
or anemia status: white blood cell count (WBC), lymphocyte concentration (Lymph),
monocyte concentration (Mono), granulocyte concentration (Gran), hematocrit (HCT),
mean cell volume of red blood cells (MCV), red blood cell distribution width (RDWa),
hemoglobin concentration (Hgb), mean cell hemoglobin concentration (MCHC), mean cell
hemoglobin (MCH), red blood cell count (RBC), total platelet count (PLT), and mean and
platelet volume (MPV) (HemaTrue Hematology Analyzer, Heska, Loveland, CO, USA).
Blood was collected in vacutainer tubes with Ethylenediaminetetraacetic acid (EDTA) and
immediately processed. A one-way ANOVA model was used to compare hematologic
parameters between treatment groups, with « = 0.05.

2.7. Metal Ion Analysis of Whole Blood and Remote Organs

Inductively coupled plasma mass spectrometry (ICP-MS; HP 4500, Agilent Technolo-
gies, Santa Clara, CA, USA) was used to measure the titanium, aluminum, and vana-
dium concentrations in each remote organ and a whole blood sample from each animal
(Appendix A—Supplemental Methods). ICP-MS calibration was performed using both
ASTM standards of each target element as well as non-implanted samples of the rods
from each testing condition. At endpoint, remote organs (i.e., spleen, liver, lungs, kidneys,
brain) were harvested, weighed, and stored (4 °C in ultra-low leachable sample tubes) until
analysis. Samples were analyzed in tandem with a laboratory reagent blank and duplicate
laboratory fortified blanks to quantify background metal levels as well as process accuracy
and precision, respectively. A one-way analysis of variance model was used to compare
metal ion levels between treatment groups, with « = 0.05.

2.8. Nondecalcified Histologic Analysis

At study endpoint, implanted femora were also harvested for nondecalcified histologic
analysis. Femora from each animal were stripped of soft tissues and 10% zinc-buffered
formalin for 96 h, followed by three rinses in phosphate buffered saline, and 70% ethanol
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storage to prepare for histologic processing. Femora were subsequently embedded in
methyl methacrylate, then ground and polished longitudinally to the approximate center of
the implant, followed by cutting and applying one 5 um thick section to a slide. Each slide
was stained with Stevenel’s Blue and van Gieson picrofuchsin (SBVG) for visualization of
presence of immune-related cellular activity. SBVG is a widely-used stain to assess bone
formation, due to visualization of both mature bone and osteoid as well as fibrous tissue,
which may signify inferior osseointegration and/or increased inflammatory response,
especially at the bone-implant interface [28-30]. Stained sections were manually scanned
at a magnification of 20x to facilitate both high-magnification and whole-mount analyses
(90i, Nikon Instruments, Inc., Melville, NY, USA). Three 20 x regions of interest (ROI) per
location (i.e., distal, midshaft, proximal) per section were captured. Within each RO, five
cell types were identified: foreign body giant (FBG)/multinucleated cell, granulocyte (non-
neutrophilic, including eosinophils and basophils), neutrophil, monocyte, and lymphocyte.
Cell constituents within each ROI were then graded on a scale of 0 to 2, with 0 = cells
comprising 0-25% of the field, 1 = cells comprising 25-50% of field, and 2 = cells comprising
greater than 50% of field. For FBG/multinucleated or granulocyte, a Grade 2 was defined
as three or more cells per field. Grades were statistically compared between TiNT groups
and control, using a Mann—-Whitney rank sum test, with « = 0.05.

3. Results
3.1. In Vitro Experimentation to Assess Cell Attachment and Morphology

DAPI staining indicated that cells were viable and adhered on both the TiNT and
control surfaces at the three early timepoints of 0.5, 2, and 4 h (Figure 2). The total number
of adherent cells was significantly greater on the TiNT surfaces than on control surfaces,
demonstrating more rapid cell attachment on both TiNT surfaces compared to control
(Figure 3); specifically, total adherent cells on trabecular TiNT and aligned TiNT surfaces
were significantly greater than control at 0.5 h (p = 0.014 and p = 0.018, respectively) and
4h (p = 0.008 and p = 0.044). Over the 3.5-hour period, the number of cells increased
on all surfaces, and the total number of adherent cells was equivalent or slightly greater
on trabecular TiNT surfaces compared to aligned TiNT surfaces. Analysis of total cell
count was unfeasible at later timepoints (3, 7, 14, 21 days) due to cell coalescence or
superimposition. Actin Green staining showed active cell spreading on TiNT and control
surfaces at all timepoints (Figure 2).

DAPI-Stained Surfaces B Actin Green-Stained Surfaces

Aligned TiNT

Trabecular TiNT Control Aligned TiINT Trabecular TINT Control

Figure 2. Representative fluorescent images of dihydrochloride (DAPI)-stained (A) and Actin Green-stained (B) aligned
TiNT, trabecular TiNT, and control surfaces at three early timepoints, 0.5 h, 2 h, and 4 h.

At the 2- and 4-h timepoints, increased spreading was observed on TiNT surfaces
compared to control surfaces. Additional imaging via SEM showed differential cell mor-
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phology patterns as a function of sample topography (Figure 4). On the TiNT surfaces,
cells exhibited a globular shape, compared to the elongated, fibrillar cell morphology on
control surfaces.
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Figure 3. Average total cell number (A), cell equivalent diameter (B), and cell eccentricity (C) on
TiNT and control surfaces at 0.5, 2, and 4 h. For Cell Number, significant comparisons were: aligned
TiNT vs. control, p = 0.018; trabecular TiNT vs. control, p = 0.008; aligned TiNT vs. control, p =
0.044. For Cell Diameter, significant comparisons were: aligned TiNT vs. control, p = 0.048; trabecular
TiNT vs. control, p = 0.031; aligned TiNT vs. control, p = 0.008; aligned TiNT vs. control, p = 0.003;
trabecular TiNT vs. control, p = 0.003. For Cell Eccentricity, significant comparisons were: aligned
TiNT vs. control, p = 0.004; trabecular TiNT vs. control, p = 0.007; aligned TiNT vs. control, p < 0.001;
trabecular TiNT vs. control, p = 0.003.
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Subsequent analysis of cell morphology images yielded cell equivalent diameter and
eccentricity (Figure 3). Quantification of the cell equivalent diameter indicated that BMC on
the TiNT surfaces were smaller (in diameter) than BMC on control surfaces. The discrepancy
in cell diameter was significant between trabecular TINT and aligned TiNT surfaces versus
control at 0.5 h (p = 0.031 and p = 0.048, respectively). At the 2-hour timepoint, there was
a significant difference in diameter between only the aligned TiNT and control surfaces
(p = 0.008). At 4 h, the difference diameter was significant for between both trabecular
TiNT and aligned TiNT, compared to control (both p = 0.003). Cells on the TiNT surfaces
had significantly greater eccentricity than on the control surfaces, with cells on aligned
TiNT demonstrating the greatest eccentricity (Figure 3). At 0.5 h, there was a significant
difference in eccentricity between the trabecular TiNT and aligned TiNT, compared to
control (p = 0.007 and p = 0.004, respectively). There was a significant difference between
both the trabecular TiNT and aligned TiNT groups versus control again at 2 h (p = 0.003
and p < 0.001, respectively). There were no significant differences in eccentricity between
groups at the 4-hour timepoint.

Figure 4. SEM micrographs demonstrating differential cell spreading patterns, via extracellular matrix aggregates, between
aligned TiNT (A) and trabecular TiNT (B) versus control (C) surfaces at 3-day attachment timepoint.

3.2. In Vivo Experimentation to Assess Biologic Response to Nanotube Surfaces

Following the in vitro study, which demonstrated cell viability on the TiNT surfaces,
the planned in vivo experiment was performed. Over the 12-week study, animals gained
an average of 148 g, with control animals gaining the most weight on average (179 g) and
trabecular TiNT animals gaining the least on average (118 g) (Figure 5). No animals lost
more the 10% body weight, our institutional trigger for intervention. In week 9, the aligned
TiNT group weighed significantly more than the trabecular TiNT group (p = 0.013), and
in week 11, the control group weighed significant more than the trabecular TiNT group
(p = 0.023). There were no significant differences at any other weekly time points. Mass of
the spleen, brain, kidneys, lungs, and liver were obtained, and there were no significant
differences between any groups for the specimens (Figure 5).

Hematologic analysis was performed, and no significant associations were found
between the three groups for the thirteen parameters, and there were no significant dif-
ferences between any groups for any parameters (Tables 1 and 2). Additionally, titanium,
aluminum, and vanadium levels in each implant were analyzed to quantify the effect
of the etching process on chemistry. Compared to control, aligned TiNT had 2.0 times
the concentration of aluminum, approximately 1.8 times the titanium, and 2.9 times the
vanadium; similarly, trabecular TiNT had 2.5 times the aluminum, 2.2 times the titanium,
and 3.4 times the vanadium.
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Figure 5. Average animal body weight over 12-week study (A) and organ weight at endpoint (B) per group. For Week 9,
significant comparison: aligned TiNT vs. trabecular TiNT, p = 0.013; For Week 11, significant comparison: trabecular TINT
vs. control, p = 0.023.

Table 1. Hematologic analysis of white blood cell function of each treatment group at endpoint *.

Group WBC Lymph Mono Gran Lymph% Mono% Gran%
Aligned 9.5 7.3 0.4 1.7 779 3.9 18.2
TiNT (2.7) (1.8) 0.2) (0.7) (2.7) (1.3) (2.6)
Trabecular 8.02 6.2 0.3 1.5 779 33 18.8
TiNT (3.5) (2.7) (0.1) (0.8) (3.9) (1.6) (2.9)
Control 8.9 7.0 0.3 1.5 79.7 3.1 17.3
(2.2) (1.6) 0.1) (0.6) (2.5) (0.8) (2.2)
Naiv. 11.0 8.4 0.5 2.1 79.1 3.1 17.8
atve (6.1) (3.9) (0.4) (1.8) 6.1) (0.8) (5.3)
* Standard deviation listed in parentheses.
Table 2. Hematologic analysis of red blood cell function of each treatment group at endpoint *.
Group HCT MCV RDWa RDW% Hgb MCHC MCH RBC PLT MPV
Aligned 40.1 49.7 32.8 16.4 15.3 38.3 19.0 8.1 318.7 6.4
TiNT (3.2) (1.1) (1.0) (0.5) (1.2) (0.5) (0.3) (0.6) (149.4) (0.8)
Trabecular  38.3 50.0 329 16.4 14.6 38.3 19.1 7.7 275.8 6.7
TiNT (1.5) (0.9) 0.7) (0.6) 0.4) (0.6) (0.5) (0.4) (151.6) (0.6)
Control 40.1 50.9 34.0 16.4 15.1 37.7 19.1 7.9 335.0 6.4
(3.5) 1.2) (1.6) (0.4) (1.2) (0.5) (0.4) (0.6) (89.7) (0.5)
Naive 414 50.6 33.7 16.5 15.6 37.7 19.1 8.2 305.7 6.1
(2.8) (0.8) 0.2) (0.4) (1.1) (0.2) (0.3) (0.5) (93.5) (0.8)

* Standard deviation listed in parentheses.

After weighing each organ, metal concentrations were assessed (Figure 6). Aluminum
levels in the lungs were significantly greater in the trabecular TiNT group compared to
control (p = 0.022). No other organs exhibited significantly increased titanium, aluminum,
or vanadium levels compared to control. Histologic analysis demonstrated a lack of inflam-
matory infiltrate in proximity to the nails within the intramedullary space, for all groups
(Table 3; Appendix A—Supplemental Results, Table Al). There were significantly fewer
granulocytes and neutrophils in the distal ROI of the femora implanted with trabecular
TiNT-etched implants (p = 0.040 and p = 0.019, respectively). In the midshaft ROI, there
were significantly fewer foreign body giant/multinucleated cells and neutrophils in the

82



Nanomaterials 2021, 11, 583

aligned TiNT group (p = 0.039 and p = 0.019, respectively). There were no observed necrotic
or cytotoxic events observed within the marrow cavity of any of the animals (Figure 7).
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Figure 6. Concentration of aluminum (A), titanium (B), and vanadium (C) in remote organs and
whole blood for each group. (WB = whole blood). For aluminum concentration, significant compari-
son: trabecular TiNT vs. control, p = 0.022.
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Table 3. Statistical comparisons (p-values) between implant groups with control of average histologic grade for three regions

of interest *.

Group Foreign Body .
ROI (vs. Control) Giant/Multinucleated Granulocyte Neutrophil Monocyte Lymphocyte
Distal Trabecular TiNT 0.126 0.040 0.019 0.720 0.391
ista

Aligned TiNT 0.287 0.476 0.345 0.720 0.260
T lar TINT 142 . 1. 314 .982

Midshaft rabecular TiN' 0 0.603 000 0.3 0.98
Aligned TiNT 0.039 0.682 0.019 0.736 0.260
. Trabecular TiNT 0.527 0.646 0.345 0.652 0.871

Proximal

Aligned TiNT 0.939 0.219 0.345 0.747 0.314

* Bolded p-values indicate significant results; ROI = region of interest.

Figure 7. Longitudinal histologic sections and regions of interest of representative femora implanted with aligned TiNT (A),
trabecular TiNT (B), and (C) control K-wires.

4. Discussion

Local and systemic responses to aligned and trabecular TiNT surfaces were evaluated
via an in vitro study focused on cell morphological and attachment behavior, followed by
a clinically relevant in vivo study of biologic response to implant materials. The in vivo
study included multiple characterization methods, including a general health assessment
(e.g., body weight) as well as hematologic, metal ion, and histologic analyses.

DAPI and Actin Green staining demonstrated cell attachment and spreading from
0.5 h through 21 days on all surfaces, an indication of the suitable environment of both
TiNT surfaces and control. Total cell counts were greater on TiNT surfaces compared to
unetched controls at the three early timepoints, which corresponds with current reports
of more rapid cell attachment on nanotube surfaces [31-33]. Additionally, the diameter of
BMC on TiNT surfaces was smaller compared to cells seeded onto controls, and cells on
TiNT surfaces were more eccentric than cells on controls. These data correspond with SEM
imaging of attached BMC, which showed a rounded cell morphology on TiNT surfaces
and fibrillar-shaped cells on control surfaces. The diameter, eccentricity, and imaging
findings may be indicative of cell development in different planes on the TiNT surfaces
compared to controls. Shokuhfar et al. sectioned TiNT arrays seeded with osteoblasts
(MC3T3-E1; mouse osteoblasts) and observed cell attachment on nanotube arrays as well
as cell filopodia stretching downward into the hollow portion of individual nanotubes [20];
therefore, differences in cell morphologic behavior between groups may be explained by
the BMC interaction with TiNT surfaces, as the BMC extend into nanotubes and voids
within the array, instead of across the top of the surface. Rangamani et al. performed
modeling of cell shapes and determined that greater cell eccentricity was associated with
enhanced signal modulation due to temporary collections of activated receptors in sections
of greater curvature of cells, specifically in growth factor receptor pathways; therefore,
greater cell eccentricity on nanotube surfaces may demonstrate amplified signals resulting
in downstream effects, such as bone formation [34].
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In the in vivo study, there were several significant differences in body weight between
groups at two weeks during the experiment; however, the body weights recovered were
not an established trend, and no interventions were required at any time for weight loss.
At endpoint, remote organ masses were compared between groups, and these also showed
no significant difference. Despite increased concentrations of aluminum, titanium, and
vanadium in the aligned TiNT and trabecular TiNT wires versus control wires, only alu-
minum levels were significantly increased in the lungs of the rats implanted with trabecular
TiNT-etched wires compared to controls. No other organs or whole blood samples showed
significantly elevated metal levels, when the experimental groups were compared to con-
trol. A study of intraarticular injection of TiO, nanoparticles (45 nm average diameter; 0.2,
2,20 mg/kg TiO, in suspension) into rat knee joints showed nanoparticle migration to
remote organs as well as pathologic changes in the heart, lung, liver, and knee at 7 days
post-injection [35,36]. Although our study showed metal ion concentration in remote
organs via ICP-MS and did not histologically assess remote organs, we theorize that the
amount of TiO, particulate debris shed in the rat femora was likely less than 0.2 mg/kg.
At study endpoint, no hematologic markers of white and red blood cell function, which
would signal systemic inflammation-, infection-, or anemia-related complications, were
significantly elevated in the experimental groups compared to control. Histologic analysis
showed several significant differences in cell populations between the TiNT groups and
control, with less foreign body giant/multinucleated, eosinophil/basophil, and neutrophil
cell activity in TINT-implanted femora than control. There were no significant differences
between monocyte and lymphocyte activity.

In in vitro and in vivo studies of vascular toxicity, Bayat et al. established that titanium
nanotubes with 30 nm diameter as well as ultra-small TiO, nanoparticles (1—3 nm) were
not cytotoxic, and nanoparticles did not possess oxidative potential [37]. In vivo studies
in rat models have also shown that TiO; nanoparticles are not genotoxic [38,39]. Neacsu
et al. showed that after seeding murine macrophages onto TiNT and unetched titanium
surfaces under pro-inflammatory and standard conditions, inflammatory activity related
to cytokine and chemokine gene expression, foreign body giant cell products, and nitric
oxide release all decreased on TiNT surfaces but not on unetched controls; therefore, the
authors suggested that the TINT surfaces may regulate macrophage response, thereby
diminishing the overall inflammatory cascade [40]. Studies by Ostberg et al. and Latha
et al., using models of leukocyte-seeded TiNT surface and mixed lymphocyte reaction
(MLR), respectively, concurred with these findings [41,42]; specifically, Latha et al. showed
a 30-35% suppression of splenocyte proliferation of titanium nanotubes (H,Ti3Oy) [42].
Assessing hemocompatbility, Smith et al. showed increased adsorption of blood serum
protein, platelet adhesion and activation, and clotting of whole blood as well as no evi-
dence of monocyte activation and cytokine secretion on TiNT surfaces versus control [43].
Radizun et al. showed that aluminum nanoparticles, in concentrations up to 400 ug/mL,
have no significant toxic effect on mammalian cell viability, and Alshatwi et al. found
human MSC cytotoxicity via AlOs nanoparticles at 40 pg/mL; in this study, aluminum
content in all specimens was substantially below this threshold (maximum aluminum
content within range of standard deviation; Figure 6: 4.24 ng/mL) [44,45]. In a clinical,
in vivo study, Swiatkowska et al. described titanium levels ranging between 2.20 and
2.56 ug/L in blood and plasma, measured via ICP-MS, in well-functioning unilateral hip
implants, indicating some level of titanium may be tolerable by patients, without eliciting
a whole-body response [46].

Study limitations included difficulties with staining TiNT surfaces, especially at time-
points greater than 4 h. Because of the nanotopography and voids, which were ideal for
cell attachment, stain penetration of the cells was complicated and incomplete. While three
naive animals were included to assess background metal levels, inclusion of additional
animals may have been beneficial to further study and quantify these levels. Addition-
ally, a full assessment of metal levels of animal food, bedding, enrichment materials, etc.
may have allowed further reduction and elimination of background aluminum, titanium,
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and vanadium levels in all animals [47,48]. Based on the results of this study, a full sys-
tematic characterization of this material’s biocompatibility and toxicity properties should
be conducted in accordance with applicable standards, such as ISO 10993-11 (Biological
Evaluation of Medical Devices—Part 11: Tests for Systemic Toxicity).

5. Conclusions

Previous studies have demonstrated the biocompatibility of TINT surfaces and cor-
respond with the findings of this study showing TiNT surfaces support cell attachment
and proliferation and do not initiate systemic effects in an in vivo model of intramedullary
implantation. The presented in vitro data demonstrated that cells cultured on bare TI6Al4V
surfaces were spindle shaped, while those cultured on TiNT surfaces demonstrated a more
rounded appearance, which may confer benefit with respect to in vivo bone formation.
In vivo data demonstrated that the accumulation of metal ions in filtering organs was
largely similar between the two morphologies of TiNT surfaces and control bare Ti6Al4V
surfaces, aside from an increased aluminum concentration in the lungs of rats with aligned
TiNT implants. This increased aluminum concentration in lung specimens was not asso-
ciated with alterations in overall health of the animal or observed pathology. As such,
it can be concluded that at the time points studied, metal accumulation associated with
TiNT surfaces was similar to control surfaces, and no systemic or local complications were
observed in TiNT- or control-implanted animals.
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Appendix A. Supplemental Methods and Results
Appendix A.1. Titanium Nanotube-Etched Specimen Fabrication

Titanium nanotube-etched specimens were prepared for in vitro and in vivo experi-
ments, based on previous methods developed and tested by our group [17,20-22]. Titanium
alloy (Ti-6Al-4V ELI) sheet (in vitro experiments) or wire (in vivo study) were polished
with 600 grit abrasive sheet and deionized (DI) water, then rinsed in DI water and air-dried.
All sample materials were cleaned with acetone just prior to etching, followed by air drying.
On wire samples, the trocar tip was coated to prevent nanotube formation on the site of
insertion. To etch, samples (sheet or wire) were suspended vertically toward one side of a
glass beaker and then connected as the anode to a variable DC power supply. Additionally,
in the beaker, a small diameter graphite rod was suspended, diametrically opposed to the
sample, and connected to ground (cathode). An electrolyte solution (98 vol.% ethylene
glycol, 2 vol.% deionized water, and 0.6 wt.% NH4F) was added to the beaker, with a
final volume just below the electrical connections to the sample and graphite. Before
adding NHA4F to the electrolyte solution, it was first completely dissolved in DI water;
following this addition, the electrolyte solution was mixed to ensure all constituents were
fully combined. Then, the power supply was engaged (+60 VDC) and etching was allowed
to proceed for 40 minutes. After etching, the power supply was disengaged and sample(s)
were immediately removed from the beaker, followed by a 1-minute rinse under DI water
and air drying. After drying, the coating on each trocar tip was removed after etching
and sonication (aligned TiNT samples were sonicated for 2 min; trabecular TiNT samples
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were not sonicated). Sheet samples were then sectioned into coupons (10 mm x 10 mm);
wires were net-shape and did not require sectioning. To convert the amorphous titania
oxide layer to the crystalline anatase phase, which increases the hydrophilicity of the
TiNT surfaces, samples were placed in a programmable annealing oven. The temperature
was increased by 7.5 °C per minute to a steady state of 450°C for a total heating time of
three hours. Samples were removed after the oven was completely cooled, which was
approximately 5 h. Specimens were stored in cushioned, sealed storage cases until use
(Figure A1l).

Figure A1. Digital photographs showing the final appearance of 10 mm x 10 mm coupon samples
(top) and Kirschner wires (bottom). TiNT-etched surfaces appear golden and smooth, compared to
unmodified control surfaces.

Appendix A.2. In Vitro Experimentation to Assess Adherent Cell Count, Cell Equivalent Diameter,
and Cell Eccentricity

Rat bone marrow cells (BMCs) were used for all in vitro experimentation, with cell
harvest and preparation conducted based on previously developed laboratory protocols by
our group [49]. To obtain BMCs, rats were euthanized via CO2 asphyxiation, and then each
femur and tibia were aseptically harvested. After removing both the proximal and distal
ends of each bone, marrow cavities were flushed with warm, sterile phosphate-buffered
saline. Whole bone marrow was plated (T-25 culture flasks) and cultured (37 °C and 5%
CO2) in a sterile, copper-lined CO2 incubator. Non-adherent cells were removed after 24 h
of incubation via thorough rinsing with warm, sterile saline. Then, the plastic-adherent
fraction of bone marrow cells (BMCs), an enriched source of mesenchymal stem cells (MSC)
capable of differentiating toward numerous cell types, was obtained.

For in vitro experimentation, sample coupons were placed into individual wells of
12-well polystyrene culture plates and soaked in fetal bovine serum (FBS) for 30 min prior
to seeding to increase attachment. Rat BMCs (P2-3; density = 40,000 cells per coupon;
suspended in 50 pL of media) were drop-seeded on each sample and incubated (37 °C
and 5% CO2) for 6 h before adding the remaining volume of media (DMEM; Dulbecco’s
Modified Eagle Medium; supplementation = 10% fetal bovine serum, and 1% penicillin-
streptomycin). Incubation (same conditions) continued for an additional 20 h to ensure
attachment. Following incubation, fluorescence imaging at 13 standardized regions of
interest per coupon was performed, approximately 70% of the specimen surface, followed
by subsequent quantification of (Figure A2).
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B a B

Figure A2. Imaging convention for each coupon in the experiment. Regions were chosen to reflect

the corners (1-4), edges (5-8), central area (9-12), and absolute center (13) of each sample.

Appendix A.3. Metal lon Analysis of Remote Organs and Whole Blood

Inductively coupled plasma mass spectrometry (ICP-MS; HP 4500, Agilent Technolo-
gies, Santa Clara, CA) was performed to quantify aluminum, titanium, and vanadium
content in whole-blood and remote organ samples. Sample tubes, made of ultra-low leach-
able material to avoid metal contamination, were labeled and weighed to three significant
figures before sample collection. At endpoint, whole blood (>2 mL) was collected, before
proceeding with dissection of remote organs (i.e., spleen, liver, lungs, kidneys, brain).
Organs were weighed before being placed into tubes, and each filled sample tube was
weighed again to determine the actual/net weight of the collected specimen.

All samples were transported and held on ice (~4 °C) until analysis. Samples were
digested to dissolve the metals into an aqueous solution by placing a combination of
highly pure solutions of nitric acid, hydrochloric acid, hydrogen peroxide, and water into
the tubes. The tubes were heated at 95 °C for 2 h per cycle. Some of the samples went
through multiple digestion cycles for thorough digestion. For ICP-MS analysis, samples
were included in analytical batches of 20 samples, which includes a laboratory reagent
blank (LRB) to establish a reference to the laboratory background value, a laboratory
fortified blank (LFB) to measure accuracy of the analytical procedure, and a duplicate LFB
to measure the precision of the analytical procedure. The final volume of digestion was
set to 40 mL per specimen digested, and the digested solutions were further diluted by
10 times and analyzed for aluminum, titanium, and vanadium contents using a standard
operating procedure (UL SOP# 114) based on the EPA guidelines (Method 200.8).

The total weight of each metal per specimen and concentration of each metal in a
specimen were recorded; weights and concentrations were reported to three significant
figures. Accuracy and precision data as part of the quality control carried through the
analytical batches were also documented. Chain of custody forms containing sample
descriptions, sampling dates, etc. were completed and retained.

Appendix A.4. Histologic Analysis of Bone-Implant Interface

Average cell count data of five cell types (foreign body giant/multinucleated, granu-
locyte, neutrophil, monocyte, lymphocyte) for the three implant groups (trabecular TiNT,
aligned TiNT, control) in the three regions of interest (ROI; distal, midshaft, and proximal
femora) have been provided (Table Al).
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Table A1l. Average histologic grade for three regions of interest in each treatment group *.

Foreign Body .
ROI Group Giant/Multinucleated Granulocyte  Neutrophil =~ Monocyte Lymphocyte
. 0.8 0.1 0.7 0.8 1.1
Trabecular TiNT (1.0) (0.0) (1.0) (1.0) (1.0)
Distal Aligned 0.7 0.2 1.1 0.8 1.1
TiNT (1.0) (0.0) (1.0) (1.0) (1.0)
Control 0.6 0.3 1.0 0.7 1.2
(0.5) (0.0) (1.0) (1.0) (1.0)
. 0.5 0.6 1.0 0.6 1.2
Trabecular TiNT (0.5) (1.0) (1.0) (1.0) (1.0)
. Aligned 04 0.8 0.7 0.7 1.1
Midshaft TiNT (0.0) (1.0) (1.0) (1.0) (1.0)
Control 0.8 0.7 1.0 0.7 1.2
(1.0) (1.0) (1.0) (1.0) (1.0)
. 0.8 0.6 0.9 0.8 1.4
Trabecular TiNT (1.0) (1.0) (1.0) (1.0) (1.0)
Proximal Aligned 0.7 0.4 1.1 0.9 1.3
TiNT (1.0) (0.0) (1.0) (1.0) (1.0)
Control 0.7 0.7 1.0 0.8 1.4
(1.0) (1.0) (1.0) (1.0) (1.0)
* Standard deviation listed in parentheses.
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Abstract: In this work, the radioisotope **Cu was obtained from copper (II) chloride dihydrate in a
nuclear research reactor by neutron capture, (®3Cu(n,y)®*Cu), and incorporated into boron nitride
nanotubes (BNNTs) using a solvothermal process. The produced **Cu-BNNTs were analyzed by TEM,
MEYV, FTIR, XDR, XPS and gamma spectrometry, with which it was possible to observe the formation
of®*Cu nanoparticles, with sizes of up to 16 nm, distributed through nanotubes. The synthesized
of #4Cu nanostructures showed a pure photoemission peak of 511 keV, which is characteristic of
gamma radiation. This type of emission is desirable for Photon Emission Tomography (PET scan)
image acquisition, as well as its use in several cancer treatments. Thus, ®*Cu-BNNTs present an
excellent alternative as theranostic nanomaterials that can be used in diagnosis and therapy by
different techniques used in nuclear medicine.

Keywords: theranostic nanomaterials; boron nitride; neutron capture reaction; nuclear medicine

1. Introduction

The discovery and development of new materials are often the catalysts for techno-
logical advances, particularly when they can be applied to various areas of research. A
historic milestone in the search for new materials occurred in 1995 when boron nitride
nanotubes (BNNTs) emerged as a key material in nanotechnology science [1]. BNNTs
have cylindrical structures (one-dimensional—1D), formed only by atoms of boron (B)
and nitrogen (N), with diameters in the order of nanometers and lengths in the order of
microns [2]. Similar to single-wall carbon nanotubes (SWCNT), depending on the angle
6 in which the sheet is rolled, nanotube structures are formed with armchair (6 = 30°),
zig-zag (6 = 0°) and chiral (0 < /8/ < 30°) forms [3]. Otherwise, the multi-walled BNNTs are
formed by several sheets of hexagonal boron nitride (h-BN) concentrically wrapped. Both
BNNTs have excellent chemical, physical and mechanical properties [4-8] and a band gap
of approximately 5.5 eV [3]. Several methods have been used for the synthesis of BNNTs [5];
however, chemical vapor deposition (CVD) is the most used method and requires a simple
apparatus which produces BNNTs with excellent structural quality [9].

The interest in BNNT-based technologies in recent years can be measured by the
large number of scientific works that have been published, in addition to the increase in
large-scale production [10]. Within the class of nanostructured materials, the BNNTs have
great potential for several biomedical applications. Some early studies demonstrated that
nanotubes did not show toxicity at concentrations below 50 ng/mL [11]. Furthermore, they
favor the reuptake of molecules into the cell interior and can be functionalized with different
biological protein epitopes [12]. Recently, BNNTs have been used as nanovectors for DNA,
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drugs and radioisotopes, and as boosters for biomaterials. In 2012, Soares et al. [13] used
BNNTs radiolabeled with *™Tc to investigate the cell-distribution behavior in vivo through
a process of passive accumulation in solid tumors. Diverse studies applying BNNTs to
cancer treatment have been reported. For example, when linked to target molecules, BNNTs
could be used as therapeutic agents capable of killing cancer cells by boron neutron capture
therapy. This medical approach is generally applied in brain cancer treatments, and it is
based on the capture of the neutron reaction '°B (n,«) “Li, where a '°B atom captures a
low-energy thermal neutron and then decays to produce *He (alpha particles) and “Li,
resulting in a dense ionizing radiation which is capable of destroying the cells where the
reaction takes place [12]. Another potential application of BNNTSs is in diagnostic medicine.
In this sense, BNNTs doped with rare earth beta-emitters with short half-lives, such as
153Sm and !®Gd, can also be used as radioisotopes for imaging [14].

In this context, nanotechnology has revolutionized so-called traditional medicine by in-
troducing novel concepts and methods that had never been imagined. Thus, nanomedicine
has improved the diagnosis of various diseases through techniques based on magnetism or
nuclear reactions with different electronic devices, using biosensors or radioisotope-doped
nanomaterials. In this way, the study of a more accurate diagnostic method using novel
technologies is as relevant a goal as the prevention and treatment of oncological diseases.
Therefore, a class of new nanomaterials, in which boron nitride nanotubes (BNNTs) stand
out, has been the target of studies that have led to an understanding of the correlation
between their structure and properties, which enables their use in diagnostic medicine.
Due to their empty internal spaces, BNNTs can be filled by different chemical species, such
as enzymes, noble metals, rare earths, and radioisotopes, especially copper-64 (64-Cu),
which allows this type of material to be applied as a biological marker and in diagnostic
medicine. For instance, copper-64 (T1,, = 12.7 h; 3+, 0.653 MeV (17.8%); 3~, 0.579 MeV
(38.4%)) has decay characteristics that allow it to be applied to obtain images of positron
emission tomography (PET-scan) and in cancer-directed radiotherapy. Copper, for instance,
has already well-established coordination chemistry that allows its reaction with an ex-
tensive variety of chelating systems that could potentially be linked to peptides and other
interesting biological molecules such as antibodies, proteins, and nanoparticles. Its specific
half-life expands the ability to image molecules of various dimensions, mainly including
the slower compensating proteins and nanoparticles. Due to the versatility of applications
of 64-Cu, a significant increase in scientific and technical publications has been seen over
the last 2 decades, mainly in PET-scan imaging, but also in targeted cancer radiotherapy.

Thus, this work aimed to synthesize and characterize ®*Cu-BNNTs with appreciable
properties that suggest numerous multifunctional applications, with advantages for cancer
diagnosis and therapy, such as: (i) increased bioavailability; (ii) reduction in systemic ad-
verse effects, thereby increasing patient comfort and adherence to treatment; (iii) improved
osteogenic differentiation response promoted by the **Cu-BNNTs system and targeting
of tumor cells, among others. It is also important to mention that the combination of
64Cu-BNNTs has not yet been reported in the literature.

2. Experiment
2.1. Raw Materials

Copper (II) chloride dihydrate (99.999%), iron (III) oxide nano powder (<50 nm particle
size) and amorphous boron powder (>95%) were obtained from Sigma Aldrich Brazil-Ltda,
Sao Paulo, Brazil (CAS Number 10125-13-0) and used as received.

2.2. Synthesis and Purification of Boron Nitride Nanotubes

BNNTs were processed from mixing amorphous boron and iron (III) oxide powder
(ratio 0.02) in a horizontal tubular reactor. This reactor consisted of an alumina with an
inlet and outlet for the flow of ammonia and nitrogen gases. The synthesis was carried out
under a NH3/N; atmosphere at a 150/20 sccm (standard cubic centimeters per minute)
flow rate with a heating rate of 10 °C min~! from room temperature up to 1200 °C. An
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isotherm was maintained for 2 h. After this step was completed, the reactor was cooled
down to room temperature under a N, atmosphere.

The synthesized BNNTs were purified using sulfuric and nitric acids in the ratio of
3:1, respectively. The reaction mixture was kept under stirring and reflux conditions at
80 °C for 2 h, followed by the filtration process. The resulting solid was washed with
deionized water and oven-dried for 4 h at 110 °C. In this process, hydroxyl groups (-OH)
were introduced into the structure of the tubes.

2.2.1. Activation Process of ®*Cu Radioisotope

The radioisotope ®*Cu was obtained by neutron activation of the copper (II) chloride
dihydrate sample in a nuclear research reactor (TRIGA Mark-1) at CDTN (Belo Horizonte,
Brazil) by the neutron capture reaction 63Cu(n,y)®*Cu. The irradiation was performed on
20 mg samples over 8 h under a thermal neutron flux of 6.6 x 1011 cm~2s~!. The theoretical
induced activities were estimated according to the research of Zangirolami et al. [15]. The
calculations were carried out while considering the amount of Cu in the sample and using
the thermal neutron capture cross-sections as a reference, in accordance with an IAEA
(International Atomic Energy Agency) publication [16].

2.2.2. Incorporation of Cu and ®*Cu to the BNNT Samples

The BNNT (100 mg) sample was dispersed in anhydrous ethanol. With the aid of an
autoclave with a polytetrafluoroethylene (PTFE) vessel, the Cu and ®*Cu radioisotope were
incorporated into the BNNTs. The incorporation reaction was carried out in an oven at a
temperature of 180 °C for two hours. After this period, the material was cooled to room
temperature and filtered. The radiochemical purity of the sample was assessed by gamma
spectroscopy, using an HP-Ge detector (Ortec Ametek, Oak Ridge, TN, USA) with 25%
efficiency, and analyzed using the Canberra Genie 2000 software, Meriden, CT, USA [17].
The evaluation of the specific activity was carried out using a CRC 15R activimeter that
had been previously calibrated for copper-64 emission. Figure 1a,d schematically show all
stages of **Cu-BNNT production.

Chemical Vapour Deposition (CVD)

a Quartz Tube
Y Ne
:0 hd } NHs
Gas Flow
Fe:0/B (0.2)
b Purification of BNNTs

H,50,/HNO, (3:1)

T

— ) .
00 Vacuum Filtration Drying at 110 °C/4h

Reflux 80 °C/2h

Figure 1. Cont.
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N 53Cu(n v)“Cu/
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Vacuum Filtration

Cu-BNNTs

¢ ¥ C,H,OH + CuCls2H,0
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64Cu-BNNTs

10 min — 40 Watts

Figure 1. Schematic representation of synthesis of the BNNTS (a), purification process (b), activation
process of CuCl,-2H,0 to obtainment of t4Cu radioisotope (c) and incorporation of Cu and %4Cu
into BNNTs samples (d).

3. Characterization

FTIR measurements of the BNNT and Cu-BNNT samples were performed with a
Bruker model Vertex 70v instrument (Belo Horizonte, Brazil). The spectra were collected
in ATR mode with 64 accumulations, a resolution of 4 cm !, and in the 4500-300 cm 1
region in transmission mode and then were systematically adjusted; baseline corrections
were considered for this analysis. An ultima IV Rigaku Diffractometer with Cu-Ka radi-
ation was employed to study the main crystalline phases in the synthesized BNNT and
Cu-BNNT samples (Belo Horizonte, Brazil). The Bragg’s angle values were measured
in the 10-80° range, with a scanning rate of 0.02° min~!. XPS spectra were obtained
using monochromatic Al Ko radiation (1486.6 eV) with an electron energy analyzer (Specs,
Phoibos-150) that enabled high-energy resolution and an excellent signal-to-noise ratio
(Belo Horizonte, Brazil). The signal of adventitious carbon (C 1 s at 284.6 eV) was used
to correct the binding-energy scale of the survey and the high-resolution spectra. High-
resolution spectra in the regions of interest were fitted assuming its shape as a convolution
of Lorentzian and Gaussian functions of different components, and the background contri-
bution was removed by the Shirley method [18,19]. SEM analysis was performed with a
Carl Zeiss Field Emission Scanning Electron Microscope, model sigma VP (Belo Horizonte,
Brazil), operating in vacuum with an electron-beam-acceleration voltage between 5 and
30 kV. The BNNT and Cu-BNNT powders were deposited directly onto the carbon tape.
The Transmission Electron Microscopy (TEM) images were obtained on a FEI TEM-LaB6
TECNAI G2 microscope (Belo Horizonte, Brazil), with a tungsten-filament electron gun
operating at 200 kV. Samples were dispersed in acetone for 30 min using a water bath
sonicator and one drop was deposited onto a 200-mesh holey carbon—copper grid. The
activity of the ®*Cu-BNNTs after irradiation was obtained from the gamma spectrum, using
an HP-Ge detector (Belo Horizonte, Brazil), with a nominal efficiency of 25%, and the
Canberra Genie 2000 software.

4. Results and Discussion

The FTIR spectrum was obtained in order to identify the vibrational modes in the BNNT
samples (Figure 2). The absorption peaks between 3400 and 3200 cm~!could be attributed
to the vibrational modes of the hydroxyl groups (-OH) from water molecules adsorbed on
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the sample surface [20,21]. However, it could also be attributed to the presence of copper
hydroxide. The region between 2000 and 60 cm~! has several peaks (Figure 2b,c). The
well-known longitudinal (LO) vibrations along the axis resonate sharply around 1369 cm !,
and a second signal (1545 cm ') appears for tangential (T) circumferential in-plane modes
(vB-N). These T modes should be dependent on the diameter (curvature) but seem to only
be visible in highly pure, crystalline BNNTs [22]. Another typical absorption peak for
BNNTs is located around 790 cm~! and is related to out-of-plane B-N-B bending (§B-N-B)
vibrations [20,21,23]. In both spectra, the peaks between the 1100 and 880 cm ! regions
give an account of the anti-symmetrical and symmetrical stretching vibrations of B-O bonds
in BO3 and BO4 groups formed from B-OH, and peaks at 701.3, 685.8 and 453.3 cm~ 1 are
assigned to the bend vibrations of B-O bonds in BO3 and BO4 groups [24]. The peak at
426.0 cm™! is assigned to the stretching vibrations vCu(II)-O of copper oxide CuO [25].
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Figure 2. Infrared spectra of (a) BNNTs and Cu-BNNTs in the region between 4500 and 60 cm ™.
(a) Highlighted regions between 2000 and 60 cm~! for (b) BNNTs and (c) Cu-BNNTs.
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The XRD of BNNTs and Cu-BNNTs is shown in Figure 3. An intense peak close to
20 = 26.65° (Figure 3a) corresponds to the plane (002) and is attributed to the main peak
of the h-BN structure. Peaks assigned to h-BN are also observed at 26 = 41.78°, 42.81°,
50.16°, 55.09°, 59.40° and 76.05°, which correspond to the (100), (101), (102), (004), (103)
and (110) planes, respectively [14,23,26]. After the introduction of Cu nanoparticles to the
BNNTs, new diffraction peaks were observed (Figure 3b),so the region between 30° and 80°
was highlighted. The presence of CuO and Cu,O nanoparticles were identified at 36.89°,
39.71° and 65.3°, which may have occurred due to the exposure of the nanoparticles to the
surrounding environment during characterization [27]. The characteristic diffraction peaks
of copper nanoparticles located at 32.42° and 44.81° were observed. They correspond to
the (110) and (200) crystallographic planes of face-center cubic (fcc), respectively [27,28].
Debye—-Scherrer’s equation, i.e., D =0.9 x A/( x cosf), was used to calculate the size of
copper nanoparticles, where D represents crystalline size, 0.9 is Scherrer’s constant, A is the
wavelength of the X-ray, 3 is the full width at the half-maximum of the diffraction peak
(FWHM) and 6 represents Bragg’s angle [27,29]. The calculations were performed using
the mean values of the FWHM of the peaks, with 20 of 32.4° and 44.8°. The average size of
the Cu nanoparticles was 16 nm. This is a dimension in which nanoparticles can penetrate
tumor cells through the Increased Permeability and Retention Effect (EPR), thus they can
be used as a theranostic nanomaterials.
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Figure 3. XRD of BNNTs and Cu-BNNTs in the region between 10° and 80° (a). Highlighted regions
between 30° and 80° (b).

Figure 4 shows the XPS survey of the samples. In all the survey spectra, only the
presence of B (190.10 eV), N (398.12 V), C (284.49 eV) and O (532.51 eV) was identified.
The C and O signals were also identified on the BNNT surface. The presence of C is
related to the surface contamination that usually occurs during the preparation process
and to the exposure of the specimens to air, and the presence of O is due to the purification
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process and is commonly observed in XPS measurements. The presence of F (689.51 eV)
and Si (102.53 eV) is due to residues from the vessel that was used for synthesis and the
ClI (198.53 eV) comes from the reagent CuCl,-2H,O that was used for the synthesis of
copper nanoparticles.

Cu-BNNTs
Cu2p F1s

Cl 2p

] Si 2p
N 1s

BNNTs

O1s B 1s

1200 10'00 860 6(I)0 460 2(l)0 0

Binding Energy (eV)
Figure 4. Survey XPS spectra for BNNTs and Cu-BNNTs.

Table 1 shows the data obtained from the XPS survey. The stoichiometry rate of boron
and nitrogen atoms (B:N) is confirmed by the peak areas of the XPS survey spectra. The
obtained value for the B:N ratio is 1.09. A similar result was obtained by Silva et al. and Juan
Li et al. [21,30]. According to these studies, the non-stoichiometric BN nanotubes present
an excess of B atoms, and oxygen-doping in the h-BN network leads to the formation of
ternary BNxOy species [31]. Hydroxyl groups increase in modulus to negative charges on
the tubes’ surfaces. As copper nanoparticles have positively charged surfaces, we believe
that an electrostatic interaction occurs between the two nanostructures.

Table 1. Surface composition (at.%) and B:N ratio, as determined by XPS for Cu-BNNT sample.

Elements Bending Energy (eV) Atomic Percentage (at.%)
O1s 532.51 16.047
Cls 284.49 26.010
N 1s 398.12 21.914
F1s 689.51 4.179
Cu2p 936.50 2.771
Cl2p 198.53 3.004
B1s 190.10 23.936
Si2p 102.53 2.138
B:N - 1.090

The B 1s, N 1s and O 1s core-level photoemission spectra for all samples are shown in
Figure 5. The B 1s peak (Figure 5a,b) at 190.1 eV and N 1s peak (Figure 5c,d) at 398.0 eV
correspond to the B-N bonding, matching the BE values reported for bulk h-BN [21]. The
component at 188.3 eV (Figure 5a,b) is attributed to B bonded to Fe from the catalyst
(FeyB) [32]. A minor contribution of boron oxide (B,O3) was also identified at 192.4 eV
(Figure 5a). After the synthesis of Cu nanoparticles, two new contributions were observed
at 200.4 and 197.0 eV (Figure 5b); the first is attributed to Cl II and the second to the
presence of metallic copper (Cu 0). In addition, the binding energies at 396.6 eV and
400.0 eV are attributed to B-N-B bonding [33] and O-B-N bonding [14], respectively. The
O 1s spectra are also shown in Figure 5e,f. Both samples show peaks at 535.5, 532.9 and
530.2 eV, respectively. The first is associated with oxygen atoms bonded to O-H from
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the purification process, the second is characteristic of B-O bonds (B,0O3) and the third is
associated with oxygen atoms bonded to Fe-O (Fe;O3), which is related to the synthesis
process [26].

) B 1s - Cu-BNNTs
a 190.1 (B-N) B 1s-BNNTs ) 190.1 (B-N)
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Figure 5. B 1s, N 1s and O 1s high-resolution XPS spectra for (a,c,e) BNNTs, (b,d,f) Cu-BNNTs.

Figure 6 depicts the high-resolution spectrum XPS for Cu-BNNTs. The dominant Cu
2p3,/2 peaks at 933.8 and Cu 2pq /; at 953.6 eV, which demonstrate the successful reduction
of CuCly, can be assigned to metallic Cu(0), whereas the small peak at 936.2 eV can be
assigned to Cu(Il). Meanwhile, the peaks of Cu 2p; /, at 955.9 eV, in combination with the
satellite peak at 944.3 eV, are typical characteristics of CuO, implying the uniform surface
oxidation of Cu nanoclusters that were exposed to air under ambient conditions [34,35].
Cu(0) and Cu(l) are hard to differentiate since they have a ~0.3 eV separation in binding
energy, whereas Cu(0) and Cu(II) have more than a 2eV separation. The Cu 2p5,, peak
around 958.1 eV indicates a Cu(Il) oxidation state [36,37].
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Figure 6. High-resolution spectrum XPS for Cu-BNNTs.

The morphological characteristics of the produced samples were studied using SEM
and TEM microscopy, shown in Figures 7 and 8, respectively. It was observed in both
samples that the produced BNNTs have non-uniform lengths and diameters. This feature
is due to the nanotubes entanglement during their growth process, which is very common
during the synthesis process. This nanotube characteristic was also observed in our
previous work [23].

Figure 7. SEM images of BNNTs (a) and Cu-BNNTs (b).

TEM images are shown in Figure 8a—f. The highlighted regions in Figure 8a,c,e are
shown in high-resolution images in Figure 8b,d,f. All images represent typical nanotubes
with defined internal channels and external walls that are structurally well-organized [14].

When comparing Figure 8a,b with Figure 8c—f, particles with higher electron absorp-
tions, appearing as darker sites isolated from each other, can be associated with the presence
of an electron-conducting nanostructure, indicating the presence of metallic Cu [33]. It
is expected that combining these metal nanostructures with BNNTs can improve the sta-
bility of the nanoparticles within the solution, allowing their application as theranostic
nanomaterials. After increasing image resolution (Figure 8d—f) it was observed that Cu
nanoparticles are present in great numbers on the tube surfaces and inside the channels.
Referring to the scale bar, it is important to note that the size of nanoparticles is close to
16 nm, as determined by the Debye-Scherrer ‘s equation.
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Figure 8. TEM images of BNNTs (a,b) and Cu-BNNTs (c—f).

The ®4Cu nanoparticles, synthesized from the high-purity CuCl,-Hy0 by using a
solvothermal method, produced stable and contaminant-free radioisotopes, as shown in
the gamma spectrum in Figure 9.

The pure photopeak of the **Cu-BNNTs is 511 keV [38,39]; this energy is compatible
with gamma rays for the obtention of images by Photon Emission Tomography (PET-scan),
and for cancer treatment due to its 3-emissions, with an energy of 579 keV. This result
illustrates that the ®*Cu-BNNTs can be used as a potential nanomaterial that is able to
produce images as well as promote several cancer treatments.
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Figure 9. Gamma spectrum of ®*Cu-BNNTs.

5. Conclusions

The ®*Cu nanostructures were incorporated within the BNNTs structure by a solvother-
mal method which produces stable and contaminant-free radioisotopes. Using XDR data
and Debye-Scherrer’s equation, it was possible to determine that metallic Cu nanoparticles
have sizes of about 16 nm. The TEM images showed that the BNNTs are structurally well-
organized, presenting Cu nanoparticles in their internal channels with an even distribution
on their surfaces. The ®*Cu nanoparticles in the BNNTs also showed a pure photoemission
peak of 511 keV, which is characteristic of gamma radiation. These results corroborate
the fact that the studied system has high potential to be used in nuclear medicine as a
theranostic material. However, this subject needs to be further explored.
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Abstract: Rheumatoid arthritis (RA) is a systemic, chronic autoimmune disease that causes disability
due to progressive inflammation and destruction of the tissues around the joints. Methotrexate is
mainly used to prevent the progression of joint destruction and reduce the deformity. The major chal-
lenge in treating RA with methotrexate is the systemic side effects that limit dose escalation. Hence,
a novel formulation of a methotrexate-loaded nanoemulsion for subcutaneous administration was
developed that aims to deliver methotrexate into the system via the lymph. The methotrexate-loaded
nanoemulsion was prepared by using the aqueous-titration method. The prepared nanoemulsion
was investigated for particle size, surface charge, surface morphology, entrapment efficiency, DSC
(differential scanning colorimetry), drug release, hemocompatibility assay, and cytotoxicity, as well as
anti-arthritic and stability studies. The vesicle size, zeta potential, PDI (polydispersity index), and
entrapment efficiency of the optimized nanoemulsion were 87.89 £ 2.86 nm, 35.9 & 0.73 mV, 0.27, and
87 £ 0.25%, respectively. The DSC study showed that the crystalline methotrexate was converted to
an amorphous form and the drug was fully incorporated into the vesicles. After 72 h, the optimized
nanoemulsion showed a drug release of 96.77 =+ 0.63%, indicating a sustained-release dosage form.
Cytocompatibility testing by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bro-
mide) assay on macrophage cell lines showed that the nanoemulsion was non-toxic. The formulation
showed significant anti-arthritic activity compared to the marketed drug solution. In addition, the
nanoemulsion containing methotrexate remained stable for three months when stored at a low tem-
perature. Since the nanoemulsion containing methotrexate has excellent physicochemical properties
and lowers systemic side effects by targeted delivery, it is a desirable technology for subcutaneous
drug delivery.

Keywords: rheumatoid arthritis; methotrexate; anti-arthritic activity; nanoemulsion; hemocompatibility;
MTT assay; stability studies
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1. Introduction

Rheumatoid arthritis (RA) is a systemic autoimmune disease characterized by chronic
inflammation of the joints and associated tissues. Although the inflammation is primarily
associated with the joints, other organs in the body are also affected [1,2]. RA has a
prevalence of approximately 0.24%, with a higher prevalence in females than males [3].
There is no clear cause for the disease, but genetic factors, environmental factors, and
lifestyle changes trigger the inflammatory response in the body. Hormonal imbalance alters
cortisol and androgen levels triggered by stress and leads to inflammatory response [4,5].
It is believed that the influx of inflammatory cells (T cells and B cells) into the pannus and
synovial fluid is the cause of the pathology of RA leading to complete tissue destruction [6].
Inflammation causes an increase in the production of cytokines, which results in joint
damage, synovitis, and edema. Synovial fluid contains a large number of immune cells,
most of which are monocytes and mast cells. In addition, there are a small number of
adaptive immune cells, such as plasma cells, Th1 (T-helper type 1), Th17, and B cells,
which are involved in the inflammatory process. Further, the joint fluid contains high
concentrations of antibodies against citrullinated proteins, which stimulates the release of
complement proteins, which in turn trigger the onset of the inflammatory response [7].

Treatment aims to reduce joint inflammation and pain as well as tissue abnormalities
and deformities in order to restore life’s quality. Corticosteroids, NSAIDs (non-steroidal
anti-inflammatory drugs), and opioids are considered to be first-line drug therapies for
inflammatory pain and swelling. These medications are given for a limited period and are
intended to relieve the pain and swelling associated with inflammation. The prevention of
further joint damage and reduction of deformity are the primary goals of therapy [8,9]. The
nonbiologic drugs methotrexate, sulfasalazine, hydroxychloroquine, and leflunomide are
the most commonly used disease-modifying antirheumatic drugs (DMARDs) [10]. Fewer
people take gold salts, azathioprine, and cyclosporine, among other rare medications. In
RA, biologic DMARDs consist of monoclonal antibodies and recombinant receptors that
inhibit the production of cytokines that contribute to the prevention of inflammation [11,12].

Methotrexate is the most important component of DMARDs, and its structure is shown
in Figure 1. It is a folate derivative that suppresses pyrimidine and purine production [12].
Methotrexate reduces inflammation in RA by reducing the proliferation of inflammatory
cells and lymphocytes, resulting in a decrease in the number of active inflammatory cells.
Methotrexate increases the level of intracellular adenosine, which interacts with certain
cell-surface receptors to inhibit the synthesis of the chemokines and leukotriene B4 as well
as the regulation of synovial collagenase genes [13].

NH,
N
NF | A T
/J\\\ == CH,
HoN N N

Figure 1. Chemical structure of methotrexate.

The systemic side effects of methotrexate, which limit dose escalation, are a significant
obstacle in treating RA with this drug. The use of encapsulated carriers for targeted delivery
may reduce the need for excessive and frequent dosing. When it comes to the pathophysiol-
ogy of RA, the lymphatic system plays an important role [14,15]. Anti-inflammatory drugs
can be delivered through the lymphatic system to improve bioavailability and therapeutic
efficacy while reducing adverse effects [16]. Drugs can be more effectively targeted to the
lymphatic system when encapsulated in carriers ranging in size from micro- to nanoscale.
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The use of encapsulated carriers, particularly nanoparticles, can contribute to delayed
release while reducing the amount of drugs used [17,18].

When nanoparticle carriers are administered intravenously, they are consumed by
reticular endothelial cells, preventing the drug from reaching the lymphatic system. Subcu-
taneous administration can be used for lymphatic targeting because of the permeability
of capillaries, which allows the transport of smaller molecules [19]. Subcutaneous deliv-
ery of drug-loaded nano-molecules and their uptake into the lymph make it a suitable
route that has a positive impact on the ongoing treatment profile of RA. Because of the
above statement, it was planned to prepare and characterize a novel methotrexate-loaded
nanoemulsion for the treatment of RA by targeted subcutaneous administration with im-
proved bioavailability and therapeutic efficacy. The use of the nanoemulsion as a carrier can
improve the bioavailability of methotrexate. The toxicity of the nanoemulsion as a carrier
was studied using the cytotoxic and hemolysis assays to ensure that it was safe to use. In
addition, CFA (complete Freund adjuvant)-induced arthritis in rats was used as a disease
paradigm to evaluate the antirheumatic effect of methotrexate-loaded nanoemulsion.

2. Results and Discussions
2.1. Particle Size Study

The size of the particles plays a significant influence in their uptake and retention in
lymphoid tissue. When the particle size of different formulations was determined using
a zetasizer by differential light scattering, a decrease in particle size was observed with
the addition of a mixture of surfactant and co-surfactant. The optimized nanoemulsion
loaded with methotrexate had a mean particle size of 87.89 £ 2.86 nm, whereas the particle
size of the nanoemulsion without the drug was 76.39 = 1.53 nm (Figure 2). The larger size
of the nanoemulsion loaded with methotrexate compared to the nanoemulsion without
the drug indicates that the drug was successfully loaded into the nanoemulsion. It has
been documented that a nanoemulsion with a particle size smaller than 100 nm increases
the transport of the drug through the lymphatic capillaries, which absorb the drug from
the interstitial space [20]. Moreover, this particular size of the nanoemulsion can be easily
absorbed and retained in the lymphoid tissue, resulting in improved therapeutic efficacy
compared to conventional drugs. The PDI of the optimized nanoemulsion loaded with
methotrexate was 0.27 (Figure 2). The nanoemulsion has smaller vesicles with a low PDIL
The PDI reflects the potential of the size distribution of the vesicles in the nanoemulsion.
In addition, the PDI is one of the most effective techniques with which to evaluate the
homogeneity and stability of the nanoemulsion vesicles [21,22]. A higher PDI value of
about 0.7 shows that the formulation has a very wide particle-size distribution, while
values of 0.2 and below are mostly agreeable formulations. A PDI value of 0.3 and below is
considered acceptable and indicates a uniform distribution of lipiodol vesicles [22]. The
size distribution of the optimized nanoemulsion was in agreement with the particle size.

Zeta potential is an indicator of the stability of nanoemulsion. Determination of
the zeta potential gave a value of —35.9 = 0.73 mV for the optimized nanoemulsion
loaded with methotrexate, while the zeta potential for nanoemulsion without drug was
—33.9 + 1.03 mV (Figure 3). The values of the zeta potential confirmed that the prepared
nanoemulsion was negatively charged droplets with the capacity of higher lymphatic
uptake and longer retention time. It measures the electrical repulsion force between the
particles. It has been documented a higher zeta potential (>—30 mV) is advantageous to
vesicle’s physical stability as it avoids accumulation between vesicles owing to electrostatic
repulsion resulting in a stable emulsion. The low zeta potential of emulsions leads to coag-
ulation or flocculation of vesicles, resulting in poor physical stability [23-25]. According
to these findings, we concluded that the selected composition of drug, oil, and surfactant
makes the nanoemulsion electrically stable.
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Figure 2. Data of particle-size distribution and zeta potential of the prepared nanoemulsion;
(A): Nanoemulsion without drug; (B): Methotrexate-loaded nanoemulsion.
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Figure 3. Data of zeta potential. (A): Nanoemulsion without drug; (B): Methotrexate-loaded na-

noemulsion.

2.2. Morphology of Particle

The SEM (scanning electron microscope) photograph of the methotrexate-loaded
nanoemulsion shows that the particles have almost spherical morphology, are uniform
and monodispersed (Figure 4). A nanoemulsion is a kinetically stable, dispersed system
with particles of small droplet size. The spherical shapes indicate the stability of the system
without aggregation and gravitational separation. This stability can be attributed to the
presence of surface-active agents. The study conducted by Zhou et al. shows that the
spherical nanoemulsion can rapidly penetrate the cell [26]. The results from SEM are
consistent with the result of particle-size characterization.

The TEM (transmission electron microscopy) image of methotrexate-loaded nanoemul-
sion shows a particle size of less than 100 nm with a spherical shape (Figure 5). The
results of the particle size and SEM study support the findings of TEM. El-Refai et al. and
Antil et al. documented a spherical and uniform distribution of vesicles in the nanoemul-
sion prepared with sesame oil and Tween 80 in their TEM study [27,28]. The results of TEM

110



Nanomaterials 2022, 12, 1299

are consistent with the study in which the nanoemulsion was prepared with sesame oil
and Tween 80.

15kvV X500 1pm 10 34 SEI

Figure 4. Representation of SEM findings of methotrexate-loaded nanoemulsion.

100 nm

Figure 5. Representation of TEM findings of methotrexate-loaded nanoemulsion.

2.3. DSC Study

The DSC thermogram of methotrexate showed an endothermic peak at 104.74 °C,
which is related to the melting point of the methotrexate, and a peak endothermic peak
at 82.57 °C, which resembles the melting point of the methotrexate-loaded nanoemulsion
(Figure 6). The DSC thermogram shows a sharp endothermic peak of methotrexate, proving
its crystalline state. The endothermic peak of methotrexate did not appear in the DSC
thermogram of the nanoemulsion, and the broadened thermal peak of the nanoemulsion
confirms that methotrexate was fully incorporated into the vesicles. The different thermal
peak of methotrexate and the nanoemulsion justifies that the drug is in an amorphous
state. Moreover, as the temperature increases, there is an interaction between methotrexate
and oil, which forms a complex that has a lower melting point (82.57 °C) than pure
methotrexate [29,30].

"exo
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Figure 6. Differential scanning colorimetry of pure-drug and methotrexate-loaded formulations:
(A) Pure drug; (B) Methotrexate-loaded formulation.
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2.4. Entrapment Efficiency of Nanoemulsion

To determine the quantity of drugs successfully incorporated into the nanoparticles, the
entrapment efficiency must be measured. The entrapment efficiency of the nanoemulsion
was calculated using an indirect method by measuring the free drug available in the aqueous
phase. The entrapment efficiency of the methotrexate-loaded nanoemulsion was found to
be 87.25%, indicating high efficacy. The higher inclusion of methotrexate may be due to its
stronger incorporation into the hydrophobic core. Antil et al. reported a 78% encapsulation
efficiency of the metaxalone-loaded nanoemulsion containing sesame oil and Tween 80 [28].
The encapsulation-efficiency results are in agreement with the results of Antil et al.

2.5. In Vitro-Release Study

In vitro release from the methotrexate-loaded nanoemulsion was performed using a
dialysis membrane that showed a biphasic release pattern. In this formulation, the drug
was released in a burst at the beginning of the test, followed by a sustained release. The
methotrexate-loaded nanoemulsion exhibited a 96.77% release after 72 h (Figure 7). The
rapid release of the drug of 13.39 4 1.14 from the nanoemulsion was observed during the
first 2 h of the experiment. The suppressed drug release was observed after 2 h, indicating
prolonged drug release from the nanoemulsion. The results are in agreement with other
studies that addressed the biphasic release of methotrexate from the nanoemulsion. In this
regard, Rashid et al. and Rathee et al. showed drug release of 72% after 20 h and 55% after
24 h, respectively [31-33]. Initially, the rapid release of the drug from the nanoemulsion
could be caused by the methotrexate that is adsorbed on the droplet surface or dispersed
in the surfactant. The sustained release indicates that the nano-sized drug is retained
within the nanoemulsion droplet. In addition, the drug release in the nanoemulsion is
also controlled by the interactions of the drug with the surfactants and its distribution
between the aqueous and oil phases. The delayed drug release is of great interest for
systemic delivery, especially for arthritis. The results suggest that the sustained release of
the methotrexate-loaded nanoemulsion is a better formulation for the treatment of arthritis.
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Figure 7. Graphical representation of drug release from the nanoemulsion loaded with methotrexate.

The order and mechanism of drug release from the nanoemulsion were investigated by
applying the drug-release data to the zero-order, first-order, Higuchi and Korsmeyer—Peppas
models. It was found that the drug release from the nanoemulsion was most closely associ-
ated with the Higuchi model, based on the R? values. The diffusion of methotrexate from
the oily core and interface is retarded by the aqueous medium, which acts as a physical bar-
rier to the release of the drug due to its poor solubility in water, a likely cause of prolonged
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release. It would appear that drug release is controlled by diffusion if the n value from the
Korsmeyer-Peppas equation is used (Figure 8).
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Figure 8. Graphical representation of kinetic-data analysis of methotrexate-loaded nanoemulsion.

2.6. Hemocompatibility Analysis of Nanoemulsion

The nanoemulsions loaded with methotrexate were tested and showed negligible
hemolysis after a prescribed incubation period. The different concentrations of methotrexate-
loaded nanoemulsion showed hemolysis ranging from 0.14 to 1.27% (Figure 9). The per-
centage of hemolysis in the samples does not increase significantly as the concentration
of nanoemulsion increases. The marketed methotrexate drug solution exhibited 1.98%
hemolysis. It has been documented that materials with hemolysis greater than 5% are
considered hemolytic, while materials with hemolysis between 5 and 2% are termed as
slightly hemolytic, and materials with less than 2% hemolysis are considered very hemo-
compatible [34]. The results indicate that the nanoemulsion is less than 2% hemolytic. This
suggests that the prepared nanoemulsion is very hemocompatible and has no toxic effect
on blood vessels. The nanoemulsion loaded with methotrexate showed less hemolysis
compared to the marketed drug solution, indicating that the nanoemulsion is much safer
compared to the conventional formulation.
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Figure 9. Percentage hemolysis of methotrexate-loaded nanoemulsion and pure methotrexate solu-
tion. NE: Methotrexate-loaded nanoemulsion; MD: Marketed drug.

2.7. Cytotoxic Assay

The MTT study was used to detect the living cell’s metabolic activity in order to
evaluate the cell viability of methotrexate-loaded nanoemulsion against the macrophage
cell line RAW 264.7. The cell viability of RAW 264.7 cells at various concentrations of
methotrexate-loaded nanoemulsion ranged from 95.79% to 60.21% (Figure 10). It was found
that the cell viability of RAW 264.7 cells decreased in direct proportion to the concentration
of methotrexate-loaded nanoemulsion. This indicates that the higher concentration of
nanoemulsion induces mild cell cytotoxicity. The RAW 264.7 cell line exhibited a cell
viability of less than 88% at concentrations of 6.25 and 12.5 ug/mL in the nanoemulsion.
The results of hemolysis support the results of the cytotoxicity assay. In addition, the
findings indicate that the higher dose of methotrexate-loaded nanoemulsion may cause
mild toxicity to cells, while the lower dose is safe.
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Figure 10. Graphical representation of in vitro cytotoxic effect of methotrexate-loaded nanoemulsion.
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2.8. In Vivo Anti-Arthritic Activity of Nanoemulsion

The methotrexate-loaded nanoemulsion was intended to investigate the anti-arthritic
efficacy by measuring the potential of the nanoemulsion to inhibit CFA-induced knee
edema in rats. It showed a significant reduction in inflammation in the methotrexate-
loaded nanoemulsion and pure methotrexate groups over 30 days compared to the control
group. Figure 11 demonstrated a continuing increase in knee inflammation by the dis-
ease control animals. The animal treated with the methotrexate-loaded nanoemulsion
(10 mg/mL per kg body weight) and marketed methotrexate significantly (p < 0.05) de-
creased the knee inflammation compared to control animals on days 6-30. The highest
knee edema was noted during the 30 days of study in control animals (23.11 & 0.14 mm),
whereas the edema was controlled by the methotrexate-loaded-nanoemulsion-treated
(8.12 & 0.13 mm) and marketed-drug-treated (9.40 £ 0.39 mm) animals. The methotrexate-
loaded nanoemulsion showed a greater reduction in swelling compared to the marketed
drug, suggesting that the methotrexate-loaded nanoemulsion has improved anti-arthritic
potential compared to the conventional dosage form.
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Figure 11. Knee-edema studies in complete-Freund-adjuvant-induced arthritis model. Results are
shown as mean £+ SEM (n = 6) and analyzed by one-way ANOVA followed by Tukey’s test; ns:
nonsignificant; * p < 0.05 significance difference to compared to control group.

The liver-protective properties of the methotrexate-loaded nanoemulsion were stud-
ied after the end of the experiment. When methotrexate is administered for a prolonged
period or at higher doses, it causes liver toxicity, but in the present study, the formulations
were administered to the rats only for a short time, so the possibility of liver toxicity was
low. The function of hepatic marker enzymes SGOT (serum glutamic oxaloacetic transam-
inase), SGPT (serum glutamic pyruvic transaminase) and ALP (alkaline phosphatase)
were used to evaluate the cellular architecture of the animals with CFA-induced arthritis.
SGOT, SGPT, and ALP were elevated in the control group of animals. Hepatic marker
enzymes were significantly (p < 0.05) decreased in methotrexate-loaded-nanoemulsion- and
marketed-drug-treated animals (Figure 12). It was observed that the methotrexate-loaded
nanoemulsion exhibited greater liver-protective properties than the marketed drug solu-
tion. The results indicated that the CFA-induced animals experienced a significant effect
on hepatic enzyme activity, while the methotrexate-loaded nanoemulsion and marketed
methotrexate significantly decreased hepatic enzyme activity compared with the control
group. The results suggest that the nanoemulsion loaded with methotrexate has better
liver-protective properties compared to the marketed drug, as the function of liver marker
enzymes such as SGOT, SGPT and ALP is much closer to the healthy liver function. This
confirms that the methotrexate-loaded nanoemulsion enables targeted drug delivery with
minimal access of the drug to the liver and also prevents the metabolism of the drug by
the liver cell, resulting in improved therapeutic efficacy. The in vivo anti-arthritic study
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confirms the capability of the methotrexate-loaded nanoemulsion to lessen systemic toxicity
as well as improve anti-arthritic efficacy compared to the usual dosage forms.
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Figure 12. Liver-function tests for methotrexate-loaded nanoemulsion and pure methotrexate solution.
Results are shown as mean + SEM (n = 6) and analyzed by one-way ANOVA followed by Tukey’s
test; * p < 0.05 significance difference compared to control group.

A radiographic analysis of the animals on day 30 showed bone devastation and
soft-tissue swelling along with joint-space narrowing in the CFA-induced control group, in-
dicating subchondral erosion in the arthritic state. The methotrexate-loaded nanoemulsion
and marketed drug solution showed no bone destruction and normal soft-tissue swelling
in the animals (Figure 13). When RA occurs, radiography is an important diagnostic tech-
nique that can be used to determine the extent of arthritis. The early stages of arthritis
are characterized by soft-tissue swelling and inflammation, whereas the later stages are
characterized by subchondral erosions and narrowing of the joint space. The methotrexate-
loaded nanoemulsion and marketed drug solution showed a significant reduction in joint
destruction and soft-tissue damage in the animals. The potent anti-arthritis effect of the
methotrexate-loaded nanoemulsion was subsequently validated and confirmed by the
radiographic study of the knee joints of the animals.

Figure 13. Radiographic analysis of the knees with the administration of the formulation. (A): FCA-
induced arthritis, control group; (B): Methotrexate-loaded nanoemulsion; (C): marketed drug solution.
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2.9. Stability Studies

To verify the stability properties of the methotrexate-loaded nanoemulsion, the sta-
bility studies of the nanoemulsion were carried out at refrigerated, room and elevated
temperatures for three months. The particle size and entrapment efficiency changed sig-
nificantly during storage at room temperature and elevated temperature. The possible
mechanism for this was the polymorphic transformation of methotrexate. No changes in
particle size and entrapment efficiency were observed at cooling temperatures (Figure 14).
This indicates that the methotrexate-loaded nanoemulsion formulation was more stable
under cooling temperature. Therefore, the methotrexate-loaded nanoemulsion is an excel-
lent formulation for curing RA as it mitigates systemic side effects and improves treatment
efficacy compared to the conventional dosage form.
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Figure 14. Graphical representation of stability study of methotrexate-loaded nanoemulsion accord-
ing to particle size and entrapment efficiency.

3. Materials and Methods
3.1. Materials

The sample of the methotrexate injection was acquired from the leading IP Pharmacy
center, AIMS, Kochi, Kerala, India. The surfactant, namely sesame oil, was purchased from
the local grocery. Nice Chemicals, located in Ernakulam, Kerala, India, provided the Tween
80 for this study. The DMEM (Dulbecco’s modified Eagle’s medium) was procured from
the well-known supplier thermo fisher scientific India Pvt Ltd., Ernakulum, Kerala, India.

3.2. Methodology
3.2.1. Formulation of Methotrexate-Loaded Nanoemulsion

Aqueous-phase titration was used to prepare the methotrexate-loaded nanoemulsion.
In this procedure, the distilled water was gently added to the oil mixture and mixed drop-
wise with dynamic stirring until the resulting formulation appeared transparent and clear.
Methotrexate solution at the concentration of 50 mg/mL was prepared and 0.2 mL solution
was mixed into 3 mL of sesame o0il, and then a mixture of 7 mL of Tween 80 and 2 mL of
ethanol was slowly added while stirring. The resultant solution was vortexed for about 5 min
using a vortex mixer. The aqueous phase, which consisted of distilled water, was added
dropwise while constantly stirring at 500 rpm until a nanoemulsion was formed [35].

3.2.2. Particle Characteristics

The droplet size, polydispersity index (PDI), and zeta potential of the prepared na-
noemulsion were determined using the Malvern Zetasizer (Nano ZS Malvern Instruments
Ltd., Mavern, UK). After appropriate dilution, the nanoemulsions were sonicated and the
droplet size was measured. The goal of this study was to assess the stability of the prepared
nanoemulsion by measuring the droplet size, distribution, and zeta potential [35,36].
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Entrapment Efficiency =

3.2.3. Particle Surface Morphology

The morphology and size were also determined by scanning electron microscopy
(SEM) (VEGA 3, TESCAN, Brno-city, Kohoutovice, Czech Republic) and transmission
electron microscopy (TEM) (TALOS, Thermo fisher scientific India Private Limited, Mumbai,
India), respectively. The methotrexate-loaded nanoemulsion was diluted 10-fold with
distilled water and dried at room temperature on 200 mesh film grids. For SEM analysis,
samples were fixed in the sample holder with double-sided adhesive tape, and pictures
were taken at a voltage of 5 kV. For TEM, samples were stained with a 2% phosphotungstic-
acid solution and then dried for 2 min before being viewed under an electron microscope
at 100 kV [37,38].

3.2.4. Differential Scanning Colorimetry (DSC)

The DSC (DSC 204F1 Phoenix, NETZSCH-Gerdtebau GmbH, Selb, Germany) method
was used to determine the change in physical properties and temperature of the optimized
nanoemulsion. The sample was placed in an aluminum pan sealed with perforated lids
and heated in the temperature range of 40-300 °C at a constant rate of 10 °C per minute. In
addition, the inert atmosphere was created by a nitrogen purge of 50 mL/min. It assesses
the stability of the formulation [39].

3.2.5. Entrapment Efficiency

In a slight modification of the method reported by Sarheed et al., a cellulose dialy-
sis membrane technique was used to estimate the encapsulation of methotrexate in the
nanoemulsion by assessing the free drug available in the aqueous phase. Before the ex-
periment, the membrane was soaked overnight in phosphate-buffer solution (pH 7.4). By
capping both ends, the nanoemulsion with 10 mg of drug incorporated was kept in the dial-
ysis membrane. Phosphate-buffer solution and ethanol were mixed in a ratio of 80:20, and
100 mL was added into the receptor compartment. The dialysis membrane was placed in
this 100 mL receptor compartment and shaken with a mechanical stirrer for 24 h. Aliquots
were withdrawn from the receptor compartment and the amount of free drug crossing the
dialysis membrane was measured by UV spectroscopy (UV-1700, Shimadzu, Kyoto, Japan)
at 303.5 nm [40]. The following equation was used to measure the entrapment efficiency:

Quantification sample drug — Quantification of free drug in the solution

100
Quantification sample drug .

3.2.6. In Vitro Drug Release and Kinetic-Modeling Study

The cellulose dialysis membrane technique was used for in vitro drug release from
the methotrexate-loaded nanoemulsion. The membrane was well cleaned and soaked
overnight in phosphate buffer (pH 7.4) before use. Then, 10 mg of the drug was added
to the membrane and both ends were tightly sealed. The dialysis membrane was kept
in a beaker containing a phosphate-buffer solution with a pH of 7.4 and a temperature
of 37 £ 1 °C throughout the study. The solution in the beaker was continuously stirred
with a magnetic stirrer at 50 rpm. Samples were withdrawn from the beaker at specific
intervals and the volume was maintained by adding the same amount of medium. The
withdrawn aliquots were analyzed spectrophotometrically at 303.5 nm. Various kinetic
models were developed to measure the release order and mechanism of release based on
these results [41].

3.2.7. Hemocompatibility Analysis

The hemocompatibility study of the methotrexate-loaded nanoemulsion was per-
formed to determine the suitability of the composition and the effect on red blood cells.
To perform the test, a slight modification of the method reported by Roka and colleagues
was employed. A volume of 5 mL of blood was drawn from healthy volunteers and an
anticoagulant was added to prevent blood clotting. The blood sample was further diluted
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with a phosphate buffer with a pH of 7.4. The different concentrations of methotrexate-
loaded nanoemulsion (20, 40, 60, and 80 pg/mL) and marketed drug (80 ng/mL) were
added separately to the diluted blood samples and incubated for 24 h. The sample was
then centrifuged at 3500 rpm for 10 min at 4 °C. The supernatant containing blood cells was
placed in a microtiter plate, and absorbance was measured at 540 nm using an Elisa plate
reader [42]. The percentage of hemolysis was calculated by using the following formula:

Blood cells in the supernatant of the sample solutions
Blood cells in the distilled water

%Hemolysis = x 100

3.2.8. Cytotoxic Assay

MTT assay on RAW 264.7 (macrophage) cell lines was used for the evaluation of the
in vitro cytotoxicity effect of the methotrexate-loaded nanoemulsion. The RAW 264.7 cell
lines were cultured in DMEM (Dulbecco’s modified Eagle’s medium) media which was sup-
plemented with 10% FBS, L-glutamine, sodium bicarbonate, and antibiotics at 37 °C main-
taining humidification of 5% CO,. The different concentrations of 6.25 ug/L, 12.5 ug/L,
25 pg/L, 50 ug/L, and 100 ug/L of nanoemulsion were prepared by diluting with 5%
DMEM. These samples were added to the cell culture and incubated at 37 °C in a humidity
of 5% CO,. The normal saline solution was considered as the control solution for the
measurement of cell viability.

The samples were incubated for 24 h, after which 30uL of reconstituted MTT solution
was added to all test and control wells. The plate was shaken slowly and then incubated at
37 °C for 4 h to maintain the humidification of 5% CO, in the incubator. After completion
of incubation, the supernatant was taken out, and added to 100uL of MTT solubilization
solution. To solubilize the formazan crystals, the wells were carefully agitated by pipetting
up and down. A microplate reader was used to assess the absorbance of samples at a
wavelength of 570 nm, which signifies the optical density (OD) [43].

The percentage of viable cells was measured by using the following equation:

Mean OD of samples

100
Mean OD of control %

% of viability =

3.2.9. In Vivo Anti-Arthritic Activity

Approval for the animal study was obtained from the Central Animal Facility of
the Amrita Institute of Medical Sciences (IAEC/2017/3/9) for the animal experiments.
Experiments were conducted on adult male Sprague Dawley rats weighing about 200-250 g
in order to determine the anti-arthritic effect. The animals were segregated into three groups
of six animals each and kept in polypropylene cages at a temperature of 23 =+ 2 °C. Intra-
articular injection of 1 mg/mL CFA was injected to all groups of animals to induce the
Chronic Arthritis condition. After that, methotrexate-loaded nanoemulsion (10 mg/mL)
and marketed methotrexate drug (10 mg/mL) were administered subcutaneously once a
week for 30 days to groups II and III, respectively, while no treatment was given to group L
Using a digital micrometer, the knee circumference (in mm) of each group was determined
every day for 30 days. After 30 days of testing, retro-orbital blood was drawn from the rats
and the serum was separated to assess the functions of liver enzyme markers (SGPT, SGOT,
and ALP). In addition, radiographs of the knee joints of rats were performed to evaluate
the effect of marketed methotrexate and methotrexate-loaded nanoemulsion on the severity
of arthritis in FCA-induced rats [44,45].

3.2.10. Stability Studies

For three months, methotrexate-loaded nanoemulsion was stored at three different
temperatures: refrigerator temperature (4 &= 2 °C), room temperature (30 £ 2 °C), and
accelerated temperature (40 £ 2 °C, 75 £+ 5% RH). Particle size (PS) and entrapment
efficiency (EE) were evaluated at 15-day intervals over 90 days to check the changes in
physical and chemical stability of the nanoemulsion [41].
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4. Conclusions

In the treatment of RA, methotrexate is a DMARD that is considered a first-line therapy.
There are only a small number of drug-delivery systems on the market that provide signifi-
cant pharmacotherapy for rheumatoid arthritis. Methotrexate formulations currently on the
market have been associated with systemic side effects. Therefore, a methotrexate-loaded
subcutaneous nanoemulsion that delivers the drug exclusively to the lymphatic system
was developed and studied in vitro and in vivo in order to minimize adverse effects and
improve therapeutic efficacy. The nanoemulsion was found to encapsulate a significant
amount of methotrexate with a smaller particle size and shape suitable for subcutaneous
injection. Physicochemical studies confirmed that the methotrexate-loaded nanoemulsion
exhibited homogeneous nanosized droplets and a stable formulation. In vitro drug-release
studies confirmed the sustained release of the drug from the nanoemulsion. The results
of hemolysis and cytotoxicity studies showed that the nanoemulsion is safer for systemic
circulation at lower concentrations. The anti-arthritic study of the nanoemulsion in CFA-
induced animals showed improved anti-arthritic activity compared to the marketed drug.
The preliminary studies of the methotrexate-loaded nanoemulsion suggest that the formula-
tion may be able to improve the lymphatic transport of drugs after systemic administration.
In addition, this formulation may reduce drug doses while minimizing adverse effects on
cell integrity. It can be concluded that methotrexate-loaded nanoemulsion is a superior
formulation for the treatment of RA as it mitigates systemic side effects and improves treat-
ment efficacy compared to the conventional dosage form. In the future, the drug-uptake
study in the lymph node will demonstrate the ability of the nanoemulsion to deliver drugs
subcutaneously into the lymphatic circulation.
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Abstract: Currently, the nanoparticle functionalization effect on supramolecular peptide-based hy-
drogels remains undescribed, but is expected to affect the hydrogels’ self-assembly and final magnetic
gel properties. Herein, two different functionalized nanoparticles: citrate-stabilized (14.4 + 2.6 nm)
and lipid-coated (8.9 £ 2.1 nm) magnetic nanoparticles, were used for the formation of dehydropeptide-
based supramolecular magnetogels consisting of the ultra-short hydrogelator Cbz-L-Met-Z-APhe-
OH, with an assessment of their effect over gel properties. The lipid-coated nanoparticles were
distributed along the hydrogel fibers, while citrate-stabilized nanoparticles were aggregated upon
gelation, which resulted into a heating efficiency improvement and decrease, respectively. Further,
the lipid-coated nanoparticles did not affect drug encapsulation and displayed improved drug release
reproducibility compared to citrate-stabilized nanoparticles, despite the latter attaining a stronger
AMF-trigger. This report points out that adsorption of nanoparticles to hydrogel fibers, which display
domains that improve or do not affect drug encapsulation, can be explored as a means to optimize
the development of supramolecular magnetogels to advance theranostic applications.

Keywords: magnetic gels; drug release; magnetic hyperthermia; magnetic lipogels; supramolecular
hydrogels; magnetic nanoparticles; self-assembly; nanoparticle functionalization

1. Introduction

Supramolecular magnetogels basically comprise two main components: the hydrogel
and the magnetic nanoparticles. Following a stimulus, the self-assembly of the supramolec-
ular hydrogelators is driven towards a kinetically-trapped intertwined fibrillar structure,
such that solvent pocket microdomains are formed. This process takes place through the
cooperative effect of different non-covalent intermolecular interactions: hydrogen bonding,
van der Waals, electrostatic, and/or hydrophobic and aromatic interactions [1-7].

For example, dehydropeptide-based hydrogelators, such as the minimalist Cbz-L-
Met-Z-APhe-OH (see Structure S1 in Supplementary Materials), have been used due to the
simplicity of producing biocompatible systems at low cost, and its promising properties
for drug delivery [8-10]. The aforementioned dehydropeptide uses of a non-polar amino
acid, methionine, to induce hydrophobic collapse, while the dehydrophenylalanine moiety
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provides a means for 7-7 interactions (like the N-capping group) and conformational
constraints in the peptide backbone, meaning that it promotes the self-assembly into
fibers and provides resistance to enzymatic degradation [8-10]. As assessed in this work,
the hydrogel displays a moderate gelation kinetics and elastic modulus, which allows
following the impact of the nanoparticles, so that diverse parameters can be optimized.
Further, the gels can be formed in a skin pH range of 4-6 [11], thus being suitable for dermal
application.

The retention or entrapment of nanoparticles during the gelation process allows
for the tailoring and modulation of the matrix structure, along with the possibility of
tuning different physical properties [3,12,13]. The modulation of the matrix structure
also enables optimizing the loading of a wide variety of hydrophilic and hydrophobic
drugs, reducing potential side effects, and enabling higher doses in therapy at the right
location when using magnetogels for drug delivery. In this regard, taking advantage of the
magnetic nanoparticles, the application of a magnetic field gradient allows the control and
targeting of the nanosystem to a specific location [14-16], which can be further coupled
with an alternating magnetic field (AMF), such that the nanoparticles can absorb energy
and then release it as heat [17-20]. As a consequence, there is a synergistic effect that
involves this magnetic hyperthermia and the subsequently associated enhancement of
drug release [21-23], such that a much higher therapeutic efficiency can be attained. Along
these lines, among transition metal ferrites, manganese ferrite nanoparticles exhibit very
suitable magnetic properties, particularly in terms of the high magnetic susceptibility
and in terms of magnetophoretic mobility, which render them as an appealing option to
improve the supramolecular magnetogels for drug delivery applications [24,25]. Further,
manganese ferrites display good biocompatibility and the large saturation magnetization
reduces the required concentration of nanoparticles, thus averting side effects [8,25].

Supramolecular magnetogels endorsed with bare nanoparticles were demonstrated to
be easily prone to aggregation, which led us to limit the concentration of nanoparticles that
were encapsulated [8,9]. Alternatively, the use of a thick shell coating the nanoparticles
was confirmed to hamper the gelation process, with the additional cost of requiring a larger
concentration of hydrogelator to compensate for the bulkier nanocomposite [10]. On the
other hand, forcing the supramolecular design strategies to conjugate the nanoparticles
with the hydrogelator molecules has also been considered [25-27]. In general, these existing
strategies for supramolecular magnetogels either imply complex fabrication steps and/or
fail on the homogeneous incorporation of high concentrations of magnetic material and
target drugs, which strongly limit their usability in theranostics. Furthermore, the current
literature on supramolecular magnetogels lacks exploration of the composite function-
alization and its effect on supramolecular magnetic gels properties. Consequently, the
large amounts of hydrogelator employed and the aggregation of nanoparticles in most of
the reported systems have demonstrated lower heating efficiency, hindering the sought
on-demand controlled release of the payload.

Doxorubicin is one of the most commonly used chemotherapeutic drugs in a wide
variety of cancers. However, its various side effects (e.g., neutropenia and heart failures)
lead to a worsening of the patient’s quality of life, which can be improved through incorpo-
ration with drug delivery system to increase the safety profile of the therapy. Considering
this need, a useful strategy could be the encapsulation of doxorubicin in liposomal systems,
such as the liposomal formulation Doxil®, or the use of citrate-stabilized nanoparticles,
which strongly adsorb the positively charged drug molecules through electrostatic interac-
tions [28].

Herein, supramolecular magnetogels endorsed with high nanoparticle concentration,
employing a lipid coating (magnetoliposome-like structure) or citrate stabilization, are eval-
uated. Whereas the citrate stabilization provides electrostatic stabilization, the lipid coating
assessment tackles the strategy, not only to ensure the steric stabilization of manganese
ferrite nanoparticles, but also to provide the structure with enough hydrophobic cavities
for an efficient drug loading and subsequent controlled drug diffusion. This option to ob-
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tain magnetogels systems, compared with the use of negatively-charged citrate-stabilized
nanoparticles, demonstrates that the gelation becomes optimized, such that the concentra-
tion of stable magnetic nanoparticles within the gel is increased. As a consequence, besides
improving the system stability and magnetic properties, the strategy demonstrates the role
of the magnetic nanoparticles taking advantage of the hyperthermia they are responsible
for, on drug release, using the antitumor drug doxorubicin.

2. Materials and Methods
2.1. Synthesis Procedure of Magnetic Nanoparticles
2.1.1. Preparation of Citrate-Stabilized Manganese Ferrite Nanoparticles

A modified synthesis of citrate-stabilized nanoparticles was adapted from refer-
ence [29]. Trisodium citrate dehydrate (1 mmol) and NaOH (4 mmol) were added to 19 mL
of ultrapure water at 100 °C. A 1 mL aqueous solution of FeSO,-7H,0O (1.33 mmol) and
MnSO4-HO (all reagents from Merck-Sigma, St. Louis, MO, USA) (0.66 mmol) was added,
drop by drop, into the mixture under vigorous agitation. After 2 h, the solution was cooled
down to room temperature, washed through magnetic decantation with water/ethanol 1:1,
and dried at 100 °C.

2.1.2. Preparation of Lipid-Coated Manganese Ferrite Nanoparticles

Lauric acid (1 mmol) and NaOH (4 mmol) were added to 19 mL of ultrapure water at
100 °C. A 1 mL aqueous solution of FeSO4-7H,0 (1.33 mmol) and MnSO4-H,0O (0.66 mmol)
was added, drop by drop, into the mixture under vigorous agitation. After 2 h, the solution
was cooled down to room temperature, washed through repeated centrifugation with water,
and dried at 100 °C. The stock solution was prepared by dispersion of the nanoparticles
(4 mg) in 2 mL of 2 mM L-a-phosphatidylcholine (from egg yolk, egg-PC) (Merck-Sigma,
St. Louis, MO, USA) solution through sonication at 190 W. The lipid-coated nanoparticles
were then washed and purified with ultrapure water by magnetic decantation.

2.2. Self-Assembly of Magnetogels
2.2.1. Optimization of Hydrogel Gelation

Gelation optimization was carried out through turbidity measurements at 500 nm. The
hydrogel and glucono-é-lactone (GdL) concentrations were screened. The self-assembly
was induced by dissolving the hydrogelator in basic pH through the addition of 2 v/v%
NaOH (1 M) and, then, glucono-6-lactone (GdL) was added to decrease the pH homoge-
neously. A solution of 0.05 wt% hydrogel was used to assess the fiber-catalyzed secondary
nucleation. The aggregates fraction, f(t), was defined as follows:

Tobs — Tfree
t = - 1
f( ) Tagg - Tfree ( )

where Ti, Ty and T stand for turbidity measured at 500 nm observed at time ¢, before
the addition of GAL and when aggregated (turbidity at t = 5 k), respectively. An empirical
exponential decay function was fitted according to Equation (2) [30]:

T(t) = T(0) @)

if (1 ettt

where ke is the rate constant (inverse of the relaxation time) of fibril formation and ¢,
is the point of the maximum elongation rate. This constant rate includes various steps
and its interpretation between different systems is misleading. As a result, other models
were fitted to understand the influence of the parameters on the nucleation and elongation
rates. Saitd’s fractional aggregation model has been successful in the aggregation studies
of 3-amyloid, calcitonin, prion, and «-sinuclein [31-33]. At a concentration larger than
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critical micellar concentration ([M] > cmc), the aggregation can be described by a two-step
mechanism scheme [33]:

noM(monomers) = My, (micelle) Ky b,
k
M+ P, = Pyyq.

In this mechanism, k, and k. represent the average nucleation and growth rate con-
stants, M is the monomer, M;,, represents the micelle (precatalytic form of the monomer),
P, is the nucleus of fibril with # monomer molecules, and P, is the extended fibril with
1 + 1 monomer molecules; thus, P is both a product and catalyst in the growth step reaction.
The fibril formation can be described according to the equation:

0 (e(1+p)kst _ 1)

where ks = k.[M] is the effective growth rate constant, p = ’;{—Z, and the initial condition
is f(0) = 0. The secondary nucleation was evaluated through the aggregation models of

Knowles et al. [30,34] and Cohen et al. [35]. The former model describes the concentration
of monomer in the fibers according to the equation:

_ ne—1,—
f(t) -1 _efC_,_ektJrC_e kt+knmmt k1 (4)

where m;; is the total hydrogelator concentration and k = /2myoikk_. In the absence
of fibrils, at the beginning of the aggregation,

+hkym' !
Ce = ©)

where k. is the polymerization rate and k_ is the secondary nucleation (fragmentation).

The latter model describes the concentration of monomer in the fibers according to the

equation:
keo®
BeiCo PGy

B+ + C+€Kt B_ + C+ (6)

s = 1-(

where x = 2k+k2m(0)"2+1 is associated with the secondary pathways, k; is the fibril-
catalyzed secondary nucleation, and k,, = k_ whenn, = 0,Cy: = =+ A2/ (ZKZ),

A = y/2kik,m(0)" is related with the rate of formation of new aggregates through

primary pathways, By = (keo T kjoo)/(2K), ko = +/2k2/[n2(np +1)] +2A2/n., and
kjoo = \/k% —4C;C_x?2. The parameters 1. and 7, describe the dependencies of the pri-
mary and secondary pathways, and m(0) is the initial concentration of soluble monomers.

2.2.2. Development of Magnetogels

The prepared nanoparticles were added to the hydrogel solution at a final volume
of 200 puL and at the required concentration from a starting solution at 2 wt%. All hydro-
gel/magnetogel solutions were left standing at room temperature until the gel phase was
attained. Here, the unit wt% stands for m/v%.

2.3. Spectroscopic Measurements
2.3.1. General Methods

Fluorescence measurements were carried out using a Horiba-Jobin Yvon Fluorolog
3 spectrofluorimeter (HORIBA Jobin Yvon IBH Ltd., Glasgow, UK), equipped with double
excitation and emission monochromators, Glan-Thompson polarizers (HORIBA Jobin
Yvon IBH Ltd., Glasgow, UK), and a temperature-controlled cuvette holder. Fluorescence
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emission spectra were corrected for the instrumental response of the system. The excitation
of the hydrogelator was set at 280 nm, and the emission spectrum was collected between
290 nm and 600 nm with a slit of 6 nm in both excitation and emission. Absorption spectra
were recorded in a Shimadzu UV-3600 Plus UV-Vis-NIR spectrophotometer (Shimadzu
Corporation, Kyoto, Japan).

The fluorescence quantum yield, @;, can be determined by Equation (7) (standard
method) [36,37],
(A;Fon?)
(AsEn2) ™'

where A is the absorbance at the excitation wavelength, F is the integrated emission area,
and # is the refraction index of the solvents. Subscripts r and s refer to the reference
and sample compound, respectively. The absorbance value at excitation wavelength was
always less than 0.1 in order to avoid inner filter effects. L-Tryptophan in aqueous buffer
solution (pH = 7.2) was used as a reference (&, = 0.14 at 25 °C) [38].

b, = )

2.3.2. Fluorescence Anisotropy Measurements

The steady-state fluorescence anisotropy values, r, provide information on the average
microviscosity of the gel matrix where the fluorophore is localized and can be determined
by Equation (8) [39],

_ Iw—Ghlvy ®)
where Iyy and Iyyy are the intensities of the emission spectra obtained with vertical and
horizontal polarization, respectively (for vertically polarized excitation light), It;y and
Iy are the emission intensities obtained with vertical and horizontal polarization (for
horizontally polarized excitation light), and G = Iyv/Igy is the instrumental correction
factor.

2.3.3. FRET Measurements

The drug incorporation into the magnetogels network was investigated by Forster
Resonance Energy Transfer (FRET). FRET efficiency, ®rrrr, defined as the proportion of
donor molecules that have transferred their excess energy to acceptor molecules, can be
expressed by Equation (9) [39],

Ipa

Prrer = 1— 7= 9
D

where Ip4 and Ip are the donor integrated fluorescence intensities in the presence and

absence of an acceptor, respectively. FRET efficiency can also be determined using the

donor-acceptor intermolecular distance, Rp 4, and the Forster radius (critical diameter), Ry,

through Equation (10) [39],
1
PrrerT = ——— - (10)

6
R
()
The Forster radius, Ry, the distance at which FRET efficiency is 50%, can be deter-
mined by the spectral overlap, J(A) between the donor fluorescence emission and the

acceptor absorption, according to Equations (11) and (12) (with Ry in A, Ainnm, £ 4(A) in

M~ em—1) [39],
Ry = 02108 x [K%Dn*‘*](/\)}l/é (11)

JO) = [ Ib(ead)rtar (12)

where x? = 2/3 is the orientational factor assuming random orientation of the dyes, ®p is
the donor fluorescence quantum yield in the absence of energy transfer, # is the refraction
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index of the medium, Ip(A) is the fluorescence spectrum of the donor normalized so that
Jo In(A)dA = 1,and e4(A) is the molar absorption coefficient of the acceptor.

2.4. Characterization Techniques
2.4.1. Scanning Transmission Electron Microscopy (STEM)

STEM images were recorded using a NanoSEM—FEI Nova 200 (FEI Company, Hills-
boro, OR, USA), operating at 15 kV, coupled to an Electron Dispersive Spectroscopic ana-
lyzer (EDS) and Electron Backscatter Diffraction EDAX—Pegasus X4M analyser (AMETEK
Inc., Berwyn, PA, US) and detection system (EBSD) at SEMAT (Servigos de Caracterizagao
de Materiais, Guimaraes, Portugal). After preparation of the hydrogel, a small portion
of each sample was placed onto a TEM 400 mesh copper grid with Formvar/Carbon (ref.
5162-4 from Agar Scientific), held by tweezers and the excess solution was cleaned. The
processing of STEM images was performed using Image] software (National Institutes
of Health (NIH), version 1.52p, Bethesda, MD, USA),which consisted of enhancing local
contrast and adjusting brightness followed by a manual selection of fibers.

2.4.2. X-ray Diffraction

A conventional PAN’alytical X'Pert PRO diffractometer (Malvern Panalytical Ltd.,
Malvern, UK) was used for X-ray diffraction (XRD) analyses, operating with Cu K
radiation, in a Bragg-Brentano Configuration.

2.4.3. Raman Spectroscopic Measurements

Raman spectroscopy was used to assess the effect of nanoparticles in the secondary
structure of the hydrogel fibers. Measurements were performed at room temperature with
a Jobin Yvon T64000 triple Raman Spectrometer (HORIBA Jobin Yvon IBH Ltd., Glasgow,
UK), equipped with a liquid nitrogen cooled charge couple device (CCD) detector, with
a resolution better than 1 cm™!. The excitation line, 514.5 nm, of an argon ion laser was
focused onto the sample using a x50 objective (focused to ~1.5 um of diameter) of an
Olympus Microscope BHSM (Olympus Corporation, Tokyo, Japan) in a backscattering
geometry. The spectra were acquired with a measured power of about 350 uW on the
sample, with a spectral acquisition time of 45 s averaged over 10 scans, over the range
770-1800 cm 1.

2.4.4. Magnetic Properties

Magnetic measurements were performed using a SQUID magnetometer from Quan-
tum Design (Quantum Design Inc., San Diego, CA, USA). The magnetization dependence
with temperature in zero-field-cooling (ZFC) and field-cooling (FC) conditions was per-
formed at 100 Oe in the 10-320 K range. Hysteresis loops were measured at different
temperatures up to an external field of 50 kOe.

2.4.5. Rheology

The viscoelastic characterization of gels was performed with a stress-controlled rota-
tional rheometer Anton Paar MCR300 (Anton Paar GmbH, Graz, Austria). Liquid samples
were loaded into the Couette geometry of the rheometer and temperature was kept at
25 °C during testing. After a five hour rest period ensuring gel setting and structural
equilibrium of samples, a sweep in the strain amplitude was performed from 0.001% to
500% to assess the linear regime of viscoelasticity and the large amplitude oscillatory strain
(LAOS) regime.

2.5. Drug Release Assays
2.5.1. Incorporation of Doxorubicin

To study the incorporation and microenvironment of doxorubicin in gels through
fluorescence spectroscopy, the drug was added to gel solutions prior to gelation, for a
final concentration of 20 uM (to guarantee that fluorescence intensity is proportional to
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concentration). From the hydrogelator solution, 200 uL were transferred to a fluorescence
microcuvette and left standing until the gel was formed.

2.5.2. Drug Release to pH = 7 Buffer

To assess doxorubicin release through fluorescence spectroscopy, gels (100 pL) loaded
with 0.1 mM doxorubicin were prepared and left stabilizing overnight in Amicon® Ultra-
0.5 mL centrifugal filters (MilliporeSigma, St. Louis, MO, USA) with a 0.1 um pore size.
Then, the filter tube was immersed in pH = 7 buffer (800 pL) to keep pH constant (besides
neutralizing the gels), and left standing at room temperature, with or without an alternating
magnetic field (AMF). The AMF was generated in a custom-designed solenoid device
(800 turns per meter, length: 31 cm and internal diameter: 4.8 cm) by applying an alternating
electric current. A magnetic field of 2.98 mT at 1000 kHz was used. Aliquots were taken and
replaced with pH =7 buffer, then fluorescence was measured to determine the concentration
at each time point. Release profile assays were performed in triplicate.

3. Results
3.1. Optimization of Hydrogel Gelation Kinetics

Turbidity kinetic assays were carried out to optimize hydrogel gelation, which is
required to ensure quasi-homogeneous encapsulation of nanocomposites. Initially, the
hydrogelator molecules were majorly organized in a mixture of micelles/aggregates and
free monomer as suggested by fluorescence emissions at 450 nm and 360 nm, respectively
(Figure 1A).
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Figure 1. (A) Fluorescence emission spectra of the hydrogelator (0.3 wt%) over time after the gelation trigger (0.5 wt%).

(B) Scheme of the evaluated pathways during the gelation process, where the fibril-catalyzed secondary nucleation

contribution was found to be negligible. (C) Gelation kinetic profile dependence on hydrogelator and GdL concentration,

(D) fibril concentration and temperature. (E) Average nucleation and elongation rate constants obtained from the Sait6’s

aggregation model fitting to turbidity profiles at increasing temperatures (hydrogel 0.3 wt%, GdL 0.5 wt%). Fluorescence

emission (F) and anisotropy r (G) of Nile Red (2 pM) in hydrogels prepared at different hydrogelator-to-GdL ratios and

temperatures (fixed hydrogel and GdL concentration).

Once gelation is initiated (after the addition of GdL), both emission bands increase, in-
dicating the occurrence of a reorganization process. Here, the models of Knowles et al. [34]
and Cohen et al. [35] (commonly used for 3-amyloid aggregation) were also used as a
strategy to assess the possible occurrence and influence of monomer independent (k;

129



Nanomaterials 2021, 11, 16

fragmentation) and /or monomer dependent (ky; fibril-catalyzed secondary nucleation)
secondary pathways (Figure 1B).

The gelation is characterized by a sigmoidal profile, which is a common feature of
fibrillation processes comprising a nucleation and elongation phase (Figure 1C,D) [30].
Increasing the hydrogelator concentration at the same GdL (0.5 wt%) concentration resulted
in an increase of the nucleation rate, while the elongation rate decreased. The increase
in GdL concentration promoted both the nucleation and elongation phases. Hereby, the
primary nucleation process is dependent on both the hydrogelator and GdL, while the
elongation process is majorly affected by the GdL. The elongation phase dependence on
GdL concentration (for a fixed hydrogelator concentration) demonstrates that its rate can
be increased if more protons are made available over time, considering that GdL proton
dissociation is also a kinetically-dependent process [40]. Such results evidence that an
increase of hydrogelator concentration has to be accompanied by an increase of GdL
concentration to keep the molar equivalents, thus favoring both nucleation and elongation.
Notably, by increasing both hydrogelator and GdL concentrations, no major differences
were obtained for the final pH, while increasing GdL alone strongly decreased pH (Table S1
in Supplementary Materials).

A weak scaling of the half-time with the initial monomer concentration was obtained
(—0.63), which is characteristic of monomer independent secondary pathways (such as frag-
mentation). Yet, the light scattering kinetic profiles cannot be satisfactorily matched using
fixed k,, /k— and k4 k;, parameters in the Knowles’ aggregation model (Figure S1 in Supple-
mentary Materials) [35]. The addition of pre-formed fibrils inhibited the average nucleation
phase and enhanced the average elongation phase (Figure 1D), i.e., the secondary nucle-
ation rate can be neglected. Further, increasing the hydrogelator decreased both secondary
pathways rates, while GdL enhanced the monomer independent pathway and inhibited the
monomer-dependent pathway (Table S2 in Supplementary Materials). Nonetheless, self-
assembly can be majorly attributed to the primary pathways. Temperature exponentially
affected the average nucleation and elongation phase, which is associated with a faster
GdL proton dissociation (Figure 1E) [40]. As a result, overall gelation can be enhanced by
increasing both GdL and hydrogelator concentrations and preparing the gel at 30 or 40 °C,
which favors the primary pathways (nucleation and elongation).

The dye Nile Red was used to evaluate the effect of preparation conditions on the
microenvironment, as it is a solvatochromic probe that has almost negligible emission in
water, but intensely emits fluorescence in non-polar environments [41-44], as observed after
hydrogel formation (Figure 1F). Furthermore, the emission is accompanied by a blue-shift
with a reduction of polarity [41-44]. Here, Nile Red is localized in a microenvironment
with a polarity between acetone and ethanol [41]. The higher Nile Red fluorescence
emission intensity on the gels prepared at 30 °C and 40 °C suggests that more hydrophobic
regions were made available. The fluorescence anisotropy values reveal similar fluidity
compared to the hydrogel prepared at room temperature. Although increasing GdL (fixed
hydrogelator concentration at 0.3 wt%) also contributed for more hydrophobic regions, the
microfluidity was lower than that obtained by increasing the hydrogelator concentration
(fixed GAL concentration at 0.5 wt%). As such, increasing both GdL and hydrogelator
concentrations (0.4 hydrogelator-to-GdL ratio or higher) promotes more hydrophobic
regions with higher microviscosity.

3.2. Nanoparticles Characterization

Nanoparticles of manganese ferrite with different coatings were prepared using differ-
ent synthetic methods, and are named, from now on, as citrate-stabilized or lipid-coated
manganese ferrite nanoparticles. The X-ray diffraction (XRD) patterns of both samples
present well-defined peaks (Figure 2A,B) characteristic of a crystalline structure, which
was obtained without calcination. The diffraction peaks of the MnFe,Oy crystalline spinel
structure are observed at 20 =29.7° (22 0),34.9° (31 1), 36.5° (22 2),42.5° (4 00), 52.7°
(422),56.2° (333)and (511),61.8°(440),65.0°(531),70.1° (6 20), 73.1° (5 3 3), 74.0°
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(622),78°(444),85.6° (642),885° (73 1)and (55 3), according to CIF file 2300618 (space
group Fd-3m). Rietveld analysis was performed using the FullProf software suite, confirm-
ing the spinel structure. As in previous works [45,46], we considered it to be important to
use microabsorption correction [47], resulting in fits with good R values. The calculated
parameters are presented in Table S3 in Supplementary Materials, offering a larger size of
the crystalline domains in the nanoparticles that are citrate-stabilized. Additional diffrac-
tion peaks were observed for the lipid-coated nanoparticles, occurring at positions similar
to those reported for layered manganese laurate [48], which can be ascribed to ordered
lauric acid molecules at the surface of manganese ferrite.

The UV-visible absorption spectra of the prepared nanoparticles are represented in
Figure 2C. From the Tauc plot (inset of Figure 2C), the optical band gap (Eg) between the
citrate-stabilized and lipid-coated manganese ferrite nanoparticles was determined and a
linear relation was obtained for an indirect semiconductor with a band gap of 1.13 eV and
1.19 eV, respectively, which are similar to the previous reported value of 1.08 eV [49].

The sedimentation profiles for bare, lipid-coated, and citrate-stabilized nanoparticles are
displayed in Figure 2D. The dependence of the sedimentation rate on nanoparticle concen-
tration (obtained through fitting of a Becquerel function or compressed hyperbola) [50] is
included (values are reported in Table S4 in Supplementary Materials). The citrate-stabilized
nanoparticles sedimentation profile suggests the occurrence of nanoparticles aggregation into
stable agglomerates [51,52], which settle down at a faster rate than single nanoparticles. The
lipid-coated nanoparticles show a sedimentation rate independent of the used concentration
range (0.025-0.2 wt%). Hereby, the longer-term stability of the lipid-coated nanoparticles is
expected to provide homogeneous gels at higher concentration of nanoparticles, compared to
the ones that are citrate-stabilized.
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Figure 2. X-ray diffraction pattern of (A) citrate-stabilized and (B) lipid-coated manganese ferrite nanoparticles. Gray lines:
experimental patterns; black lines: fitted patterns; dotted lines: fitted background; the vertical lines in (B) are the Bragg
diffraction positions of manganese laurate. (C) Absorption spectra of citrate-stabilized (CS, black line) and lipid-coated (LC,
blue line) MnFe,O4 nanoparticles. Inset: Tauc plot of citrate-stabilized and lipid-coated nanoparticles. (D) Sedimentation
profiles of the citrate-stabilized (squares), lipid-coated (triangles), and bare (line) MnFe,O4 nanoparticles at 0.2 wt% (black),
0.1 wt% (red), 0.05 wt% (green), and 0.025 wt% (blue). Inset: sedimentation rate dependence on nanoparticle concentration.
The citrate-stabilized aggregation rate is included (black squares). (E) Magnetization hysteresis loops of citrate-stabilized
and lipid-coated manganese ferrite nanoparticles measured at room temperature (T = 300 K). Inset: Enlargement of the

loops in the low field region.
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The magnetic hysteresis loops show that the saturation magnetization (emu/g) is
higher for the citrate-stabilized nanoparticles than for the lipid-coated nanoparticles
(Figure 2E), which can be explained by taking a different stoichiometry into account in
the manganese ferrite in the two samples, as pointed out by the different lattice constant
obtained in the X-ray diffraction analysis. A smaller size and a higher wt% of organic
matter present in the second sample can also influence the final value of saturation mag-
netization. Consequently, considering that SAR « Mg? (SAR—specific absorption rate),
the lipid-coated nanoparticles are expected to have lower heating efficiency than the
citrate-stabilized nanoparticles [53,54]. The low M, /M; ratio, of around 0.1 (see Table S5
in Supplementary Materials), is an indication that both types of nanoparticles display a
superparamagnetic behavior [54].

3.3. Development of Magnetogels

An empirical equation was used to assist the estimation of the conditions required
to maximize the homogeneity of the gel (see deduction, discussion and Figure S2 in
Supplementary Materials). Figure 3 displays plots of the obtained kemp /kseq for various
nanoparticle concentration and GdL-to-hydrogelator concentration ratio. The estimation
implies that the gelation conditions have to guarantee a kemp /Keeq > 41.7, so that when
gel fraction f(t) attains 0.9, the nanoparticles suspended fraction is also at 0.9 (if v = 1 and
a = 0.5 is assumed).

Figure 3. Surface plots of kemp/kseq dependence on nanoparticle concentration and the GdL-to-
hydrogelator concentration ratio for: (A) bare nanoparticles, (B) the citrate-stabilized nanoparticles
aggregation rate, (C) the sedimentation rate, and (D) lipid-coated nanoparticles. The gray planes
define the estimated Kemp/kseq Tequired to guarantee that when the gel is about 10% of gelation
completion, 90% of the nanoparticles remains in suspension (v = 1, a = 0.5, dark gray plane; v = 0.5,
a =0.5, gray plane).

Gels prepared with 1.5 wt% GdL and 0.3 wt% hydrogelator retained the nanoparticles,
though the pH value was lower than 4. Increasing the hydrogelator content to 0.5 wt%
and reducing GdL to 1 wt% (has higher microviscosity) allowed the preparation of homo-
geneous magnetogels at 0.1 wt% of nanoparticles, with a pH of ~5. The 0.2 wt% content
of nanoparticles can also be prepared at 0.5 wt% of hydrogelator and 1 wt% of GdL but
preparation at 30 °C or 40 °C is required (yields kemp /kseq larger than 200). Nonetheless,
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the parameter v obtained from curve fitting was around 0.5, thus decreasing the required
Kemp /Kseq to 14, which allowed the possibility of obtaining quasi-homogeneous gels at 0.1
wt% of nanoparticles at a [GAL]/[hydrogelator] ratio of 2 (see magnetogels and respective
pH values in Figure S3 in Supplementary Materials).

3.4. Gels Microviscosity

The effect of the nanoparticles in the gels matrix microenvironment was studied
using Nile Red as a fluorescence probe, while considering its sensitivity to polarity and
viscosity [55,56]. In the 2040 °C temperature range, no major fluorescence emission decay
changes were observed, which might be associated with the structure maintaining its
integrity. A steep fluorescence emission decrease indicated that the phase transition occurs
above 45 °C for the hydrogel and the citrate-stabilized nanoparticle-containing magneto-
gels, while in the lipid-coated nanoparticle-containing magnetogels, it was shifted to 50 °C
(Figure 4A). The fluorescence anisotropy increases at the phase transition temperature,
which might be associated with a fluorescence emission lifetime decrease (Figure 4B) [57].
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Figure 4. (A) Nile Red (2 uM) maximum fluorescence emission dependence on the temperature
of hydrogel, citrate-stabilized (CS), and lipid-coated (LC) nanoparticles containing magnetogels.
Inset: Normalized maximum fluorescence emission dependence on the temperature of the respective
gels. (B) Nile Red fluorescence anisotropy dependence on temperature. Inset: Nile Red maximum
emission wavelength dependence on temperature.

The results suggest that citrate-stabilized nanoparticles destabilized the hydropho-
bic domains, leading to a microviscosity reduction and polarity increase of the cavities
where Nile Red is localized, which might occur through hydrogen bonding and ionic
interaction between the nanoparticles and the fibers. The polarity in the hydrogel is sim-
ilar to acetone, which was changed towards ethanol after addition of citrate-stabilized
nanoparticles. Furthermore, after phase transition and at 0.1 wt% of citrate-stabilized
nanoparticles, the Nile Red emission wavelength (640 nm) became close to the reported
maximum wavelength in water (657 nm) [42]. The lipid-coated nanoparticles induced a
lower fluorescence anisotropy than citrate-stabilized nanoparticles and one that is similar
to the reported anisotropy values of Nile Red in mixed vesicles and micelle membranes [44],
thus suggesting that lipid-fiber domains are formed with a polarity similar to the fibers
and a viscosity near that of membranes.

3.5. Gels Secondary Structure

The Raman spectra of the hydrogels and magnetogels (0.1 wt% of nanoparticles)
were obtained to assess influence of nanoparticles in the secondary structure, which are
displayed in Figure 5. Reported Raman shifts of the phenylalanine phenyl ring and
methionine side chain (CH;3 deformation at 1440 cm~! and CH, wagging at 1320 cm ') are
also displayed [58,59]. Structural changes upon the addition of lipid-coated nanoparticles
were suggested by the appearance of a band at 982 cm~!. Gaussian curves were fitted
to the major phenyl ring signal at around 1003 cm ™! (see Figure S4 in Supplementary
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Materials). A blue shift and decreasing cross-section were observed with an increasing
nanoparticle concentration. The latter effect can be associated with an increasing exposure
of the aromatic rings to a more hydrated environment [60].
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Figure 5. Raman scattering spectra of the hydrogel and magnetogels containing lipid-coated (LC) and
citrate-stabilized (CS) nanoparticles. Vertical lines represent the reported Raman shifts of methionine
(Met) and phenylalanine (Phe).

The Amide I region (1580-1700 cm’l) arises from the C=0 stretching vibration, which
is sensitive to changes in backbone peptide conformation [61]. Deconvolution of the amide
I band in its sub-bands is correlated with various secondary structure contributions (see
Figure S5 in Supplementary Materials) [60-62]. A major contribution at 1637 em~ ! is
common to all systems, which can be associated with a major 3-sheet content [61,62]. The
band at 1338 cm ! also confirms the predominance of the 3-sheet in all gels [61].

3.6. Rheological Properties

Large amplitude oscillatory shear strain sweeps (LAOSS) were carried out to assess
the effect of the nanoparticles on the gels structure (Figure S6 in Supplementary Materials).
Further, the effect of temperature at 37 °C on the hydrogel shear elastic and loss moduli was
also assessed (Figure S6), the decrease of which evidences the phase transition behavior
observed in the microviscosity studies. The addition of nanoparticles reduced the elasticity
of gels, as previously observed for other systems [10,63]. Interestingly, the lipid-coated
nanoparticles induced a lower elasticity than the citrate-stabilized nanoparticles, which
was similar to their influence on the gels’ microviscosity. Further, the strain at which G/
crosses G” increased in the presence of citrate-stabilized nanoparticles (at 0.05 wt%). As a
result, the profiles suggest that different structures were obtained for each nanoparticle
content, compared to the bare gel. The lipid-coated nanoparticle-containing magnetogel
displays the Payne effect characteristic of viscoelastic matrices reinforced by solid fillers,
i.e., a local maximum of G” concomitant with a significant decrease of G/, which can be
associated with the breakage and recovery of weak interaction bonds linking adjacent
clusters, aggregation/disaggregation of nanoparticles, or molecular disentanglement [64].

3.7. Electron Microscopy

Figure 6 displays the STEM images of the citrate-stabilized and lipid-coated nanopar-
ticles in solution and incorporated into the hydrogel matrix (magnetogels) prepared at
0.5 wt% of hydrogelator. The negative charge of the citrate molecules stabilizing the
nanoparticles ensured there were well dispersed nanoparticles with an average size of
14.4 £ 2.6 nm (see histograms in Figure S7 in Supplementary Materials), though some ag-
gregates were observed (Figure 6A). Alternatively, the lipid-coated nanoparticles, with an
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500 nm

average size of 8.9 & 2.1 nm, displayed a tendency to form spherical aggregates, which can
be associated with the dynamic membrane coating being prone to self-assembly (Figure 6B).
The hydrogel network is also displayed for a matter of comparison with the magnetogels.
The preparation conditions used here afforded a network comprised of thin and thick short
fibers with a cross-section of 21.3 + 3.4 nm and 48.4 &+ 13.8 nm, and with an average length
of 1030 + 389 nm.

Figure 6. Scanning transmission electron microscopy (STEM) images of (A) citrate-stabilized nanoparticles, (B) lipid-

coated nanoparticles, and (C) the hydrogel structure. Magnetogels containing (D) citrate-stabilized nanoparticles and (E,F)

lipid-coated nanoparticles prepared at 0.5 wt% of hydrogelator, 1 wt% of GdL, and 0.05 wt% of nanoparticles.

Furthermore, different effects on the magnetogels microstructure were observed when
using the two types of nanoparticles. The citrate-stabilized nanoparticles are randomly
distributed within the hydrogel matrix as aggregates. This stems from the fact that the
magnetogels based on N-protected peptides lacked a cationic group in the hydrogelator
structure electrostatically interacting with these negatively-charged stabilized nanoparti-
cles and fixing them in the matrix. Nevertheless, the lipid-coated nanoparticles displayed
an affinity towards the fibers surface, rendering them more adequate to avoid any poten-
tial leaking of nanoparticles. Furthermore, upon gelation, the lipid-coated nanoparticle
aggregates become destabilized, as no aggregates were observed (see Figure 6E,F).

3.8. Hyperthermia Studies

The calorimetric approach was carried out to assess the magnetic nanoparticle hyper-
thermia effect in gels, while considering the medical threshold limit of
Hof <5x10° Am 15 1[65,66], or Hyf < 4.85 x 108 A m~! s7! [66], depending on
the area exposed. The increase in temperature over time, when the nanoparticles are
dispersed in aqueous solution and in gels while applying an alternating magnetic field, is
displayed in Figure 7.
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Figure 7. The temperature variation over time of (A) citrate-stabilized and (B) lipid-coated nanopar-
ticles at 1 mg/mL (0.1 wt%) in water and in gels (C,D) respectively) under different magnetic field
strengths and frequencies.

In water solution, the citrate-stabilized nanoparticles attained higher temperatures
than the lipid-coated nanoparticles, which could be associated with the different stoichiom-
etry in the spinel ferrites belonging to the two samples, with the different average sizes,
and with the fact that the lipid-coated nanoparticles are more likely to aggregate in aque-
ous solution. In both cases, the increments in temperature decreased when the magnetic
nanoparticles were incorporated in the gels, likely because some of the heat generated was
employed for inducing local changes in the gel structure.

Furthermore, nanoparticles at high concentration within the gels underwent stronger
magnetic dipolar interactions, which has a detrimental effect in the heat delivery capac-
ity [67,68]. The heating efficiency was quantitatively evaluated through the intrinsic loss
power (ILP) (see Table S6 in Supplementary Materials). While the ILP decreases for the
citrate-stabilized nanoparticles around 80% when incorporated into the gels, for the lipid-
coated nanoparticles no major changes were obtained. Accordingly, despite being less
efficient than citrate-stabilized nanoparticles, the lipid-coated nanoparticles keep a similar
heat delivery capacity when they are incorporated in the gels.

3.9. Drug Release Assays
3.9.1. Incorporation of Doxorubicin

Previously, supramolecular dehydropeptide-based hydrogels have shown promising
results as drug delivery nanosystems [8]. Here, the nanoparticles concentration effect over
doxorubicin incorporation is assessed. FRET (Forster Resonance Energy Transfer) process
from the emissive moieties of the hydrogel aromatic moieties (acting as the energy donors)
to doxorubicin (acting as the energy acceptor) allowed us to follow the encapsulation
of doxorubicin owing to the overlap between the drug absorption band and hydrogel
fluorescence emission (see Figure S8 in Supplementary Materials).

Fluorescence spectra of hydrogel and magnetogels at 0.025 wt% of citrate-stabilized
and lipid-coated nanoparticles, with and without doxorubicin, are displayed in Figure 8.
The absence of doxorubicin results in a strong fluorescence emission (Figure 8A) of the
aggregates associated with the stacking of the aromatic rings (Amax ~ 450 nm).
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Figure 8. (A) Fluorescence emission spectra (Aexc = 375 nm) of hydrogel (I) and magnetogels contain-
ing citrate-stabilized (II) and lipid-coated (III) manganese ferrite nanoparticles (0.025 wt%) incorpo-
rating the doxorubicin and comparison with the plain gels. (B) Fluorescence spectra (Aexc = 480 nm)
of directly-excited doxorubicin in gels, (I) and magnetogels con-taining citrate-stabilized (II) and
lipid-coated (III) manganese ferrite nanoparticles (0.025 wt%) incorporating the doxorubicin and
comparison with the plain gels

The addition of citrate-stabilized nanoparticles induced a red-shift (Figure 8B), which
was modulated by increasing the nanoparticle concentration (see Figure S9 in Supplemen-
tary Materials). The lipid-coated nanoparticles induced a thinning of the emission band
shape, suggesting that the variety of microenvironments in the vicinity of the fibers was
restrained.

Doxorubicin displays reverse solvatochromism, making the assignment of its location
ambiguous [69]. Further, the assays with Nile Red demonstrated that a higher concentration
of citrate-stabilized nanoparticles was observed to increase the polarity of the gel hydropho-
bic cavities. Thus, the decreasing fluorescence emission ratio of doxorubicin between the
peaks at A = 560 nm and A = 600 nm upon addition of citrate-stabilized nanoparticles might
be associated with an increasingly acidic region and its location in cavities, which are desta-
bilized by the increasing concentration of nanoparticles (see Figure S10 in Supplementary
Materials) [69]. Nonetheless, the possibility of aggregation is not excluded, considering that
at 10 uM, a fraction of 47% is dimerized [70,71], and the obtained spectra in gels resemble
the fluorescence emission spectrum of a doxorubicin concentrated solution (0.1 mM) at
pH =7 (see Figure 511 in Supplementary Materials). The lipid-coated nanoparticles do not
show the same effects, as the wavelength and emission ratio remain mostly unchanged,
i.e., no major changes are induced in the doxorubicin location microenvironment. The fluo-
rescence quenching by increasing nanoparticle concentration further suggests its proximity
to the nanoparticles.

The hydrogelator fluorescence quantum yield at a nanoparticle concentration of 0.025 wt%
was determined through Equation (7). The calculated FRET efficiencies (®prgr), Forster ra-
dius (Ry), and donor-acceptor distances (Rp,4) are presented in Table 1. As reported in other
systems [8,63], the distances between the fiber aromatic groups and doxorubicin remain
similar with or without nanoparticles, and suggests a host-guest type interaction [8,63].

Here, similarly to the obtained results with Nile Red, the lipid-coated nanoparticles
induced a lower anisotropy, while the fluorescence emission spectrum remains similar,
suggesting the occurrence of lipid-fiber domains. Overall, the high anisotropy values
suggest that doxorubicin has affinity towards the gel network fibers and the nanoparticles
affect the arrangement of the fibers.
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Table 1. Forster Resonance Energy Transfer (FRET) efficiencies (®rrgT), fluorescence quantum yields of the donor (hydrogel

aggregates) (@OD), donor-acceptor distances (Rp ) and steady-state fluorescence anisotropy (r) values for gels with an

incorporated drug. Anisotropy value of doxorubicin in glycerol (at 25 °C): r = 0.285.

R R
) 0 a 0 DA
System Content (wt%) DrRET o (nm) (am) r
H - 0.66 0.012 2.1 1.9 0.17
0.025 0.33 0.001 1.7 14 0.16
CS 0.05 - - - - 0.15
0.1 - - - - 0.14
0.025 0.33 0.010 2.3 2.0 0.13
LC 0.05 - - - - 0.11
0.1 - - - - 0.11

2 Relative to L-tryptophan in aqueous buffer solution, pH =7.2 (&, = 0.14 at 25 °C) [39]. The error rate is about 10%.

3.9.2. Doxorubicin Release Assays

In a previous drug release assay of hydrogels, a mixed behavior of gel erosion and
drug diffusion was observed [8]. Doxorubicin release from the hydrogel and magnetogels
to pH =7 buffer (to keep pH conditions constant and neutralize gels) was assessed.

The release profiles of the hydrogel and both limiting conditions (0.1 wt% of nanopar-
ticles) of magnetogels are displayed in Figure 9A. Similarly to previous results for dehy-
dropeptide hydrogels (without nanoparticles) and other magnetogels [62], an initial burst
release occurs, followed by a slow release phase. Moreover, both systems display a low
drug release profile that can be associated with the strong interactions established between
the drug and gels components. Such profiles are useful for therapeutic applications, as
the systems can be loaded with high amounts of chemotherapeutic drugs and ensure a
prolonged and controlled release of a therapeutically relevant dose in the target site.
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Figure 9. Cumulative doxorubicin percentage release profiles from the hydrogel and gels containing
citrate-stabilized (CS) and lipid-coated (LC) nanoparticles (0.1 wt%) (A) without an externally applied
alternating magnetic field (AMF) and (B) comparison of the magnetogels release when an AMF is
applied for 30, 60, and 90 min between t =4 h and t = 6 h. (C) Cumulative doxorubicin released at
t = 6 h. (D) Variation of doxorubicin percentage released between t=4 h and t = 6 h, that is, for a
period of 2 h.
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Quantitative analysis of the cumulative drug release profiles without a magnetic field
was carried out through the fitting of various mathematical models (see Tables S7 and S8
in Supplementary Materials) [72-75].

Overall, the obtained Gompertz model fitting suggests that both nanoparticles limited
the maximum drug quantity released, while the Korsmeyer-Peppas mechanistic model
(0.45 <n < 0.89) points to a mechanism that combines diffusion and erosion drug release
(non-Fickian release) [72-74]. The latter contribution was also evidenced by the good fitting
of the first-order model (associated with the diffusion of water-soluble drugs in porous
matrices) and the Hixson-Crowell model (describes systems where changes in the surface
area and diameter occur over time, but the initial geometrical shape is kept constant).

An alternating magnetic field (AMF) was applied for 30, 60, and 90 min, 2.98 mT
at 1000 kHz after 4 h, which resulted into an increase of cumulative doxorubicin release
comparatively to the systems that were not subjected to the AMF (Figure 9B,C). To remove
the contribution from preparation anomalies, the enhancement of drug release was further
evidenced by comparing the amount of drug release in the period betweent=4hand t=6h
(Figure 9D), that is, during two hours. The enhancement is larger in the citrate-stabilized
nanoparticles than lipid-coated nanoparticles, which might be associated with the higher
heating efficiency. However, the enhanced drug release displays a non-linear relation with
the AMF exposure time. This can be associated with the nanoparticles being distributed as
aggregates, as opposed to the lipid-coated nanoparticles that incrementally enhanced drug
release, as the sample was exposed to longer periods. Further, gels subjected to the AMF
for 30 min revealed a decrease of fluorescence anisotropy to 0.12 for the citrate-stabilized
nanoparticles, while in the lipid-coated ones, it remained close to 0.15, i.e., the citrate-
stabilized nanoparticles heating induced an irreversible collapse of the gel network that
led to an increased variance of drug released, while the other nanoparticles might have not
affected the network structure.

As a result, the incremental drug release enhancement and retention of the lipid-coated
nanoparticles developed here indicate that this supramolecular system architecture is a
suitable approach for controlling drug release, since the heating-induced effect displayed
improved reproducibility. However, lipid-coated nanoparticles with a higher heating effi-
ciency and gels that can homogeneously include more nanoparticles are required in future
developments to improve the percentage of drug released upon the AMF-trigger, as suggested
from the higher triggered release from citrate-stabilized nanoparticle-containing gels.

4. Conclusions

Pursuing the effect of citrate and lipid-functionalized nanoparticles in the development
of supramolecular magnetogels, the gelation of the hydrogel Cbz-L-Met-Z-APhe-OH was
systematically optimized by using kinetic models to prepare homogeneous magnetogels,
while considering both the kinetics of gelation and sedimentation of nanoparticles. Lipid-
coated nanoparticles formed lipid-fiber domains and increased the gel irreversible phase
transition temperature. The heating efficiency of lipid-coated nanoparticles was improved
(maximum heat and reproducibility) when they were incorporated in the gels, while a
detrimental effect was obtained for citrate-stabilized nanoparticles. Further, the former
did not produce major changes in doxorubicin encapsulation, while the latter increased
the micropolarity of its location and induced aggregation. The magnetogels revealed
similar doxorubicin release profiles and AMF-trigger was stronger in the citrate-stabilized
nanoparticles, though the triggered release was more reproducible in the lipid-coated
nanoparticle-containing gels.

Overall, the lipid-coated nanoparticles displayed promising results for future de-
velopments of supramolecular magnetogels aiming at the control of drug release. This
was mainly associated with the improved nanoparticle distribution (along the hydrogel
fibers), unaffected heating efficiency upon gelation, and reproducible triggered drug re-
lease. On the other hand, despite the higher heating efficiency of the negatively-charged
citrate-stabilized nanoparticles in solution, they are prone to aggregation upon gelation,
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which is reflected in a decreased heating efficiency, and local inhomogeneous distribution
consequently leading to less reproducibility in drug release.

Hereby, this work reveals that negatively-charged stabilized and lipid-coated nanopar-
ticles affect the final gel architecture differently and, thus, also affect its properties and
the encapsulation of drugs in different ways. Further, comparison of both systems points
out that on-demand drug release in dehydropeptide-based supramolecular magnetogels
can be optimized by developing nanoparticles that can adsorb onto hydrogel fibers, while
providing domains that improve or do not affect drug encapsulation (lipid-coated nanopar-
ticles). In particular, the unaffected drug encapsulation and reproducible release from
the lipid-coated nanoparticle-containing gels, upon application of AME, is anticipated
to potentiate the supramolecular magnetic gels in drug delivery towards on-demand
drug release.

Future developments will be focused on improving heating efficiency of the lipid-
coated nanoparticles and the synergy between hyperthermia and triggered drug release,
without inducing a major collapse of the hydrogel.
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nanoparticles, Figure S4: Curve-fitting of the Raman scattering spectra in the wavelength range
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Abstract: Ocular diseases can deteriorate vision to the point of blindness and thus can have a
major impact on the daily life of an individual. Conventional therapies are unable to provide
absolute therapy for all ocular diseases due to the several limitations during drug delivery across
the blood-retinal barrier, making it a major clinical challenge. With recent developments, the vast
number of publications undergird the need for nanotechnology-based drug delivery systems in
treating ocular diseases. The tool of nanotechnology provides several essential advantages, including
sustained drug release and specific tissue targeting. Additionally, comprehensive in vitro and in vivo
studies have suggested a better uptake of nanoparticles across ocular barriers. Nanoparticles can
overcome the blood-retinal barrier and consequently increase ocular penetration and improve the
bioavailability of the drug. In this review, we aim to summarize the development of organic and
inorganic nanoparticles for ophthalmic applications. We highlight the potential nanoformulations in
clinical trials as well as the products that have become a commercial reality.

Keywords: organic and inorganic nanoparticles; ophthalmic applications; clinical trials

1. Introduction

Vision stems from integrated and intricate communication between the eyes and brain.
Visual impairment has a deteriorating effect on the life of an individual both physically
and mentally. The global prevalence of ocular diseases based on 2015 statistics is an
estimated 216.6 million people suffering from moderate to severe visual impairment and
188.5 million people affected by mild visual impairment. In the upcoming years, growth
in the aging population will cause a spike in the number of cases of visual impairment,
making it a major public health concern [1]. Common eye diseases include glaucoma,
age-related macular degeneration (AMD), and diabetic retinopathy [2]. The delivery of
therapeutics to the anterior segment of the eye is challenging, owing to the presence
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of anatomical and physiological barriers. Briefly, anatomical barriers are divided into
static and dynamic barriers. Static barriers include corneal epithelium and blood-aqueous
barrier, whereas dynamic barriers comprise tear drainage and conjunctival blood and
lymph flow. On the other hand, physiological barriers include blinking action, tear film
turnover, and nasolacrimal drainage. For drug delivery in the posterior segment, the
major limitation is due to the presence of a blood-retinal barrier. Topical administration,
like eye drops, is the most common and simple route for drug delivery to the anterior
segment. However, the aforementioned problems result in poor bioavailability of topical
applications, which has urged researchers to shift focus to novel nanotherapeutics for
ophthalmic diseases [1,3]. Topical applications do not reach the posterior segment of
the eyes, which makes intravitreal administration (IVT) of a drug the common route of
administration. Although IVT injection efficiently delivers drugs to the posterior segment,
it can be difficult to achieve for small and large bioorganic compounds like proteins and
DNA, and some drugs need repeated injections to reach a therapeutic dose. Multiple
injections can increase the risk of complications and possibly damage the eyes. Therefore,
it is not a preferable option in treating ocular disease for most patients due to the lack of
patient compliance [4].

In the past decade, clinical pharmacologists have focused on developing nanomedicine
that can overcome barriers to provide a sustained and targeted release with minimal tox-
icity. The development of lipid-based nanocarriers has emerged into pharmaceutical
industries and attracted attention from formulation scientists for its high drug solubility,
substance release, and specific targeting. Organic nanoparticles, such as liposomes, poly-
meric nanoparticles, and dendrimers, are fabricated and developed to improve therapeutic
drug delivery for the ocular disease [5,6]. Inorganic nanoparticles have garnered signif-
icant attention for their theranostic properties, substance release, and specific targeting.
In this review, we aim to provide an insight into current treatment modalities based on
nanotechnology for drug delivery in the eye. Finally, we will summarize the current
nanoformulations under clinical trials and the potential formulations available on the
market.

2. Nanotechnology in Ocular Diseases Therapy

Nanotechnology combines science and technology with the ability to manipulate
structures and properties at the nanoscale size range, which lies between 1 and 100 nm.
The ability to manipulate molecules on such a fine scale has application in many areas of
basic science and in clinical treatment, diagnosis, and managing disease, which is known as
“nanomedicine” [6]. Nanotechnology has been introduced since the 1980s in drug delivery
systems to treat ocular disease [7]. The development of nanoformulation produces an
ability to overcome ocular barriers, improve drug residence time on the cornea surface,
increase permeability and bioavailability of the drug, reduce degradation of unstable drug
and be well tolerated by the patient compared to the conventional drug [8]. Organic and
inorganic nanoparticles (NPs) provide a new tool to address the unmet clinical needs,
especially in the ophthalmic fields, with a significant improvement in drug delivery [5,6].
Therefore, various nanoparticle formulations have been fabricated, including lipid-based
nanoparticles, nanosuspension, nanoemulsion, and metal-based nanoparticles.

3. Organic Nanoparticles

The group of organic nanocarriers comprises liposomes, niosomes, dendrimers, solid-
lipid NPs, polymers and protein/peptide-based NPs, which are fabricated from proteins,
lipids, carbohydrates or other organic compounds (Figure 1). The use of organic nanopar-
ticles seems to offer several advantages to facilitate drug or gene delivery to the ocular
surfaces.
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Figure 1. Schematic drawings for potential organic and inorganic nanoparticles for ophthalmic drug delivery.

3.1. Liposomes

The liposome is a spherical-shaped nanoparticle with an aqueous core composed of
one or more phospholipid bilayers, which resemble a cell membrane. Base on size and
lamellarity, liposomes can be classified into three types: multilamellar vesicles, small unil-
amellar vesicles, and large unilamellar vesicles. Liposomes are widely used as nanocarriers
in drug delivery systems and provide a significant advantage due to their size, biocompati-
bility, biodegradable, low toxicity, and potential to encapsulate hydrophilic, lipophilic, and
amphiphilic drugs [9]. Due to their physicochemical and biophysical properties, liposomes
can deliver drugs at different concentrations [10]. The liposome surface can be modified
for targeted delivery, improving drug absorption to the posterior segment of the eyes, and
the positive charge of the liposome can increase drug permeation to the cornea, prolonging
drug release, which results in reducing multiple drug administration [7,10]. Law et al. [11]
investigated acyclovir (ACV) embedded positively and negatively charged liposomes to
target corneal penetration and absorption improvement. In an in vivo study, ACV-loaded li-
posomes were administered topically to the cornea surface, and the result suggested greater
corneal permeation ability of ACV-loaded positively charged liposomes in comparison to
negatively charged and plain ACV solution. The drug Edaravone loaded in submicron-
sized liposomes was developed by Shimazaki et al. [12] for protection from light-induced
retinal damage in mice. Their outcome demonstrated the eyedrop application of Edaravone
encapsulated liposomes successfully inhibited light-induced reactive species oxygen pro-
duction without any toxicity, making it a promising therapeutic potential in dry age-related
macular degeneration management. Natarajan et al. [13] explored the therapeutic effect
of liposome formulation to deliver latanoprost to treat glaucoma through subconjunctival
injection administration. The liposomal formulation increased sustainability and drug tar-
geting in the subconjunctival space. Along with this, latanoprost-encapsulated liposomes
displayed an extended reduction of intraocular pressure (IOP) up to 50 days in rabbit
eyes as compared to the conventional topical applications of eyedrops [13]. These promis-
ing effects have made liposomes an essential formulation in ophthalmic drug delivery.
Bochot et al. [14] studied a novel approach to design an ocular drug delivery system that is
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based on the dispersion of PEGylated liposomes into a thermosensitive gel, which is made
of a copolymer of ethylene oxide and propylene oxide (poloxamer 407). This approach
offers new potentialities for ocular drug delivery.

3.2. Niosomes

Niosomes were first widely used in the cosmetic industry, but later their potential
in drug delivery was studied for different routes of administration [15,16]. Niosomes are
bilayer structured vesicles with a submicron size of 10 nm to over 5 um composed of
amphiphilic nonionic surfactants in the aqueous phase [7,17,18]. The essential properties of
these vesicle nanocarriers offer the ability to entrap both lipophilic and hydrophilic drugs
like liposomes but with the additional advantages of chemical stability, minimum toxicity
due to its nonionic surface, and improved permeation of drug in the corneal cells [19]. The
small size of niosomes offers an essential property to overcome the ocular drainage mecha-
nism and produce better drug retention on the ocular surface [20]. Furthermore, compared
to liposomes, niosomes are convenient for handling and storage and cost less to make
this vesical more preferable to produce large-scale in the pharmaceutical industry [15].
Gugleva et al. [21] reported that there was a high encapsulation efficiency of doxycycline
hyclate in niosomes prepared by sorbitan monostearate (span60) and cholesterol formula-
tion, which produced a prolonged drug-release rate and was well tolerated in mice eye.
Abdelbary and El-Gendy [22] achieved an encapsulation efficiency of gentamycin sulfate
in niosomes that consisted of polyoxyethylene sorbitan monostearate, also called Tween-60
dicetyl phosphate (DCP), and cholesterol with an effect of controlled drug release from the
ophthalmic delivery system comparable to the drug solution. Zeng et al. [23] prepared
hyaluronic acid-coated niosomes for improving the ocular bioavailability of the tacrolimus
drug. The combination of niosomes with hyaluronic acid coating on tacrolimus improved
ocular adhesion increased precorneal drug retention, and enhanced permeation of the
transcorneal area compared to noncoated niosomes.

3.3. Solid Lipid Nanoparticles

Recently, solid lipid nanoparticles (SLNs) have been explored as a novel delivery
system that includes liposome nanoparticles as a colloidal lipid nanocarrier [24]. SLNs
offer essential characteristics such as small size, large surface area, controlled drug release,
excellent physical stability, and prevention of drug degradation. SLNs typically range
from 50 to 1000 nm in size, are made of biodegradable, biocompatible materials, and are
stabilized in an aqueous surfactant solution [25,26]. Recently, SLNs have attracted great
attention as potential candidates for drug delivery to ocular surfaces due to their capability
of increasing corneal absorption and thus improving bioavailability with sustained and
controlled drug release properties for hydrophilic and lipophilic drugs [27,28]. A previous
study incorporated cyclosporine-A into solid lipid nanoparticles for ocular delivery and
showed that the nanoparticle achieved higher concentration in aqueous and vitreous humor
due to the controlled and substance release effects of SNLs as compared to a cyclosporine-A
solution [29]. Cavalli et al. [30] evaluated solid lipid nanoparticles for the delivery of the
tobramycin (TOB) drug. The formulation was applied topically to New Zealand albino
rabbits, and the results indicated prolonged preocular drug retention, which is associated
with increased ocular bioavailability. Attama et al. [31] investigated the ocular permeation
and sustained release effect of diclofenac sodium by synthesized SNL combined with
phospholipid and a homolipid obtained from goat fat. It was found that drug-loaded with
SNL produced sustained release, and permeation studies of diclofenac from SNL through
human cornea construct in cell culture revealed the improvement of cornea permeation
potential [31].

3.4. Polymeric Nanoparticles

Polymeric nanoparticles are spherical-shaped solid colloidal particles composed of
biocompatible and biodegradable polymers in a size range from 10 nm to 1000 nm [32].
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Some polymeric NPs that are obtained from natural polymers include chitosan, alginate,
albumin, gelatin, and dextran, while some are obtained from synthetic sources such as
polylactic acid (PLA), polyglycolide (PGA), poly(L-lysine), polyaspartic acid, poly-alkyl
cyanoacrylate, and polyethyleneimine (PEI) which are biodegradable synthetic polymers.
Based on preparation methods, polymeric nanoparticles can be fabricated into nanospheres
and nanocapsules [25,33]. Nanosphere polymer has a polymeric matrix core structure, in
which drugs can either be entrapped inside a matrix or attached to the polymer surface.
Nanocapsules are formed with a liquid phase in the core, surrounded by a solid polymeric
wall [6]. These polymer characteristics make them potential nanocarriers as it is possible
to conjugate a drug molecule at the surface or encapsulate it inside and deliver it to a
specific target site of action at a high concentration with low systemic toxicity [32]. Poly
lactic-co-glycolic acid (PLGA) nanoparticles, a biodegradable copolymer, have been used
in ophthalmic drug delivery due to their high potential to entrap hydrophilic/hydrophobic
drug molecules with prolonged drug release [34]. Glycol chitosan cerium oxide nanoparti-
cles have been studied in treating dry eye diseases in which cerium oxide was entrapped in
glycol chitosan. These studies have shown the ability of the drug to enter the corneal cells
and conjunctiva cells and promoting SOD2 expression [35]. Sharma et al. [36] found that
chloro trimethyl-ammonium methyl methacrylate (Eudragit RS 100/RL 100) polymeric
nanoparticles containing amikacin sulfate formulation produced high corneal adherence,
which led to an increase in drug retention in the cornea, and drug controlled release effi-
ciency was observed during in vivo studies. Another interesting research conducted by Li
et al. [37] reported the efficiency of the combination of hydroxypropyl-beta-cyclodextrin
(HP-B-CD) and PLGA (PLGA) nanoparticles for triamcinolone acetonide encapsulation in
ophthalmic delivery. The in vitro drug release study demonstrated a higher rate of drug re-
lease from hydroxypropyl-beta-cyclodextrin (HP-3-CD) /PLGA nanoparticles compared to
the suspension of drug-loaded PLGA without 3-CD. Moreover, the significantly improved
drug penetration of HP-3-CD /PLGA in the transcorneal area led to increased drug con-
centration in the aqueous humor, which makes an HP-3-CD/PLGA nanoparticle-loaded
triamcinolone acetonide a potential formulation in eye drops [37].

3.5. Dendrimers

Dendrimers, a name derived from the Greek etymology meaning “tree”, are monodis-
perse macromolecules with well-defined size and a molecular structure composed of three
major parts: (i) an inner core located inside the central molecule of the dendrimer, (ii) a
highly branching unit forming a multilayer that links to the core called generation, and (iii)
an outer surface with numerous valent functional groups [38]. Dendrimers have gained a
prominent interest in the pharmaceutical application for drug delivery due to their tree-like
branched structure with many covalent bonds allowing them to attach multiple functional
groups, which can incorporate drugs inside dendrimers and conjugate them to the surface
through covalent bonds. Their advantages include hydrophilic or lipophilic properties that
offer control insolubility, and with their global shape, dendrimers can entrap small drug
molecules inside their branches [39,40]. This unique architecture of dendrimers makes
them an ideal nanocarrier for ophthalmic drug delivery with several purposes, such as
improving permeability, water-solubility, biocompatibility, and bioavailability [41]. The
most commonly used dendrimers-based nanocarriers are polyamidoamine (PAMAM)
dendrimers that are hyperbranched [40]. It has been shown that polycationic PAMAM
dendrimers are cytotoxic, and their toxicity increases as the generation increases, but
hydroxy-terminated G4 PAMAM dendrimers are considered nontoxic due to their near-
neutral surface charge that significantly reduces nonspecific retention and interactions
in the tissues [42]. In other studies, PEGylation of PAMAM dendrimers has been shown
to increase circulation time and biodistribution as well as reduce cytotoxicity of these
dendrimers [43]. Mishra and Jain [44] have evaluated the intraocular pressure-lowering
potential of acetazolamide (ACZ)-loaded poly-(propylene imine) dendrimer nanostruc-
tures for topical ocular administration. Acetazolamide-loaded dendrimer formulation was
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topically applied to adult male New Zealand albino rabbit eyes. The results showed that
the drug-loaded dendrimer formulation caused a reduction in IOP for an extended time,
approximately 4 h, compared to ACZ solution, which only showed a reduction effect up to
2 h [44]. In another study, PAMAM dendrimer was synthesized with primary amine and
carboxylate surface groups to obtain better drug corneal permeation and properties during
in vitro release. A dendrimer-based formulation was used for puerarin drug delivery
and successfully tested on the albino rabbit model for ocular hypertension and cataracts
glaucoma treatment [45]. Marano and coworkers [43] have designed lipophilic amino-acid
dendrimer for anti-vascular endothelial growth factor (VEGF) oligonucleotide (ODN-1)
retina delivery to treat choroidal neovascularization. It was reported that dendrimer conju-
gated ODN-1 significantly inhibits choroidal neovascularization (CNV) progression, and
no side effects were observed during examination [46]. Given all the benefits of dendrimers,
these formulations have the potential to improve the efficacy of drugs in ophthalmology.

3.6. Nanosuspensions

Poor solubility and low availability are the main concerns for the formulation of drugs
in pharmaceutical industries as conventional formulations cannot overcome these problems,
and over 40% of newly discovered drugs are reported to have low water solubility. Many
strategies have been employed to improve poor drug solubility, but due to limitations
in these strategies, scientists have found nanosuspensions to be a promising additional
approach in drug delivery. Nanosuspensions are colloidal dispersions in nanoparticle
size which have a surfactant as a stabilizer. Administration of nanosuspension offers
benefits in sustained release of poorly soluble drug in the ocular surface, which leads to the
increase of retention time [47-49]. Nanosuspensions have been reported in oral and topical
formulations to enhance ocular drug bioavailability. In previous studies, a nanosuspension
of ibuprofen sodium salt (IBU) sodium salt-coated chloro trimethyl-ammonium methyl
methacrylate (Eudragit RS 100) polymer tested on rabbit eye by topical administration
demonstrated penetration improvement to the anterior segment of the eye, extended drug
release, and increased level of drug in the aqueous humor [50]. Some glucocorticoids
used topically to treat eye inflammation, such as dexamethasone, hydrocortisone, and
prednisolone, have been formulated in nanosuspension, showing an effect in prolonged
drug absorption with higher drug bioavailability in ocular drug delivery, thus reducing
frequent drug administration [51,52].

3.7. Nanoemulsion

Nanoemulsion is a colloidal system composed of two liquid phases, oil dispersed
in water or water dispersed in oil, in which the nanoemulsion droplets with size 20-500
nm are stabilized by surfactants such as cetyltrimethylammonium bromide and sodium
dodecyl sulfate [53,54]. The small size of droplets offers a high surface area with a signifi-
cant potential to provide better efficacy in ophthalmic drug delivery with its benefits of
improving ocular permeability and high bioavailability [55]. Nanoemulsion is considered
to have low surface tension and greater drug spreading on the cornea, which can mix
properly with the precorneal constituents. This enhances the drug contact time in the
corneal epithelium [56]. The study by Ismail et al. [57] on antiglaucoma drug dorzolamide
hydrochloride nanoemulsion showed promising effects on ocular therapy. The drug for-
mulation offered prolonged effect with a quick onset of action and thus reduced frequent
administration of eye drops. Tayel et al. [58] developed terbinafine hydrochloride-loaded
nanoemulsion gels. The formulation that was developed indicated extended drug resi-
dence time and bioavailability improvement. Clinical research conducted by Mahboobian
et al. [59] evaluated the uptake of acyclovir nanoemulsion in the bovine cornea following
transcorneal permeation. The results showed increased cornea permeation of acyclovir
through the corneal membrane cells, and no irritation occurred on the rabbit eye studied,
which indicates that the formulation can be considered safe for treating ocular infection [59].
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Table 1. Summarizes the applications of organic nanoparticles for drug delivery to ocular

surfaces.

Table 1. Applications of organic nanoparticles for ophthalmic drug delivery.

Nanomaterials Drug Application Animal Model Function Ref.
) Acyclovir Topical Rabbit Prolong drug penetration [11]
Liposomes
Edaravone Topical Rabbit Decrease progression of dry AMD [12]
Latanoprost Sub.cgn]u.nctlval Mice Susta}ned drug release [13]
injection Reduce intraocular pressure
Doxycycline hyclate Rabbit Prolong drug release rate [21]
Niosomes
Tacrolimus Topical Rabbit Increased pregorneal [23]
drug retention
Solid lipid Cyclosporine A Topical Sheep Prolonged drug release [29]
nanoparticle Tobramycin Topical Rabbit Increased drug retention [30]
Polymeric NPs I . . Improved ocular penetration
(Eudragit®) Amikacin Topical Rabbit Controlled release [36]
Polymerlc NPs Cerium oxide Mice Improved corneal penetration [35]
(chitosan)
Acetazolamide Topical Rabbit Enhanced drug residence time [44]
Dendrimers Puerarin Rabbit Improved corneal permeation [45]
Anti-VEGF Reduced CNV progression [46]
IBU sodium salt Topical Rabbit Increased penetration [50]
Nanosuspension Prolonged drug release
Glucocorticoid Prolonged drug absorption [51]
Terbinafine Improved drug residence time (58]
Nanoemulsion hydrochloride Increased bioavailability
Acyclovir Increased corneal permeation [59]

4. Inorganic Nanoparticles

Inorganic nanoparticles comprise mainly metallic nanoparticles (Figure 1) and quan-
tum dots. Metallic nanoparticles have gained much attention over the past decade since
Faraday proved that they could exist in solution [35]. They can be categorized into four dif-
ferent groups: metal nanoparticles, metal oxide nanoparticles, doped metal-metal/oxide-
metal nanoparticles, and metal sulfide, and metal-organic frameworks. Metal NPs such
as silver (Ag), gold (Au), copper (Cu), magnesium (Mg), titanium (Ti), platinum (Pt), zinc
(Zn), and iron (Fe) nanoparticle have been investigated in different research areas and
have succeeded as efficient, stable drug delivery platforms with fewer side effects and
powerful imaging probes. Doped metallic nanoparticles, like ZnO doped with Co, were
reported to have lower toxicities than single metals with better properties [60,61]. In the
ocular drug and gene delivery field, metals such as cerium oxide (CeO2) NPs and gold
NPs have demonstrated their potential antioxidant capabilities with a high safety profile
after delivery to the eye and high chemical stability.

4.1. Gold NPs (AuNPs)

AuNPs are one of the noble metals that are known for their unique optical properties
induced by the popular phenomenon of localized surface plasmon resonance (LSPR).
This phenomenon is strongly influenced by the AuNP shape and is the main reason
for its penetrative ability to the biological tissues [62]. AuNPs have other advantages
that make them popular in the nanomedicine field, like their chemical stability, surface
functionalization, biocompatibility, and unique surface and size characteristics [63]. The
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biocompatibility and internalization capability of different AuNP morphologies (rods,
spheres, and cubes) have been assessed in retinal pigment epithelium (RPE) cells. Spheres
and cubes of 50 and 100 nm showed no cytotoxicity and good internalization properties;
however, rod-shaped particles were less biocompatible [64]. Dong et al. [65] showed that
resveratrol coated AuNPs with a median size of 20 nm and doses of 200-300 mg/kg
injected in streptozotocin-induced diabetic rats for 3 months could provide a protective
effect against diabetic retinopathy. This protective effect of AuNPs could help to regain
the balance of the stimulators and inhibitors of the angiogenesis process through the
inhibitory effects of the ERK1/2 pathway and nuclear factor kappa B (NF-kb) expression,
which could reduce inflammation and permeability of the blood-retinal barrier in the
diabetic rats. Furthermore, there was a significant reduction of all the retinal mRNA
expressions of vascular endothelial growth factor (VEGF-1), tumor necrosis factor-alpha
(TNF«), and interleukin 6 (IL-6) [65]. In another study of the topical application of AuNPs,
Pereira et al. [66] showed that AuNPs could decrease the intraocular oxidative damage and
inflammation in endotoxin-induced uveitis rat models.

The treatment of choroid-retina endothelial (RF/6A) cells with AulNPs of 3-5 nm
successfully inhibited the VEGF-induced RF/6A cell migration through the Akt/eNOS
pathways. In their cell viability and cell adhesion studies, they found neither cytotoxic
effects on AuNPS on RF/6A nor detrimental effects on the normal physiological adhesion
of cells to fibronectin [62]. Hayashi et al. [67] examined the feasibility, biodistribution,
and effects of the subretinal injections of immunoglobulin G (IgG) adsorbed on gold
nanoparticles (GNPs) in rabbits’ eyes for three months and in ARPE-19 cultured cells,
and they found that GNPs was successfully delivered into photoreceptor cells and RPE
in rabbits and reported no cytotoxicity in ARPE-19 cells. Moreover, in inherited retinal
dystrophies gene delivery therapies, AuNPs have been examined as a safer and more
efficient alternative to the viral-based approaches in RPE cells. The preliminary results of
Trigueros et al. [68] have shown that plasmid DNA-wrapped AuNPs with a size of 40 nm
could be successfully internalized in differentiated ARPE-19 cells with good transfection
efficiency. These results were supported by the early expression of a reporter gene that was
noted at 16 h post-transfection. Their results show a potentially successful gene delivery
route to RPE cells using AuNPs; nevertheless, they propose that the interaction mechanism
of cell to AuNPs must be better understood to increase the transfection efficiency of these
particles and escape the autophagic pathways of the particles to ensure sustained gene
expression effect of their system [68]. Generally, AuNPs are considered as a core-shell
system, at which gold is the inert inner core, and the drug can be conjugated to either its core
or outer active layer through thiol linkages. As mentioned earlier, gold is biocompatible,
and it is approved for internal medicine; however, the main challenge for AuNPs to be
used as drug delivery vehicles in the clinical practice is their non-degradable gold core
that elongates their excretion from the body [69]. Interestingly, the successful passage of
AuNPs of the size 20 nm through the blood-retinal barrier (BRB) and their distribution in
all retinal layers after their intravenous injection into C57B1/6 mice without showing any
structural damage or increased cell death compared to cells without NPs by Kim et al. [70]
raise their potential existence in future clinical trials.

4.2. Silver Nanoparticles (AgNPs)

Silver nanoparticles (AgNPs) have been used widely in the nanomedicine field due
to their advantages of the unique chemical and physical characteristics, large surface
area to volume ratio, low production cost, and biocompatibility that make them good
candidates as drug delivery carriers [71]. Various physical and chemical methods are being
used to synthesize and stabilize the AgNPs. Out of these, the chemical method is most
common, which includes chemical reduction, electrochemical techniques, reducing agents,
physiochemical reduction, and radiolysis [72]. AgNPs synthesis using these chemical
methods is experiencing problems such as stability and agglomeration of NPs, shape,
and size of particles. The synthesis of AgNPs requires (a) silver precursors, (b) reducing
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agents that include organic (e.g., ethylene glycol, ascorbic acid, glucose) and inorganic
(e.g., hydrazine, sodium borohydride), (c) capping agents or stabilizing agents such as
polyvinylpyrrolidone (PVP) [72]. Capping agents offer electrostatic and steric stabilization
effects for AgNPs dispersion in suspensions [73].

AgNPs have been reported as effective nanoparticles in the treatment of cancer and
infections due to their powerful tumor-killing and bactericidal effects. In the ocular field,
AgNPs have shown successful delivery of therapeutic agents to eyes and have been used as
a coating agent for contact lenses. In addition, AgNPs alone or in conjugation with natural
plant extracts demonstrated significant anti-angiogenic, antioxidant, anti-glycation end
products, and anti-cataractogenic effects in various cell culture systems and animal models
for ocular diseases [74]. Anbukkarasi et al. [75] investigated the antioxidant and anti-
cataractogenic effect of AgNPs with a size range of 15-50 nm formulated with the ethanolic
extract of T. divaricate leaves, which reportedly have antioxidant and anti-cataractogenic
pharmacological effects. The study designed an in vitro selenite-induced cataractogenic
model to evaluate the effects of AgNPs against the dense opacification of Wistar rat lenses.
The results suggested that the formulated AgNPs acted as a potent antioxidant by dose-
dependent scavenging of DPPH and H;O, free radicals, which are the main triggers of
cataract formation [75]. Kalishwaralal et al. [76] tested the anti-angiogenic properties of
formulated AgNPs in a size range of 40-50 nm, acting as an inhibitor of VEGF, which
induces cell proliferation and migration in bovine retinal endothelial cells (BRECs). The
findings of Gurunathan et al. [77] suggested that AgNPs could inhibit angiogenesis via
the inhibition of the PI3K/ Akt signaling pathways. Sheikpranbabu et al. [78] studied the
effects of AgNPs with a size of 50 nm on advanced glycation end-products (AGEs)-induced
endothelial cell permeability in porcine retinal endothelial cells (PRECs), and the studies
demonstrated that AGE-induced permeability was inhibited by AgNPs through the Src
kinase pathway.

Since the nineteenth century, silver nitrate has been known for its potential antimicro-
bial effects as it was widely used against ophthalmia neonatorum. Xu et al. [79] investigated
the antifungal effects of polymeric AgNPs of sizes ranging from 20 to 30 nm against three
different types of filamentous fungi isolates that cause fungal keratitis. The antifungal
effects of AgNPs in the fungal cultures were compared to those of the antifungal natamycin,
and the AgNPs demonstrated a significantly superior antifungal activity that was 4-32
times higher than natamycin.

Despite the advantages that AgNPs offers as antifungal, antioxidant, anti-angiogenic,
and anti-inflammatory agents, their limited advancement in the ocular drug delivery field
goes back to their reported toxicity in several studies. The widely reported toxicity is
related to the release of silver ions from the nanoparticle surface that induces irritation to
different ocular parts. Jun et al. [80] investigated the toxicity of silver NPs at a dose of 0.4
mg/L and reported downregulation of several lens crystalline genes by the possible cell
death or the nuclear DNA or RNA export blockage. Kim et al. [81] also observed edema
and conjunctival redness after a one-hour exposure of New Zealand white rabbits’ eyes
to AgNPs. In a study, AgNPs with sizes of 22.4 nm and 42.5 nm, respectively, induced
cytotoxic effects and activation of the reactive oxygen species (ROS) system in bovine
retinal endothelial cells (BRECs) [82].

4.3. Cerium Oxide Nanoparticles (Nanoceria-CeO,-NPs)

Cerium is a rare earth element in the lanthanide series of the periodic table and is
considered a potent antioxidant. The mechanism by which CeO,-NPs of 3-5 nm exhibits
its catalytic antioxidant reaction involves two oxidation states, a reduction of Ce4+ to Ce3+
and a loss of an oxygen atom [83]. This reaction creates vacancies for reactive oxygen
species (ROS) in cells to replace the loss of oxygen, which mimics the antioxidant enzymatic
activities of superoxide dismutase (SOD) and catalase [84]. Nanoceria has proved their
efficacy as antioxidants to provide protection in many diseases and act as neuroprotective,
radioprotective, cardioprotective, as well as anti-inflammatory agents [85].
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In the ophthalmic field, CeO,-NPs have been investigated in several animal models
of age-related macular degeneration (AMD) and showed promising antioxidant, anti-
inflammatory, and anti-angiogenic effects. Moreover, they were reported to provide long-
term neuroprotection for photoreceptors in retinitis pigmentosa (RP) models without
collateral adverse effects. They were also used as an effective anti-cataractogenic material
and were reported to be safe on lens cells [86]. Nanoceria is mainly fabricated by simple
wet chemistry methods, as explained by Karakoti et al. [87], and their PEGylation and
liposomal encapsulation enable them to permeate the cornea [86]. Chen et al. [88] reported
that fabricated CeO,-NPs of 20 nm particle size could prevent the increased concentration
of free radicals in primary cell cultures of rat retinas. These findings prompted them to
test the NPs in vivo, where a group of albino rats was exposed to 2700 lux of light for
6 h. The light exposure normally results in damage to 50-60% of photoreceptors, but their
electroretinogram (ERG) data showed that a significant number of photoreceptor cells were
rescued after posttreatment with CeO,-NPs [88]. Kong et al. [85] testing of nanoceria on
P34 mice including ROS reduction, increase in the expression of neuroprotection associ-
ated genes, and inhibition of the apoptosis signaling pathways, all of which delayed the
degenerative condition of photoreceptor cells.

In a study by Fiorani et al. [89], pretreatment of albino Sprague-Dawley rats with
intravenous and intravitreal injections of CeO,-NPs for 3 weeks could prevent neuronal
death induced by 1000 lux light for 24 h and helped preserve the integrity of the outer
nuclear layer. The study also demonstrated that nanoceria remained stable in the outer
layer and could inhibit the microglial activation and migration toward the outer nuclear
layer for an extended time [89]. Intravitreal injections of nanoceria were also tested by Zhou
et al. [90], who found inhibition of neovascularization in VIdlr knockout mice through their
inhibitory effects of the VEGF cascade and their initiation of antioxidant genes expression
pathways; they reported these results as promising findings that could make nanoceria
good candidates in the treatment of AMD and diabetic retinopathy diseases. In a study
by Bhargava et al. [91], nanoceria of 5-10 nm could increase the survival of rod and cone
photoreceptors in culture by helping the maintenance of the cell line, which allows for
improved drug screening experiments on these cell lines.

4.4. Mesoporous Silica Nanoparticles (MSNs)

Mesoporous silica nanoparticles (MSNs), one of the most well-studied inorganic
nanoparticles for drug delivery. These are mesoporous systems made up of silica with
particle sizes of 30-300 nm. They can adsorb exceptionally large quantities of drugs in their
pores. Unique properties of MSNs include large specific surface area and pore volume,
controllable particle size and better biocompatibility make them excellent nanoplatform
for biomedical applications and drug delivery [92]. Park et al. [93] conducted a study
to evaluate the cytotoxicity of three different sizes (50 nm, 100 nm and 150 nm) of sil-
ica nanoparticles (SiNPs) on ocular surface cells such as human corneal epithelial cells
(HCECs). Experimental results suggested that cellular autophagy and mammalian target
of rapamycin (mTOR) pathways activated with the addition of SiNPs without inducing
any significant cytotoxicity in cultured HCECs.

An eye drop, brimonidine showed limited effectiveness in the treatment of glaucoma
because of its rapid clearance from preocular space. To resolve this issue, a study was con-
ducted by Kim et al. [94] to deliver brimonidine using amino-functionalized mesoporous
silica (AMS) particles so that AMS particles form adhesion with the mucous layer and allow
high preocular retention time. Because of the presence of mesopores, AMS encapsulated
brimonidine released the drug in a sustained manner over 8 h. BMD-AMS stayed in preoc-
ular space for up to 12 h when topically administered into the eyes of a rabbit. To measure
the in vivo efficacy, the variance in IOP and brimonidine concentration was examined after
administering BMD-AMS and compared it with that induced by the marketed brimonidine
eye drops, i.e., Alphagan P. The results showed that in BMD-AMS, the duration in the
decrease in IOP and the area under the drug concentration in the aqueous humor-time
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curve was found to be 12 h and 2.68 pug/mL, respectively, which is twice as compared to
Alphagan P. These finding indicated enhancement in ocular bioavailability of brimonidine
with BMD-AMS.

4.5. Magnetic Nanoparticles (MNPs)

Magnetic nanoparticles (MNPs) belong to the group of nanotechnology-based mate-
rials consisting of magnetic elements such as iron, cobalt, chromium, manganese. It can
be used for various biomedical applications such as drug delivery, magnetic resonance
imaging, tissue repair, transfection and tissue targeting [95]. It forms a strong drug de-
livery system as their reactive surface can be functionalized with biocompatible coatings
or bioactive molecules, which increase their specificity toward cellular targets and avoid
their interaction with healthy cells [96]. In addition to this, MNPs also provides two other
advantages; first, it can be controlled by noncontact forces, second, it has potential to be
used in MRI tracking and could be used in targeted nano-drug delivery system [96].

Most used MNPs include iron-oxide magnetic particles. The coating of biocompat-
ible material on iron-oxide magnetic particles avoids aggregation, biodegradation, and
alterations of particles from their original state and allows entrapping of the bioactive
agent on the particle via covalent attachment or adsorption [97]. It has a magnetite or
maghemite core surrounded by a shell that contains a layer of polymer or functional
group (such as antibodies, biotin, amines and streptavidin) [69]. The drug molecules are
attached to the shell of magnetic nanoparticles. The main advantage of using magnetic iron
oxide nanoparticles is that they can be visualized by magnetic resonance imaging, and the
drug-loaded nanoparticles can be held in place by using a magnetic field. In a study done
by Yanai et al. [98], superparamagnetic iron oxide nanoparticles (SPIONs) were used to
magnetized rat mesenchymal stem cells (MSCs) in order to deliver cells to the diseased area
in the dystrophic retina. Mesenchymal stem cells (MSCs) labeled with fluidMAG-D were
injected intravitreally in a retinal degenerative transgenic rat. In vitro studies revealed
that cells remain viable and retained differentiation ability even after magnetizing them
using fluidMAG-D. The results showed that magnetic MSC delivery to the retina increased
tenfold as compared to the normal intravitreal injected cells. Cryosection imaging revealed
that magnetic MSC cells had migrated into the inner as well as outer retina. Moreover,
magnetic nanoparticle treatment along with orbital magnet resulted in significantly higher
concentrations of anti-inflammatory molecule IL-10 and hepatocyte growth factor in the
retina. These findings suggested that this approach may provide optimal benefit in outer
retinal diseases like AMD where controlled delivery to focal cells is required because it
can deliver a higher drug load to the site of interest and resulted in therapeutically useful
biochemical changes in the dystrophic retina.

In a study on 44 Sprague-Dawley rats, polymer-coated 50 nm or 4 um MNPs were
injected in the left eye, and the same amount of PBS into the right eye and their effect can be
evaluated on IOP, corneal endothelial cell count, the morphology of retina and functioning
of photoreceptors at different times [99]. Measurement of IOP, ERG and histology showed
no toxicity after injecting magnetic nano- and microparticles. However, microparticles
showed small toxicity in corneal endothelial cell counts and iron deposition in tissues. In
another study, polymer-coated MNPs were found to be nontoxic to the photoreceptors at
histologic as well as electrophysiologic levels [100]. Table 2. Summarizes the applications
of inorganic nanoparticles for drug delivery to ocular surfaces.
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Table 2. Applications of inorganic nanoparticles for drug delivery to ocular surfaces.

Inorganic s . .
Nanomaterial Drug Application Animal Model Function Ref.
Resveratrol Injection Reduced retinal inflammation [65]
Do hemaocr g
AuNPs 8
Immunoglobulin-G  Subretinal injection Rabbit Improved biodistribution [67]
DNA Treat retinal dystrophies [68]
Produced antioxidants
Rat Exhibit anticataractogenic (751
AgNPs Anti-vasopermeability [76]
Antifungal activity [79]
Rat Reduced photoreceptor damaged [88]
Mice Decreased reactive oxygen species [85]
Cerium oxide
NPs Irﬁ;;ﬁir:;us Rat Decrease neurodegenerative [89]
Intravitreal . o o
. . Mice Inhibit neovascularization [90]
Injection
MSNs Brimonidine Topical Rabbit Enhancement in ocular [91]
P bioavailability
Mesenchymal stem Intravitreal Rat Increase tenfold in delivery of drug 98]
MNP cells (MSCs) injection load to the site of interest
s
Polymer-coated Intravitreal Rat polymer-coated MNPs found to be [99]
MNPs injection nontoxic to the photoreceptors

4.6. Implant Devices

Implant devices made from polymeric materials can be used as a mode of drug
delivery. They showed controllable release of the drug over a long period of time [69].
Based on the material, implants can be classified into two types; biodegradable and non-
biodegradable devices. Non-biodegradable implants have shown more accurate control of
drug release and longer release periods as compared to biodegradable implants. However,
surgical removal of non-biodegradable devices may cause problems for a patient. Based on
the places of implantation, the release of drugs in the retina may range from five weeks to
six months. Currently, there are several types of commercial implants that are available
for ocular disease treatment, such as Ozurdex (dexamethasone biodegradable implant;
Allergan, Inc., Irvine, CA, USA), Trivaris (triamcinolone acetonide suspension; Allergan,
Inc.), Kenalog (triamcinolone acetonide suspension; Bristol-Myers Squibb, Princeton, NJ,
USA), Triesence (triamcinolone acetonide suspension; Alcon, Fort Worth, TX, USA), Retisert
(fluocinolone acetonide non-biodegradable implant; Bausch and Lomb, Inc., Rochester, NY,
USA), Iluvien (fluocinolone acetonide non-biodegradable implant; Alimera Sciences, Inc.,
Alpharetta, GA, USA) [69].

5. Potential Ocular Nanomedicine in Clinical Trials and on the Market

The astounding potential of nanomedicine in the pharmaceutical field to improve
health care has captured scientists” attention, with extensive research globally to acquire a
market position [101,102]. The first product of nanomedicine was placed on the market
almost two decades ago. As of 2012, 33 nanotherapies were available on the market with
more than 100 therapeutics in development, and around 50% of nanomedicine companies
were based in the United States [103,104]. Numerous nanomedicine products have been
under investigation in clinical trials, and some have been approved by the US Food and
Drug Administration (FDA) and are available to use in clinical settings for the treatment
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of conditions such as cancer, autoimmune disease, infectious disease, age-related macular
degeneration and others [105]. The great evolution of nanotechnology has dominated the
drug delivery field, leading to the progression of formulations for ocular drug delivery,
with many in clinical trials and some already introduced in the market.

Many nanoformulations for ocular therapies have been developed and commercial-
ized in the market, but some formulations such as drug-loading emulsions are still slow
in progressing for therapy even though drug-free nanoemulsion has been approved to
treat dry eye. Restasis® is the first product on the market developed as a nanoemulsion
containing cyclosporin A for chronic dry eye treatment, and Durezol®, a nanoemulsion
containing the drug difluprednate, is approved to treat inflammation of the eye [7]. An-
other ocular nanomedicine is Visudyne®, a liposomal formulation containing verteporfin
marketed by Novartis Pharma Ag that was approved by the FDA in 2000 for intravenous
administration in the treatment of choroidal neovascularization due to age-related macular
generation, pathological myopia, and ocular histoplasmosis syndrome. Macugen® is a PEG
anti-vascular endothelial growth factor aptamer administered by intravitreal injection that
was approved by the FDA in 2004 for wet age-related macular degeneration treatment [106].
According to Grumezescu, many ophthalmic nanoformulations are under development in
clinical evaluation, including TLC399 (ProDex), which contains dexamethasone sodium
phosphate and is currently in phase II for treatment of macular edema due to retinal vein
occlusion. In addition, latanoprost coated liposome (POLAT-001) has completed phase I
clinical trials for ocular hypertension and primary open-angle glaucoma treatment [107].
Based on clinicaltrials.gov, a website developed by the U.S. National Institutes of Health,
Department of Health and Human Services, one current ocular nanomedicine under clinical
trial in 2020 is SYSTANE®, a propylene glycol-based eye drops nanoemulsion, which has
completed phase IV for dry eye disease treatment. The development of nanotechnology in
ophthalmic therapies seems to be a promising strategy with an increasing number of nano-
based formulations in clinical trials and on the market, although more research and studies
are necessary regarding nanostructure delivery to the eye [108]. Table 3. Nanomedicine for
ocular diseases under clinical trial and approved by FDA.

Table 3. Nanomedicine for ocular diseases under clinical trial and approved by FDA.

Product Nanoformulation Indication FDA Approval Status  Ref.
Restasis® Nanoemulsion Dry eye Approved [7]
Durezol® Nanoemulsion Eye inflammation Approved [7]
Ozurdex Dexamethasone biodegradable implant Nor1\1/-[iancf1:3 lciioelielrﬁrae,itis Approved

Trivaris Triamcinolone acetonide suspension Uveitis Approved
Kenalog Triamcinolone acetonide suspension Macular edema Approved

Retisert nolzioiggleogl?;gaﬁ?iomngzn t Non-infectious uveitis Approved [69]

Nuvien nfr?g?(fcilr;%g?li}jfgtiﬁ}iﬁ:nt Diabetic macular edema Approved
Triesence Triamcinolone acetonide suspension Macular edema Approved

Visudyne® Liposome AMD Approved [106]
Macugen® Aptamer—polymer nanoparticle Wet AMD Approved [106]
TLC399 (ProDex) Lipid-based nanoparticle Macular edema Phase II [107]
POLAT-001 Liposome Glaucoma Phase II [107]
SYSTANE® Propylene glycol-based nanoemulsion Dry eye Phase IV [108]
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6. Conclusions

The field of nanotechnology has boomed in recent years, accounting for half of the
patent filings and one-third of all publications in the US alone. The nanotechnology market
has a forecasted compound annual growth rate (CGAR) of 22%, making it a sector with
significant investment potential. Around 200 companies and several potential startups
have been identified as active in nanomedicine development worldwide. Nanomedicines
accounts for approximately 5% of research publications in the field of nanotechnology
worldwide. Several nanoparticles, either organic or inorganic, have provided tools that
can overcome the problems associated with the conventional drug delivery of ophthalmic
formulations. The nanomedicine market is in the early stages of development, and several
drug delivery devices are in the clinical testing stage. Various Intravitreal, polymeric drug
delivery implants for ocular diseases have been approved by the FDA.

The application of nanotech has shown great potential in ocular nanomedicine re-
search. The nanomaterials could also be used in increasing the bioavailability of various
therapeutic agents. Examples of such nanomaterials include liposomes, dendrimers, nio-
somes, metal NPs. Nanomedicine also has started to showcase its applied potential in
improving the pharmacokinetic properties of drug delivery systems; many studies are
focusing on integrating hybrid systems with hydrogel using micelles, dendrimers, and
cyclo-dextrins [109]. Other aspects that are associated with ocular nanomedicine devel-
opment have made uniform NPs with reproducible features on an enormous scale. To
stimulate clinical translations of nanomedicine, it is critical to investigate the safety and
toxicity profiles of such nanomedicine formulations. There could be many other factors
that can influence toxicity in nanomedicine, such as administration dose, shape, and size of
the particle, surface charge, and functional groups.

Advanced nanofabrication technologies like particle replication in non-wetting tem-
plates (PRINT) [110] and the hydrogel template method [111] have been introduced to
create ocular nanomedicine. PRINT technology can be used to create monodispersed
NPs and microparticles with controlled shape, size, and surface modification at a large-
scale. Another applied example that demonstrated the use of PRINT technology is the
AR13503 implant, which was manufactured to provide sustained release of API for more
than two months in vitro [112]. This implant was prepared using biodegradable polymers
PLGA/PDLA /poly(ester amide) (PEA) with rod-shaped and size suitable for injection
through a 27 gauge needle. Clinical trials for AR 13,503 are underway and are expected to
be used for treating diabetic macular edema (DME) and wet AMD. The hydrogel template
method is another advanced nanofabrication technology that can be used to fabricate large
amounts of homogenous nanoparticles and microparticles [111]. For example, nanowafer,
an ultra-thin transparent lens prepared by filling drug solutions into the dissoluble PVA
template. The amount of the drug can be controlled by adjusting the size of the particle.

With several advantages like drug targeting, sustainability, and increased bioavail-
ability, nanomedicine promises to revolutionize the medical markets. Considering the
numerous benefits of nanomedicine in ocular drug delivery, aggregation, toxicity, and clear-
ance of nanoparticles remain a concern. Further study of nanodrug carrier development
is necessary to provide a more inside understanding of the safety issue and progress in
ocular drug delivery.
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Abstract: The SARS-CoV-2 outbreak is the COVID-19 disease, which has caused massive health
devastation, prompting the World Health Organization to declare a worldwide health emergency.
The corona virus infected millions of people worldwide, and many died as a result of a lack of
particular medications. The current emergency necessitates extensive therapy in order to stop the
spread of the coronavirus. There are various vaccinations available, but no validated COVID-19
treatments. Since its outbreak, many therapeutics have been tested, including the use of repurposed
medications, nucleoside inhibitors, protease inhibitors, broad spectrum antivirals, convalescence
plasma therapies, immune-modulators, and monoclonal antibodies. However, these approaches have
not yielded any outcomes and are mostly used to alleviate symptoms associated with potentially fatal
adverse drug reactions. Nanoparticles, on the other hand, may prove to be an effective treatment for
COVID-19. They can be designed to boost the efficacy of currently available antiviral medications or
to trigger a rapid immune response against COVID-19. In the last decade, there has been significant
progress in nanotechnology. This review focuses on the virus’s basic structure, pathogenesis, and
current treatment options for COVID-19. This study addresses nanotechnology and its applications
in diagnosis, prevention, treatment, and targeted vaccine delivery, laying the groundwork for a
successful pandemic fight.
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1. Introduction

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was responsible
for the recent coronavirus 2019 outbreak (COVID-19) [1]. This pandemic has resulted
in tense situations around the country, resulting in regulations such as social distance,
lockdowns, and other measures. According to a report published in November 2002 in
Guangdong, China, the first disease confronted by the world in the twenty-first century
was SARS [2]. Other four epidemics, such as SARS, Ebola, Swine Flu, and Middle East
Respiratory Syndrome, do not appear to be able to match the fatality produced by COVID-
19 [2]. COVID-19 has infected around 189 million individuals worldwide, including over
4 million deaths (https:/ /www.worldometers.info/coronavirus, retrieved on 15 July 2021).
This COVID-19 has quickly turned an epidemic into a pandemic. SARS-CoV-2 is a spherical
encapsulated virus with a diameter of 60-140 nm that contains positive-sense single-
stranded RNA [(+) ssRNA] [3]. COVID-19 is made up of several components, including an
extracellular (E) protein, a nucleocapsid (N) protein, a spike (S) glycoprotein, and a matrix
(M) protein [4]. Corona virus’s globular protein has a size range of 70-90 mm [5]. S1 and
S2 are two functional components of the S protein.

The [(+) ssRNA] interacts with N-protein to produce a helical nucleocapsid [6]. Fever,
dry cough, loss of taste and smell, weariness, and difficulty breathing are some of the usual
symptoms of COVID-19 infection. Ground-glass opacity in the lungs, pneumonia and other
severe symptoms are examples. Some patients affected by COVID-19 are asymptomatic [7,8].
The reverse transcription-polymerase chain reaction (RT-PCR) technology is used to confirm
the infection by detecting the COVID-19 virus’s genetic material in blood and discharge
samples. Rapid Antigen test (RAT), or rapid antigen test, is another method of diagnosis [9].
The reverse transcription-polymerase chain reaction (RT-PCR) approach is regarded the
superior test for COVID-19 due to its excellent accuracy and specificity [9]. Chest-computed
tomography (Chest-CT) scans may be used by some professionals for diagnosis [9]. When
an infected person sneezes, talks, or coughs, tiny particles or droplets known as aerosols are
released into the environment through their mouth or nose, allowing the virus to spread.
Anyone within 6-8 feet of that person can breathe it into their lungs, and it is a direct
transmission mode [10]. Indirect contact manifests itself by contacting a surface where a
patient may have sneezed or coughed [11]. SARS-CoV-2 has yet to receive a precise treatment.
Asymptomatic or mildly symptomatic people, on the other hand, should isolate themselves
in a well-ventilated room. They should use a medical mask and discard it after around
8 h. Individuals should get enough rest and drink enough drinks to be hydrated. Daily
temperature and oxygen levels should be checked. Take medical help if any deterioration of
symptoms is noticed. Sanitization of the individual and the room should be done frequently.
When fever, weakness is examined, paracetamol along with Azithromycin and multivitamins
are given. Employment of nanotechnology can be seen in the extremity of viral diseases
such as COVID-19 [12]. Food and Drug Administration (FDA) gives voice to nanotechnology
systems that provide different biological and physicochemical properties, compared to micro
and macro stuff [12]. For instance, nanocarriers encapsulated drugs can control the release
rate to the targeted sites, which lessens the toxicity and enhances biocompatibility in healthy
tissues [13,14]. Nanomaterials help avoid viral spoliation by air and may help sterilize
purposes even in a hospital environment. One of the most attention-seeking nanomaterials is
gold nano-particles (i.e., AuNPs). Their quantum mechanical properties can be traversed by
various forms of biosensors, mainly those that depend on electrochemical, plasmonic, and
colorimetric estimation [15,16]. Nanotechnology-based therapy techniques provide a potential
way to address constraints in COVID-19 diagnosis, and treatment [17]. Nanomaterials can also
be employed in diagnostic to produce simple, quick, and low-cost approaches for detecting
SARS-CoV-2. Nanosystems are used to deliver small biomolecules and antiviral to the
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pulmonary system in a regulated manner, like, to suppress viral spreading [17]. We will
discuss the virus’s genetic morphological structure, etiopathogenesis, and current therapeutic
intervention in this review. We also described and explored how nanotechnology could be
used to fight this condition, as well as the most promising nanomaterials. We also expect that
the nanotechnology-based strategies outlined in this study will aid researchers in developing
novel COVID-19 diagnostic and treatment approaches.

2. Genetic Morphological Structure of SARS-CoV-2

SARS-CoV-2 is a crown-shaped, single-stranded RNA virus with active-sense single-
stranded RNA. It belongs to the Coronaviridae family and has a diameter range of
600-1400 A° [18]. An electron microscope can be used to observe extracellular and free par-
ticles [19]. The spike (S), envelope (E), membrane (M), and nucleocapsid (IN) components
of the virus are responsible for pathogenesis (Figure 1) [20].

SARS-CoV-2 spike protein

Figure 1. Structure of SARS-CoV-2.

By creating a nucleocapsid, the N protein aids in the replication process in the host cell.
The three transmembrane segments of the M protein are crucial for the virus’s shape, size,
and replication. The E protein plays a vital part in the virus’s pathogenic processes and the
various stages of replication in infected cells [21]. In connection with this the S protein is
made up of two subunits: S1 and S2. The subunits S1 play chief role for receptor binding
and cell recognition, while the subunit S2 allows virus-cell fusion [22]. The structural
analysis is required for the development of diagnostic procedures and vaccines [23].

3. Etiopathogenesis of SARS-CoV-2

The pathogenesis of the COVID-19 virus was disseminated to the host body by
attachment, penetration, biosynthesis, maturity, and release of virus are all steps in the pro-
cess [24]. The viral attachment with the interaction of viral spike protein and angiotensin-
converting enzyme 2 (ACE2) receptor of the host cell. Direct membrane attachment or
fusion occurs with the host receptor by undergoing proteolytic cleavage at the S1/52
boundary, known to be penetration [25,26]. Then, in the host cell cytoplasm, the RNA is
released, then RNA moves towards the nucleus and inside the nucleus; biosynthesis occurs
by following transcription, translation, protein synthesis [27]. The synthesized protein
moves through the endoplasmic reticulum, and the Golgi apparatus gets matured and
liberated back to the body [28]. Mainly, lungs get infected by the COVID-19 virus with
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a dry cough, fever, body pain, dyspnea-like symptoms. The virus can infect a variety of
vascular functions by penetrating the respiratory tract’s epithelial cell layer and entering
the circulation [29]. Consequently, the alveolar damage, hyaline membrane formation,
desquamation of pneumocytes, and cellular fibromyxoid transudes can be observed in
histopathology studies of an infected patient’s lungs [30].

4. Current Therapeutic Strategies against SARS-CoV-2

COVID-19 has yet to receive a clinically recognized therapy. So far, the therapeutic
options currently used have been aimed at minimizing and managing symptoms. A few
antiviral medicines are now being tested in clinical trials. These medications may operate
as immunomodulators or as antiviral agents directly. Since the SARS-CoV-2 outbreak,
this antiviral drug research has continued. COVID-19 control treatments are primarily
focused on the disease’s pathogenesis. If targeting is done in essential viral proteins to
upgrade virus internal structure and reproduction, medicines may be classified as virus
targeting antivirals (VTA). If the target is a protein located inside the sick host, they may
target antivirals (HTA) [31]. The pharmacological treatment for COVID-19 is currently
through multiple phases of clinical studies to ensure its efficacy and safety. COVID-19
has yet to be targeted by specific antiviral medication, according to current knowledge.
As a result, we must rely on our own safety rather than rely on treatment. Clinical trials
should be conducted appropriately to avoid antiviral drug side effects and unpleasant
responses. To avoid side effects, each patient’s condition should be considered whether
antivirals are given alone or in combination with other medications. However, because
drug development is an expensive and time-consuming procedure, the current COVID-19
situation necessitates the use of freshly found and more effective medicinal replacements.
As aresult, nanotechnology might be seen as a powerful tool in the fight against COVID-19,
as it offers up new diagnostic and therapeutic possibilities [32]. The availability of the
current treatment options for SARS-CoV-2 are depicted in the Table 1.
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5. Ongoing Diagnostic Techniques for SARS-CoV-2

To date, various standard diagnostic methods have been used to detect SARS-CoV-2
infection. RT-PCR has long been considered the gold standard for detecting RNA viruses.
This methodology was developed by the Centers for Disease Control and Prevention
(CDC) in the United States. The RT-PCR test examined sputum, bronchoalveolar lavage,
nasopharyngeal swab, pharyngeal swab, and saliva samples [46]. The electron microscope,
cell culture, serological methods, (nucleic acid methods, and next-generation sequencing
methods are the five types of RNA virus screening methodologies (Figure 2). The image of
the virus captured under an electron microscope (EM) is being utilized to launch ground-
breaking disease detection efforts. Immunoelectron microscopy (IEM), which detects a
specific antibody-antigen combination, and solid-phase IEM (SPIEM), which identifies
viral particles directly on the solid surface of a matrix, are both utilized in the diagnosis of
RNA viruses [47]. EM, on the other hand, has some disadvantages, including high costs,
the need for well-trained workers, and limited sensitivity [48]. Cell culture, a standard
process, is employed as a validation standard for most viral diagnostics procedures that
have been developed. On the other hand, cell culture is unsuitable for urgent situations
due to its lack of specificity and lengthy incubation period [49]. Serology-based procedures
and molecular approaches are the most often employed methodology for SARSCoV-2
diagnosis. The clinical samples are withdrawn from the respiratory secretions, body tissues,
or blood for investigation of the genetic material of viruses. Further, advanced technology
like gene sequencing has become a commonly utilized tool, especially in the epidemiology
and characterization of viruses. This method is precise and trustworthy, but its higher cost
make practical usefulness limited [50].
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Figure 2. Methods for detecting RNA viruses.

5.1. Point-of-Care Diagnostics

In comparison to RT-PCR, point-of-care is a revolutionary diagnostic procedure that
requires relatively little time. It assists physicians and medical workers develop suitable
quarantine procedures for positive patients, allowing them to receive urgent medical atten-
tion and prevent the disease from spreading further. Point-of-Care techniques are classified
as either serological antigen or molecular detection methods, with the former detecting

169



Nanomaterials 2021, 11, 1841

COVID-19 in blood via lateral flow immunoassay and colloidal gold immunochromatog-
raphy, and the latter detecting COVID-19 in nasopharyngeal swab, throat swab, saliva,
and nasal swab via PCR technique. WHO (World Health Organization) now recommends
using these new point-of-care immunodiagnostic tests solely in research settings, based
on current evidence. They should not be utilized in any other situation, including clin-
ical decision-making, unless there is sufficient evidence to justify their use for specific
reasons [46].

5.2. Lateral Flow Immunoassay

The FDA has approved the use of a lateral flow immunoassay-based point-of-care
test to diagnose COVID-19 (EUA). One test, developed by Cellex Inc., is able to detect
COVID-19 IgM/IgG antibodies to SARS-CoV-2. This method can be processed in very
short time and used for the qualitative identification and discrimination of IgM and IgG
antibodies of SARS-CoV-2 [51]. The other developed method is Chembio Diagnostic’s DPP
COVID-19 IgM/IgG, which provides results in about 15 min utilizing a simple finger—stick
method [51].

5.3. Immunochromatography Assay by Colloidal Gold Method

This is a quick and straightforward detection approach that is commonly utilized for
illness diagnosis [29,30]. With this technology, Aytu Bioscience established most reliable
SARS-CoV-2 IgG/IgM Rapid Test, which can be confirmed within 10 min. Furthermore, it
has been recorded higher sensitivity and specificity of IgM compared to other tests [51].

5.4. Signal Amplification Techniques

In a disease state, a nucleic acid-containing pathogen in samples is present in few num-
bers so amplification is needed to detect pathogens [52,53]. The amplification techniques
are worked on the basis of following pattern:

(a) amplification of target nucleic acid,
(b) amplification of probes that interacts with the target nucleic acid,
(c) amplification of signals obtained from target nucleic acid [54].

The amplification techniques are designed into four different groups:

(a) branched DNA technique,

(b) tyramide signal amplification,

(c) hybrid capture,

(d) cleavage-based signal amplification [55].

The principle involved in the branched DNA technique is detecting a signal from
target nucleic acid after immobilization and then amplification with the present multiple
branched and labeled probes. In case of tyramide signal amplification, the hybridization of
target nucleic acid and a biotinylated probe take place. It further promotes the complex
of the formation of nucleic acid- biotinylated probe. Streptavidin containing hydrogen
peroxidase is incorporated into the medium which binds to nucleic acid-biotinylated probe
complex. The addition of inactivated tyramide as a substrate resulted in the formation
of activated tyramide and precipitation takes place, precipitate amount indicates signal
amplification [56]. The hybrid capture technique favors the hybridization of the comple-
mentary probe of signal-stranded target DNA. As a result, the transfer of the DNA: RNA
hybrid initiated and transferred to the polyclonal anti-DNA: RNA hybrid antibody. The
conjugated enzyme-labeled monoclonal antibody is used to label this complex. Finally,
once the enzyme attaches to the chemiluminescence substrate, the signal is generated [57].

5.5. Molecular Methods

Molecular methods for detecting SARS-CoV-2 are mainly based on the proteomic and
genomic composition of the virus. Two types of nucleic acid composition are currently
available viz RT-PCR and RT-LAMP (reverse transcription loop-mediated isothermal am-
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plification) [58]. Three main genomic targets are- (i) envelope protein gene (the E gene), (ii)
RNA-dependent RNA polymerase gene (the RARP gene), and (iii) nucleocapsid protein
gene (the N gene) [52].

5.6. Loop-Based Isothermal Amplification

The loop-based isothermal amplification was created to obtain a test result that was
quick, accurate, and cost-effective. Instead of the thermal cycle used in RT-PCR, amplifica-
tion of the target site occurs without changing the temperature reaction [59]. The advantage
of loop-mediated isothermal amplification is that the amount of DNA generated in RT-
PCR is substantially higher, allowing for visualization without any additional processing.
According to the study, when compared to RT-PCR, which is less sensitive, loop-based
isothermal amplification has a sensitivity of more than 97% to the target open reading
frame (ORF lab) gene. Another study found that loop-mediated isothermal amplification
is precise, owing to the use of six to eight primers to determine the eight various sections
of the target DNA [59,60].

5.7. Immunological Assays

The molecular methods are effective and sensitive for the diagnosis of COVID-19.
However, it has some limitations like sampling failures, complex protocols, and expensive
equipment, and these methods may sometimes give false negative results. Immunological
assays are preferred to mitigate these limitations, while this technique requires compar-
atively more straightforward sampling with fewer technical experts and inexpensive
equipment. Besides this, immunological assays are also used for antigen detection as an
alternative for RT-PCR [61]. Immunological assays fall into various types, but the most com-
mon comprise antibody or antigens immobilized on a matrix that interacts with viral targets
or antibodies in clinical samples. Then it is time to diagnose a virus-specific immunological
response by adding more receptor protein to validate the antigen or antibody [61].

5.8. Antibody-Based Assays

After the virus infection has subsided, the body develops an immune response by
manufacturing specific antibodies in reaction to the harmful organism. Antibody-based
assays help diagnose this immune response, as well as detecting the earlier SARS-CoV-2
infection. Since the body takes time to elicit a reaction, antibody tests are rarely used to
detect acute infections in their early stages because the body has not yet fully adapted
to the associated antigen, which will require time to detect by establishing an immune
response. As a result, antibody testing will yield false-negative findings at that time due to
the lack of antibodies despite the presence of disease. Due to their short-lived nature, IgM
antibodies were the first antibodies generated after a virus attack, and their identification
necessitates a likely active or recent infection. Aside from that, IgG is the primary antibody
that gives long-term protection against re-infection with the same virus [52] As a result,
both IgG and IgM detection can provide information on the virus infection time course.

5.9. Antigen-Based Assay

Early and precise diagnosis of the disease and adequate quarantine conditions for
both symptomatic and asymptomatic individuals are key factors in limiting the COVID-19
pandemic [62]. Since antibody-based detection assays have various limitations, such as
when early detection is necessary, antibody detection will be impossible because antibodies
will not form in the early stages of the disease. In order to detect viral RNA or viral
antigens using antigen-based immunoassays, viral RNA or viral antigens are required. For
simplicity of use, antibody-based assays should be accompanied by one of these techniques,
and antigen tests that take less time are desired. Antibodies specific to viral antigens are
added to the tests, which identify viral immunogen as a precursor to infection. When
compared to other approaches, these are pretty quick and cost-effective. Antigen diagnosis

171



Nanomaterials 2021, 11, 1841

tests may be employed for early detection of COVID-19 but not for prior exposure if the
sensitivity and specificity are proven [62].

6. Approaches Based on Nanotechnology for Diagnosing SARS-CoV-2

At present, nanotechnology has gained much attention for detecting the novel coro-
navirus disease due to some known problems with the current diagnostic techniques
available [63]. The current diagnostic techniques include RT-PCR (Reverse Transcriptase—
Polymerase Chain Reaction), which is utilized to detect asymptomatic patients, but it
was found that it also shows optimistic findings in the existence of SARS-CoV-2 to the
samples. Another problem associated with this is the lack of PCR infrastructure for proving
a sufficient number of kits for diagnosis in remote areas. Thus, the demand was not ful-
filled [64,65]. WHO, in its report, mention the urgent need for diagnostic kits for detection
of SARS-CoV-2. There are various nanotechnological methods available that can help to
improve and meet the current high-level demand in diagnosis [9,66].

6.1. Nucleic Acid Testing

Instrumental RT-PCR diagnostic approaches are currently limited due to procedures
that use isothermal conditions for nucleic acid amplification. Loop-mediated isothermal
amplification is one of them, and it is thought to be a reasonably sensitive technique for
detection [67,68].

Chen et al. investigated magnetic nanoparticles by using RT-PCR procedures to isolate
SARS-CoV-2 viral RNA. For collecting RNA on its surface with carboxyl groups, these
nanoparticles use poly(amino ester). For RT-PCR diagnosis, the carboxyl group is used in a
complex of RNA magnetic nanoparticles. This procedure takes very little time and poses
very little danger. Magnetic nanoparticles, rather than extraction, were utilized to isolate
viral particles in another investigation. Because of the functionalized target receptors, the
virus particles get sturdily linked to the nanoparticles, according to the findings. SPIONs
(Superparamagnetic iron oxide nanoparticle) were used for this, as their external magnet
aids in the isolation of virus particles. The other techniques such as quantitative Reverse
transcription—polymerase chain reaction (QRT—PCR) assays, cell triggering assays, and
immunochromatographic strip tests can be used to diagnose the virus [69]. Roh et al.
combined quantum dots with fluorescent nanoparticles to develop a fast and sensitive
diagnostic method. When the RNA aptamer is coupled with fluorescent quantum dots,
it exhibits a difference in the optical signals of the quantum dots if the viral detection is
positive. It is feasible to identify viral particle concentrations as low as 1 pmol uL~! with
this approach [70].

6.2. Point-of-Care Testing

Because it is a quick testing approach that eliminates the need to transfer samples to
a laboratory, point-of-care testing is commonly employed in remote regions with limited
facilities and infrastructure. The biosensors utilized are known as colorimetric biosensors
because they detect color changes [71,72]. According to one study, paper-based DNA
colorimetric sensors can detect virus samples relatively quickly. The cationic pyrrolidinyl
peptide nucleic acid (PNA) probe employed in this procedure is more stable than DNA
and RNA probes and is used to diagnose COVID-19 and MERS-CoV, both of which have
lysine in their probe. Lysine, which is a cation, interacts with negatively charged silver
nanoparticles and DNA. PNA-based nanoparticles aggregate with silver nanoparticles in
the absence of viral DNA, but instead form complexes with viral particles in the presence
of viral DNA. The result is based on the sample’s color change (presence or absence
situations) and is determined by a paper-based analytical device (PAD) (Figure 3). It is
possible to detect up to 1.53 nM with point-of-care testing [73]. Teegam et al. used gold
nanoparticles to diagnose COVID-19 and MERS-CoV virus infections. Thiol groups operate
as probes in their research, interacting with the upstream E protein gene and capped
gold nanoparticles. In the absence of virus, nanoparticles aggregate by changing color;
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Gold Nanoparticles

Blood Serum

however, in the presence of virus, the virus forms a compound with viral DNA, blocking
the aggregation process and limiting the change of optical characteristics of nanoparticles.
Localized surface plasmon resonance shifts were used to diagnose the color variations.
With a detection limit of 1 pmo/1.74, the method takes less time and is more cost-effective.
The gold nanoparticles generate a solution that collects the virus, and the color change
is used to detect it. It is a COVID-19 fast test. The main benefit of this detection method
is that gold nanoparticles show specific colors by absorbing a specific wavelength. If the
sample contains SARS-CoV-2, this results in a shift in the absorption peak, which causes
color changes that can be seen with the naked eye when the virus concentration is high.
When compared to conventional PCR procedures that need the extraction of RNA and
amplification, these are a time-consuming process, and optical qualities are required for
detection in point-of-care testing, hence gold nanoparticle-based techniques are chosen
over other diagnostic approaches [74].
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Figure 3. Nanoparticle-based virus detection using calorimetric assay.

6.3. Biosensors Based on Electrochemistry

Biosensors based on electrochemistry are thought to be one of the utmost effective
tools for detecting the COVID-19 virus. A modified electrochemical sensing technique with
gold nanoparticles maintaining the biomolecule-based functional moiety was used in this
approach [75]. Layqah et al. developed an immunosensor using carbon electrodes covered
with gold nanoparticles. In this technique COVID-19 spike protein interacts with the virus
and the antibody present in a small proportion of the sample, and changes in the current are
used to detect the virus. When there is no virus in the sample, the antibody attaches to the
SI protein and creates the peak current; however, when the virus is present, the antibody
binds to the virus and creates a stronger peak current. The present change is measured,
and a conclusion is reached. The detection limit is between 0.4 and 1.0 pg/mL [76]. For the
diagnosis of SARS and COVID-19 virus, Ishikawa et al. employed nanowires in the study
rather than nanoparticles. Nucleocapsid proteins were detected using In,O3 nanowire
sensors and fibronectin-based antibodies. In comparison to antibodies and aptamers,
antibodies resemble proteins with a higher binding capacity. The virus is detected by
changes in the electric current, which are noticed as a signal [77].
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6.4. Chiral Biosensors

It has been reported that Chiral biosensors are utmost valuable technologies for
diagnosing SARS and COVID-19 virus. According to a recent report, the COVID-19 virus
was diagnosed using opened chiral zirconium quantum dots. In this concern the Zirconium
quantum dots and magnetic nanoparticles interact with the virus in this manner, resulting in
a magnetoplasmonic glow where the virus is present. The magneto plasmonic-fluorescent
nanohybrids were then isolated using external magnets, and the virus was detected by
measuring the fluorescence intensity. It has a 79.15 EID/50 L detection limit [78]. A
chiral immunosensor with self-assembled layers of quantum dots and chiroplasmic gold
nanoparticles was used in another study. COVID-19 may be detected in blood samples by
mixing gold nanoparticles and quantum dots with the viral sample; chiral optical response
changes are identified using the circular dichroism method, which has a low detection limit
of 47.91 EID/50 L for coronavirus [79].

7. Nanotechnology-Based Approaches in the Treatment of SARS-CoV-2

For COVID-19 treatment, nanotechnology-based treatment has applications in mem-
brane fusion, inhibition of virus-cell interaction, transcription, translation, viral replication,
cell internalization, and activating such mechanism that causes irreversible damage to
viruses. Nanotechnology-based treatment has drawn attention because of its properties.
Some of the nanoparticles are discussed below. Figure 4 explores the future use of nanos-
tructured materials to deliver recommended and repurposed antiviral medicines, which
can improve treatment efficacy by reducing toxicity and allowing for controlled release.
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Figure 4. Types of nanoparticles for SARS-CoV-2 treatment.

7.1. Inorganic Nanoparticles
7.1.1. Silver Nanoparticles

The respiratory chain can be harmed by silver nanoparticles (AgNPs), and the electron
chain enzymes particularly useful in combating several viruses [80]. AgNPs’ greatest
strength is that they can be used as antiviral medications with only little alterations.
The researches documented that exposed AgNPs with a diameter of 55 nm have been
found to have inhibitory effects for the Monkeypox Virus (MPV) and preventing virus

174



Nanomaterials 2021, 11, 1841

internalization [81]. However, some restrictions of these bare AgNPs can be controlled by
using polyvinylpyrrolidone (PVP), polyvinyl alcohol (PVA), etc. as coating materials.

7.1.2. Gold Nanoparticles

In in vivo and in vitro investigations, AuNPs with long linkages of sulfonate unde-
canesulfonic acid (MUS) and mercaptoethanesulfonic acid (MES) demonstrated irreversible
deformation in various viruses, including respiratory syncytial virus. AuNPs combined
with MUS, which is present as a multivalent binding with the virus, are exposed in a
mechanistic interaction. It also causes the capsid’s structure to collapse. As a result, this
multivalent binding provides an engrossing course of action for COVID-19 therapy. AuNP
was also employed against an RNA virus in one investigation. Another study discovered
that the nanoparticle technology reduced membrane fusion caused by MERS-CoV. It also
demonstrates the possibility of curing COVID-19 [82].

7.1.3. Nanoparticles of Mesoporous Silica

The Mesoporous silica nanoparticles (MsNPs) have different pore sizes that enable
molecules to accommodate outside and inside for co-delivery. The dual nature provides an
outstanding manifesto for treating COVID-19 infections. These nanoparticles interact with
the various ligands to stop the viral uptake to the host cell and the target-specific liberation
of those ligands, it also prevents replication of the virus. Lee et al. documented significant
dual delivery characteristics of the MsNPs and showed improved antiviral activity [83].

7.1.4. Iron Oxide Nanoparticles

Antiviral properties of iron oxide nanoparticles (IONPs) are particularly depending
on the alteration of the surface with sulfonates or other compounds. Bromberg et al. formu-
lated core-shell silica magnetic nanoparticles containing poly (hexamethylene biguanide)
functionalization (PHMBG) for improved antiviral activity. On different strains of the
virus, NPs had a differential virucidal effect. It happened as a result of the genetic composi-
tion’s amino alkylation. It also prevents gene replication, resulting in viral deactivation.
Because many cases of COVID-19 have demonstrated iron dysregulation [84], IONPs
need to be given more consideration. Recent research suggests that SARS-CoV-2 interacts
with hemoglobin (and other receptors) in erythrocyte or red blood cell progenitors, caus-
ing hemoglobin denaturation and iron metabolism dysregulation. A key concern is an
excessive iron burden in the tissue [85].

7.2. Organic Nanoparticles
Carbon Nanoparticles and Graphene Nanoparticles

Carbon-based nanoparticles (CNPs), such as graphenes, carbon nanotubes (CNTs),
and fullerenes nanoparticles, have intriguing physicochemical features that can be used
for innovative industrial and scientific applications [86]. When it comes to COVID-19
treatment, these CNTs have some toxicity limits. The activation of macrophages in the
lungs leads to fibrosis and collagen accumulation in the lesions when exposed to the
lower respiratory tract [87]. Intranasal administration of CNTs causes an amplification of
influenza H1NT1 virus infection in lung epithelial cells. When biomolecules (polymers and
proteins) were functionalized on the surface of CNTs, it was found that the inflammatory
process was significantly reduced, resulting in reduced cytotoxicity in the respiratory
system [88]. CNTs conjugated with hyaluronic acid increase interactions with bronchus
cells, and treatment reduces inflammation in the lungs. Furthermore, CNTs and graphene
quantum dots functionalized with antiviral medicines (CHI360, CHI415, CHI499, and
CDF119) inhibited reverse transcriptase enzyme activity in HIV-positive patients’ cells [88].
These CNPs can be used to administer COVID 19 in the future.

175



Nanomaterials 2021, 11, 1841

7.3. Dendrimers

Dendrimers represent a significant advancement in nanotechnology since they can
improve the efficacy of bioactive substances and medications. Dendrimers are synthetic
nanoarchitects that are well-defined and highly branching [89]. It has unique physico-
chemical qualities such as efficient drug encapsulation, solubility, biodegradability, low
polydispersity, and biocompatibility. The antiviral activity of dendrimers is amplified as a
result of their strong contacts with viruses. HSV2 (Herpes simplex virus type 2) and HIV
(human immunodeficiency virus) have both been treated with dendrimers, which prevent
viral entrance fusion. Dendrimers made of polyamidoamine (PAMAM) are effective at
preventing influenza in mice [90]. SPL7013 Gel is an example of a dendrimer available on
the market (Viva Gel). It is a dendrimer with a divalent benzhydryl amine (BHA) core that
works as a microbicide. The BHA core comprises four generations of lysine that bifurcate
with an outermost branch, with 32 naphthalene di-sulfonic acid groups capped in the outer-
most branch, and it was designed to inhibit HSV and HIV infections. SPL7013 Gel'’s goal is
to be utilized as a superficial vaginal microbicide that has been identified [91]. Dendrimers
have not yet been utilized to combat SARS-CoV-2. It can; however, be employed for the
treatment of the COVID-19 infection shortly.

7.4. Lipid-Based Nanoparticles

Because of their excellent biocompatibility and biodegradability, lipid-based nanoparti-
cles have a large potential to be used in COVID-19 clinical situations [92]. Many lipid-based
formulations are found in commercially available drugs. AmBisome, Doxil, and other
similar products are examples. Because of their amphiphilic and hydrophobic character,
several forms of lipid raw materials, such as fatty acids, waxes, oils, phospholipids, mono-,
di-, and triglycerides, could be employed as nanocarriers. Since their encapsulation into
various classes of antivirals mediates the carriage from the administering site towards
the target site while modulating distinct biological retaliation, lipid-based nanoparticles
have been explored for the treatment of herpes, hepatitis C (HCV) and B (HBV), HIV
viruses, and other viruses [93,94]. Liposomes are ideal nanocarriers for both hydrophilic
and lipophilic compounds since they have both aqueous compartments and hydrophobic
layers. Polyunsaturated liposomes had more substantial virus inhibitory potential against
three viral types: HCV, HBV, and HIV, according to a study. The findings indicated that
virus-associated and cellular cholesterol levels were linked to a reduction in infection.
Surface-modified liposomes can boost the potential of nanocarriers. LCNPs (liquid crys-
talline nanoparticles) are nonlamellar self-assembled systems made up of polar lipids such
glyceryl monooleate (GMO) and phytantriol (PHYT) [95]. These nanocarriers have gotten
a lot of attention since they can hold imaging agents as well as tiny and large molecules
in their nano compartments [96]. Nanoemulsions (NE) and microemulsions (ME) are
lipid-based nanodroplets that are identical in appearance but differ in physicochemical
stability. Solid lipid NPs (SLNs) and nanostructured lipid carriers (NLCs) are made up
of solid and liquid lipids or solid lipids, respectively. It has been discovered that alveolar
macrophages can be produced utilizing SLNs, a type of cell-related with infectious lung
diseases like COVID-19 [97].

7.5. Polymeric Nanoparticles

Polymeric nanoparticles are used to combat virus-borne illnesses, because they can
be arranged to travel to specific intracellular or extracellular targets and impede virus at-
tachment to the host cell receptor. These features are essential to stop viruses from causing
diseases and to eradicate their negative consequences [98]. The use of nanoparticles to
convey active compounds has been shown to be successful in preventing virus reproduc-
tion [99]. In in vivo and in vitro models, intravenous injection of poly(lactic-co- glycolic
acid), PLGA (Poly lactic-co-glycolic acid) nanocarriers improved the anti-influenza applica-
bility of dyphylline in HIN1 infection, resulting in sustained drug release in the lungs and
efficient protection against noxious dosages of the virus. The optimized NPs PEGylation is
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a safe formulation as it prevents activation and clearance of classical macrophages from
the lungs for at least one month [100,101]. It has been proposed that replacing mAbs
(Monoclonal antibodies) and compounds can reduce virus uptake in host cells. As a result,
NPs can be utilized to prevent infection in humans by blocking the interaction between
COVID-19 and ACE2. As a result, NPs can inhibit COVID infections by preventing the
virus’s ACE2 binding. Compared to inorganic NPs, polymer-based nanoparticles or poly-
meric structures are subjected to pulmonary systemic absorptions and have lower cytotoxic
effects in delicate cells [102]. Aerosol administration of corticosteroids-loaded polymeric
NPs is utilized to treat asthma and chronic obstructive pulmonary disease with deep
discernment in the lungs [102]. Because of its biocompatibility, polymeric NPs can be
employed in inhalation therapy. The infected cells cause the activated immune cells in
COVID-19 patients to produce a lot of inflammatory cytokines [103,104]. White blood cells
engage in intense phagocytosis, resulting in the nebulization of PLGA nanoparticles over-
laid with chitosan, which stops neutrophils and eosinophils from migrating to the lungs
and prevents severe physiologic dysfunction [105]. Multifunctional polymeric nanocarriers
have been certified as a new nano-sized stage for clinical solicitation, and they may be
quickly updated for safe use in the recent SARS-CoV-2 epidemic [106].

8. Nano-Based Sanitizer and Disinfectants

Since the breakout of the new coronavirus, hand hygiene has been an essential tool
in the fight against it. While the virus is transferred directly by coughing and sneezing, a
study indicated that poor hand hygiene is responsible for 42% of infections. Hand hygiene
is especially crucial in hospitals, where 40% of nosocomial infections are caused by poor
hand hygiene [107]. As a result, especially in the current pandemic situation, an effective
tool for maintaining adequate hand hygiene is essential. Hand sanitizers typically contain
70% alcohol, as well as other chemical or natural components. For many years, it has been
the dominant force in this sector. Manufacturers are becoming more interested in nano-
based sanitizers as nanoscience advances. As a result, silver nanoparticles have emerged
as a viable solution for a wide range of COVID-19-related issues, including detection
and disinfection [108]. Silver-based nanoparticles were found to have a wide range of
bactericidal and antiviral activities in trials conducted worldwide. By inhibiting surface
glycoproteins, it effectively inhibits viral RNA and reduces virulence [109]. Another benefit
of nano-based hand sanitizers is that they can be made in a non-alcoholic formulation for
customers who dislike alcohol-based hand sanitizers for various reasons [110]. Disinfecting
the air, surfaces, and personal appliances is another strategy for neutralizing this virus [111].
While chemical disinfectants (such as chlorines, peroxides, quaternary amines, and alcohols)
have been used for surface and personal equipment disinfection and sterilization, they are
commonly associated with limitations such as high concentration requirements for viral
inhibition and potential risk to public health and the environment [112,113]. As a result,
metallic nanoparticles (silver and titanium dioxide) have been proposed as alternatives
because of their broad range of applications, environmental and public safety, and efficacy
at low concentrations [114]. Preliminary studies, for example, demonstrated that a coating
of silver nanoclusters and silica composite on face masks had virus inhibition properties
against SARS-CoV-2 [115]. In another instance, the Italian company NanoTechSurface
developed a self-sterilizing solution for disinfecting surfaces using titanium dioxide and
silver ions [116].

Similarly, a company named FN Nano Inc. in the United States has developed a
titanium-based photo-catalytic coating that, when exposed to light, can destroy viruses
by disrupting the viral membrane [116]. Nanomaterial has tremendous possibility as
disinfectants owing to their unique properties. It includes intrinsic antiviral properties such
as the production of reactive oxygen species to destroy viruses as well as photodynamic
and photo-thermal properties. Biodegradable nanomaterials can also help to mitigate the
detrimental impacts of metallic nanomaterials on human health and the environment.
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9. Nano-Based Vaccine Development

Vaccines are biological substances that stimulate the body’s immune system to pro-
duce antibodies and memory cells to resist foreign antigen particles. Immune cells generate
a cascade that kills microorganisms with identical antigens, protecting the body from
infection in the future. Nanoparticle-based vaccinations have diverse functionalities that
can be tailored to specific challenges presented by microbes by boosting cellular immu-
nity [17,82,117].

9.1. Sub-Unit Vaccines

Sub-unit vaccinations are composed of structural components of the COVID-19 virus
combined with molecular adjuvants given to boost immunogenicity by stimulating the
immune system [118]. Spike protein is essential for membrane fusion and receptor binding;
hence a vaccination that targets spike protein is critical. Spike protein-targeted vaccines
prevent infection by pre-blocking the interaction with the ACE2 receptor, limiting the
virus’s membrane fusion by the antibody [119-121]. Nanoparticles are created using
the Novavax® unique recombinant nanoparticle vaccination technology with the spike
protein and identical to immunogenic viruses [122]. In Brisbane, Australia, the University of
Queensland is working on a novel subunit vaccination using “molecular clamp” technology.
This vaccine works by pre-blocking viral protein binding [123]. The nanoparticle-based
sub-unit virus is actively proceeding [124].

9.2. Nucleic Acid Vaccines

The antigen-antibody reaction occurs after the virus has triggered infection. After
infection, the antigen encoded by the several unique nucleic acids is expressed in the
host cell. The nucleic acid vaccine, a very effective vaccination technique, was developed
based on the stated principle. To elicit an effective immune response, the vaccine employs
chemically generated nucleic acid. Messenger ribonucleic acid (mRNA) vaccines have
improved immunogenic characteristics because they can replicate the infectious process.
The effects are maximized by mixing different mRNA in a single vaccination [125,126].
The use of nanotechnology in nucleic acid vaccines aids in vaccine delivery effectiveness.
The introduction of nanotechnology, nanoparticles, such as cationic liposomes, polymeric
nanoparticles, or dendrimer nanoparticles, can improve the stability and delivery efficacy
of nucleic acid-based vaccines [127,128].

9.3. NP-Based Vaccines

Several investigations have shown that nanotechnology is being used to improve
vaccine efficacy. In recent studies, virus-like particles are appropriate for vaccine and
treatment procedure development. Nano-sized virus-like particles having viral character
can be effectively delivered through lymph and capillaries [129,130]. By activating the B
cell and boosting the immune system the nano-sized virus-like particles works in the host
cell, which leads to the development of vaccines of nano-sized virus-like particles [131-133].
Nano-sized virus-like particles effectively prevent viral effects by boosting the immune
system [134,135]. Using recombinant S, membrane, and envelope proteins, the nano-sized
virus-like particles can be synthesized from the tested virus [136]. Nano-sized virus-
like particles have an extensive range of applications and modulate vaccine safety and
usefulness and have purpose-specific advantages [137].

10. Non-Invasive COVID-19 Detection

COVID-19 caused a viral pandemic by impacting the global economy, health system,
transportation, and all elements of human life. The capacity to detect COVID-19 infections
early via a non-invasive approach can function as an epidemic tool for control. Shan
et al. developed a non-invasive intelligent nanomaterial-based hybrid sensor array with
multiplexed capabilities for the detection and monitoring of COVID-19-specific volatile
organic compounds (VOC) mixtures from exhaled breath. The potency of the device was
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investigated in the case control clinical research by the healthcare agencies. The sensor of
the device contains various gold nanoparticles that are coupled to organic ligands. VOC
exposure causes changes in the sensing layer, which might cause the organic ligand to
expand or shrink. The inclusion of inorganic nanoparticles promotes electrical conductivity
production. The changes in the electrical conductivity of the device indicate the presence of
COVID-19 viral agents. The stated test could assist in rapid screening of large populations
due to its simplicity and high sensitivity, and it could also be utilized as a valuable technique
for COVID-19 screening [68]. The investigation of COVID-19 through the VOC mixtures
from exhaled breath by using sensing device, it gives effective diagnosis of COVID-19
virions in less time. COVID-19 dissemination can be efficiently controlled if the device is
integrated with the face mask. To achieve this aim, a concerted effort is required, but still
the global community as a whole should strive for it [138]. Miripour et al. developed an
efficient electrochemical sensor to assess the level of reactive oxygen species (ROS) in a
sputum sample. Over 97% of positive patients were identified, and the sensors confirmed
the diagnosis in under 30 s. During this pandemic, it could be utilized as a significant
companion in rapidly detecting individuals who require additional medical evaluation, but
it might be employed in the future to reduce the number of cases that require a CT-Scan for
COVID-19 diagnosis. COVID-19 early-stage screening could benefit from these enhanced
electronic biosensors [139].

11. Preventive Procedure from Virus

As the spreading of the COVID-19 virus is increasing globally, various guidelines
are being issued by the World Health Organization (WHO) for disease control and pre-
vention [140,141]. It is a personal feeling that virus prevention can be done by taking
some measures and incorporating them into our daily life. In the localities where there
is a widespread transmission of the COVID-19 virus, potential exposures are controlled
by various preventive strategies. Temporary lockdowns are imposed to bring down the
public gathering. Curfews are also being incorporated. A more significant number of
COVID-19 positive cases are detected than these places marked as containment zones or
hot spot regions, where traveling is wholly restricted to prevent further spread of the virus.
Preventive measures are a new strategy to combat the virus. Early detection and proper
diagnosis are necessary to prevent further spread. Preventive measures are chiefly focused
on the isolation of COVID-19 positive patients. The primary strategy to combat the virus
is to frequently wash hands, use portable hand sanitizer, and maintain social distance
anywhere to avoid direct contact with face and mouth.

To create awareness among the general public posters and brochures prepared by
many organizations related to preventing the COVID-19 virus should be widely used in all
areas. The native should be asked to maintain social distancing and should stay at home as
much as possible unless it is necessary to go out. In a public gathering maintaining 2 m
(6 feet) distance from other people should be practiced. Such social distance is designed to
bring down public interactions in a community. Individuals are suffering from infections
and are yet to be identified and isolated [142,143]. By maintaining social distancing, chances
of transmission can be controlled. Social distancing includes closure of offices, schools,
colleges, canceling public gatherings, market suspension, encouraging online classes, office
work from home, online shopping etc. Wearing of a mask by covering the nose and mouth
in public is encouraged in many countries. Mask such as N95, surgical mask, and 3 ply
masks prevents transmission of the virus. Wearing a double mask is encouraged for better
protection. Respiratory hygiene is maintained by covering the face while coughing and
sneezing. Frequent hand washing by soap or hand wash should be practiced, using a hand
sanitizer containing not less than 70% of alcohol is an alternative to handwashing where
water is not available, or handwashing is not possible if our hands are not filthy.

Proper handwashing should be done. We should remove the accessories such as
wristwatches, finger rings before cleaning our hands. We are followed by wetting hands
with water. Then, apply soap or hand washes and rub our hands thoroughly for at least
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20 s and rinsing them well, followed by drying our hands with tissue paper or a clean
towel and using the same tissue to turn off the faucet. Individuals are counseled to avoid
touching their face, especially the nose, mouth, and eyes. We know that cleanliness is next
to godliness. Here to prevent the infection, cleaning and disinfection play a vital role. High
touching areas, including door handlers, window, bedside table, and switches, should be
daily disinfected with surface sanitizers or household disinfectants containing dilute beach
solution. The bathroom and toilet should be cleaned and disinfected regularly using a
dilute bleach solution, having one part of bleach and nine parts of water. Our daily-wear
clothes and hand and bathing towels should be cleaned using laundry soap or detergent.
The wearing of disposable gloves while cleaning is also advised. All these measures should
be taken to avoid the spread of the virus, such as wearing of mask in public, sanitizing
of hands, maintaining social distancing etc. If any symptoms arise, immediately isolate
yourself, consult a physician, check for temperature twice, and take proper care. Moreover,
most importantly, “do not panic”.

12. Future Perspectives for COVID-19 Treatment and Diagnosis
12.1. Theranostic Nanoparticles

The use of nanoparticles has proven to be transformative in the accurate detection
and effective in treating diseases. Nanoparticles with reduced toxicity, chemical flexibil-
ity, electrical charge, and compact design serve to alleviate several issues with generic
medication administration routes. COVID-19 can be treated by focusing on the entry and
life cycle treatment. The virus’s entry into the host cell can be inhibited by preventing
membrane fusion, facilitated by the virus spike protein. We can use therapeutic nanoparti-
cles to pre-block the entry of the COVID-19 virus by reducing the S protein’s interaction
to the host cell. Viruses such as HIV1 and HIV2 [144-146], hepatitis B virus [147-150],
hepatitis C virus [151], influenza A and B viruses [152-154], Herpes simplex virus type 1
and 2 [155-157], EBOV [158], and human norovirus [159] can all be treated with nanotech-
nology, and it is already being utilized commercially. Dexamethasone is a medicine used to
treat the COVID-19 virus developed utilizing nanotechnology and works as an anti-edema
and anti-fibrotic [160].

12.2. Nanotechnology-Based Intranasal Delivery Therapy

Recent research has focused on creating innovative methods for safely and effectively
delivering nanoparticles into the nasal cavity as a therapy for viral infection [161]. Because
the SARS-CoV-2 virus infects the mucosal layer of the nasal cavity and eye, mucosal therapy
is regarded as a viable technique in treating SARS-CoV-2. Nanoparticle delivery through
the nasal canal is thought to be both simple and convenient. It is also non-invasive, and the
nanoparticles are quickly absorbed due to the enormous surface area and the presence of
a sizeable capillary plexus in the cavity [162]. When transporting nanoparticles into the
nasal cavity, factors like form, size, and surface area play a crucial role in ensuring a safe
and effective treatment [163]. Small animals are used in the studies, and nanoparticles are
injected into their nasal cavities. To date, inorganic, organic, and virus-like nanoparticles
have been developed. It assures that the delivery is safe and effective for therapeutic needs.

12.3. Treatment Using Virus-Like Nanoparticles

Capsids composed consisting of structural proteins and adjuvants derived from
viruses are known as virus-like nanoparticles. The capacity of virus-like nanoparticles to
generate an immunogenic motif increases immunogenicity. Virus-like nanoparticles can
also act as adjuvants, and changing the adjuvants can result in a far more potent immune
response than viruses [136,164,165]. Intranasal delivery of virus-like nanoparticles utilizing
the influenza virus has been proven to operate as a vaccine by generating many T cells and
antibodies that can trigger various types of immunological responses to increase immunity
and reduce recurrence [166].
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12.4. Treatment Using Cell-Derived Vesicles

Exosomes and cell membrane-derived nanovesicles have previously been shown to have
the ability to bind and eliminate bacterial toxins [167-169]. On the other hand, biomimetic
synthesis has recently been employed to synthesize cell membrane-derived nanovesicles con-
taining proteins with the same structure and activity as native cells [170-172]. By expressing
high quantities of ACE2 and a large number of cytokine receptors, cell membrane-generated
nanovesicles can engage with host cells for virus and cytokine binding. In investigations,
nanodecoy has been shown to successfully bind and neutralize inflammatory cytokines such
GM-CSF and IL-6 and prevent SARS-CoV-2 proliferation and infection [173,174]. As a result,
using cell membrane produced nanovesicles as a therapeutic alternative to SARS-CoV-2 and
cytokine storms could be a realistic option.

12.5. Pulmonary Delivery Using Nanoparticles Inhalation Aerosols

One of the benefits of administering medicine through the nasal cavity is that it affects
the nasal cavity’s mucous membrane, where the infection is most prevalent. The lungs are
the next target for COVID-19 infection treatment [175-177]. Inhaled aerosols can thus be
utilized as a non-invasive and effective route of delivery. The targeted medication delivery
system in the lungs also decreases the high drug concentration in the blood induced by
oral and intravenous administration methods. A variety of nanotechnologies have been
employed to create NPs that could be employed as lung inhalation aerosols. Drugs are
given directly to the lungs via dry powder inhalers, colloidal dispersions sprays, and
pressured metered-dose inhalers [174]. The delivery of high molecular weight drugs to the
lungs is being studied [178,179]. Other factors to consider when delivering high molecular
weight medications to the lungs include cytotoxicity and biocompatibility.

13. Conclusions

Many people have died due to the COVID-19 outbreak, with casualties coming from all
corners of the world. The grievous nature of this pandemic has uncovered and necessitated
new strategic approaches to curbing disease transmission. Because of the low efficacy
and incidence of disastrous adverse drug reactions, novel COVID-19 therapies must be
developed and implemented. Working on preventative and new technologies to combat
infectious pandemics, which are equally as vital as the curative approach, is crucial when
dealing with pandemics. The nano-based medicines are more effective compared to the
conventional dosage forms. Despite these advantages, it has certain limitation such as
stability, clinical study, primarily toxicity and large-scale production, all of which provide
a challenge to manufacturers. Additionally, biocompatibility, nano-biointerface, safety,
and regulatory issues are among the big obstacles for the manufacturers. As a result,
research must be targeted in order to overcome these complications and produce better
formulations. The different groups of scientists, particularly in nanomedicine, are working
on their development using bioinformatics methods. Scientists have a lot of options when
it comes to regulatory research. It has the potential to gain national and international
exposure. The encouraging findings can also be used to patent the works in a major way.

The diagnosis of SARS-CoV-2 infection is frequently confused as either influenza
or seasonal upper respiratory system viral infections. The following trustworthy, high-
sensitivity, simple, rapid, and cost-effective diagnostic tools, namely RT-PCR, point-of-
care, lateral flow immunoassay, immunochromatography assay, signal amplification, im-
munological assays, antibody-based assays, and antigen-based assay are used for the
confirmation of COVID-19 infection. Furthermore, the study proved the applicability of
nanotechnology-based treatment of SARS-CoV-2 employing diverse nano carriers such
as inorganic nanoparticles, organic nanoparticles, dendrimers, lipid-based nanoparticles,
and polymeric nanoparticles in nano formulations of antiviral drugs. When compared to
traditional dosage forms, these formulations show superior therapeutic efficacy and better
pharmacokinetic attributes. Similarly, nanoparticle-based vaccines, theranostic nanoparti-
cles, nano-based intranasal delivery therapy, virus-like nanoparticles, cell-derived vesicles,
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and pulmonary delivery using nanoparticles inhalation aerosols all boost therapeutic
efficacy significantly. While nanomedicine is a promising tool in the battle against pan-
demics, but it faces substantial challenges in clinical implementation, primarily toxicity
and large-scale production. This review allows researchers to do study and develop better
formulations for treating COVID-19 in society.
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Abstract: Cerium oxide nanoparticles have been used in a number of non-medical products over
the years. The therapeutic application of these nanoparticles has mainly been due to their oxidative
stress ameliorating abilities. Their enzyme-mimetic catalytic ability to change between the Ce>* and
Ce** species makes them ideal for a role as free-radical scavengers for systemic diseases as well
as neurodegenerative diseases. In this review, we look at various methods of synthesis (including
the use of stabilizing/capping agents and precursors), and how the synthesis method affects the
physicochemical properties, their behavior in biological environments, their catalytic abilities as well
as their reported toxicity.

Keywords: neurodegenerative disease; cerium oxide nanoparticles; Parkinson’s disease; oxidative
stress; physicochemical properties; blood-brain barrier; synthesis methods

1. Introduction

During the latter years of the 1960s, scientists dedicated to miniaturized delivery systems
introduced nanoparticle-based drug delivery systems and vaccines [1]. Since that application of
nanoparticulates into medicine, the use of nanomaterials has yielded great advances in the diagnosis and
treatment of numerous pathologies [2,3]. Cerium belongs to a class of lanthanide metals in the periodic
table [4]. In oxide form, cerium has a fluorite structure. The nanoscale form, cerium oxide nanoparticles
retain the fluorite structure with oxygen deficiencies. This yields cerium oxide nanoparticles with
(CeO?7X) vacancies which provide sites for reduction-oxidation reactions. The arrangement of the
surfaces of the fluorite structure determines the catalytic performance of the nanoparticles. The (100),
(110), and (111) are the best possible surfaces on a cerium oxide nanocrystal (see Figure 1 below) [5].
These represent the lattice arrangement of ions (Ce** and O?7) in the fluorite structure. The (111) and
the (100) possess the o-terminal endings, while the (110) arrangement exposes the Ce center and the
Oions [5,6]. These properties enable these nanoparticles to be very useful in industrial applications
such as the removal of carbon monoxide, hydrocarbons, and nitric oxide species from the exhaust
gas. This property is facilitated by the ability of cerium to occur in trivalent (Ce*?) and tetravalent
(Ce**) states [7,8]. Cerium oxide nanoparticles have been shown to mitigate oxidative stress damage,
which has been linked to the development of neurodegenerative diseases such as Parkinson’s and
Alzheimer’s disease. The ability of cerium oxide nanoparticles to switch between valency states enables
them to mimic specific enzyme functions such as superoxide dismutase (SOD), Catalase (CAT) and
phosphatase, oxidase peroxidase, and phosphotriesterase [9,10].
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Figure 1. Crystal lattice and (100), (110), and (111) surfaces of cerium oxide nanoparticles [11], used with
no changes under the terms of the Creative Commons Attribution 3.0 International License (Creative
Commons Attribution 3.0 License).

Cerium oxide nanoparticles are cost-effective and maintain their catalytic properties under harsh
environments (Figure 2). Although they are not naturally occurring enzymes, they possess powerful
SOD-like activities. Their ability to scavenge reactive oxygen species in an enzyme-like fashion renders
them a suitable biocompatible alternative for natural bio-scavengers such as superoxide dismutase [12].
The surface properties of nanoparticles impact on their enzyme mimetic activities. The formation of
nanostructures of cerium oxide alters the oxygen non-stoichiometry ratio of Ce3*/Ce** on the surface of
nanostructures. The activity of cerium oxide nanoparticles correlates with the oxygen non-stoichiometry
of nanoparticles. The SOD-like enzyme-mimetic activities of cerium oxide nanoparticles have been
reported to be dependent on the Ce3* fraction [10,13]. Another report evaluates the surface properties
of cerium oxide nanoparticles using x-ray photoelectron spectroscopy (XPS) and UV-vis. The study
illustrates that treatment of the nanoparticles with hydrogen peroxide decreases the Ce3*/Ce** ratio
which correlates directly with the loss of SOD-mimetic activity [13,14].
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Figure 2. A depiction of some of the causes of oxidative stress and the redox action of cerium oxide
nanoparticles (CNPs) [15], used with no changes under the terms of the Creative Commons Attribution
4.0 International License (http://creativecommons.org/publicdomain/zero/1.0/).

Cerium oxide nanoparticles have also shown catalase-mimicking activities. A recent study
exploring the mimetic activities of these nanoparticles employed the pulsed electron evaporation
as the method of synthesis. The catalase-mimicking activities were measured by the addition of
hydrogen peroxide to the cerium oxide nanoparticle (CNP) suspension and was measured at the
380 nm absorption. Vazirov and coworkers suggested that surface doping of metals onto the CNPs
increases the Ce3*/Ce** ratio and the number of vacancies on the nanoparticle surface [16]. This
consequently increases the points of interaction and reaction on the surfaces of the nanoparticles.
The catalase-like activities are dependent on the Ce** fraction. A study assessed the catalase-like
activities of CNPs using the Amplex Red assay to detect the physiological levels/concentration of
peroxide. The test demonstrated catalase-like activity in the suspension with high levels of Ce**
compared to a suspension with high Ce>* [14,17].

In general, phosphorylation and dephosphorylation mechanisms are very valuable in the
regulation of critical physiological conditions. The process involves the addition and removal
of phosphate groups for energy maintenance. This, in turn, is the fundamental process in the
synthesis of adenosine triphosphate (ATP) molecule. Adenosine diphosphate (ADP) is the hydrolyzed
form of ATP. Upon hydrolysis, energy (H™) is released and the phosphate is used in multiple
cellular applications such as cellular physiological and metabolism. Cerium oxide nanoparticles and
HMT-CNPs (Hexamethylenetetramine-cerium oxide nanoparticles) were tested for phosphate-like
activity. HMT-CNPs decrease the levels of ATPs, thus exhibiting substantial ATPase (phosphatase)
activity. This causes a decrease in cell viability which leads to an increase ADDP, resulting in toxicity [16].

Moreover, pro and antioxidant properties are dependent on the method of synthesis, the ratio
of +3/+4 and their ability to switch between the two species, which most studies have found to
be the increase of this ratio that provides (+3) antioxidant properties after internalization of the
nanoceria [9,18].

2. Synthesis of Cerium Oxide Nanoparticles and Their Properties

Studies have demonstrated different methods for the synthesis of cerium oxide nanoparticles for
different applications. The differences in the conditions of synthesis influence the end product. This
then implies that the resulting nanostructures will possess different physical/morphological as well as
chemical properties, thus affecting the behavior of each. It is very important to consider the intended
application of the nanostructures in order to determine the method of synthesis. The final features of
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the nanostructures are very important, especially in the medical application, as their properties affect
the interaction at the biological interface [19].

While numerous studies have documented the therapeutic and beneficial effects of cerium oxide
nanoparticles, some studies have suggested that cerium oxide nanoparticles may exhibit toxic and
harmful effects on cells [20,21]. However, there are studies that show that the resultant properties
such as pro/antioxidant and toxicity of cerium oxide are mainly dependent on synthesis conditions
such as pH, temperature, and method of synthesis which confer behavior-altering physicochemical
properties such as size/agglomeration, morphology, surface chemistry, and zeta potential [22-25].
These properties then dictate the behavior and therapeutic effectiveness upon application.

2.1. Size of Nanoparticles

In general, the size of nanoparticles enables the delivery of therapeutics across biological
membranes without compromising the integrity of the membrane. Changes in nanoparticle sizes
directly affect their characteristics and behavior. These changes influence biological parameters such
as the biological half-life, diffusivity, and immunogenicity [26]. Decreases in the sizes of the particles
increases the surface area to volume ratio. The large surface to volume ratio influences the catalytic
properties of cerium oxide nanoparticles. The large surface area to volume ratio of minute nanoparticles
enables particles to entrap free radicals on the surface [27]. Studies suggest that as the size of the
cerium oxide nanoparticles decreases it promotes the reducibility and high oxygen storage capacity [28].
The increase in the oxygen vacancies enhances the movement of oxygen through the crystal lattice,
thus assisting in the ability of ceria nanoparticles to oxidize or reduce molecules. It has been reported
that a decrease in the size of cerium oxide nanoparticles correlates with an expansion of the lattice [15].
This arrangement increases the oxygen vacancies on the surfaces of the nanoparticles [29].

A study by Morones and coworkers demonstrated that the smaller the size of the nanoparticles the
more potent the bacterial properties of silver nanoparticles [30]. Eriksson and coworkers demonstrated
that cerium oxide nanoparticles between 3-5 nm offer exceptional antioxidative properties when
doped into gadolinium for MRI imaging [26]. Studies have also identified size as one of the causes
of nanoparticle toxicity. For these reasons, the size of nanoparticles is important in engineering the
desired effects of nanotherapeutics. Zhang et al. were able to control the sizes of cerium oxide
nanoparticles by adjusting a couple of parameters. In order to obtain particle sizes of between 3-12 nm,
they adjusted the reaction times. However, in order to obtain larger nanoparticles, they adjusted
temperature was adjusted between 400-800 °C for 30 min [29]. Dhall and Self suggested that careful
consideration of the interaction of cerium oxide nanoparticles with the biological milieu is needed
when synthesizing nanoparticles for therapeutic intervention [31]. It has also been suggested that the
size of the nanoparticles contributes in the vascular clearance of cerium oxide nanoparticles by the
immune system. “Bare” or un-coated cerium oxide nanoparticles tend to aggregate, which increases the
size. However, applying a stabilizer prevents aggregation and increases the retention time in the body.
This increase in size due to aggregation causes rapid clearance by the reticuloendothelial system [32].
Xu and Qu suggested that the body does not possess mechanisms for clearance of cerium oxide as
it is not naturally produced in the human body [33]. However, when cerium oxide nanoparticles
are ingested, they are not quickly absorbed and they are excreted via feces [32]. Negatively charged
cerium oxide nanoparticles under the size of 6 nm have been also found to be excreted via the renal
system [34].

2.2. Aggregation and Agglomeration of the Particle System

The use and meaning of the words ‘aggregation” and ‘agglomeration” are discipline-specific. Here
we define ‘aggregation’ as strongly bonded or fused collection of particles while ‘agglomeration’
involves loosely clumped nanoparticles (or aggregates) held by weaker van der Waals forces.
The biological environment and nanoparticle physicochemical characteristics (e.g., surface properties,

particle size) are believed to influence the agglomeration and aggregation of the nanoparticles [35,36].
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The Brownian motion is a major factor in this physical behavior as it causes continuous collisions
between the particles. As a result of this agglomeration occurs as the energy of attraction exceeds the
energy of repulsion [37]. The forces involved in the collisions include Born repulsion, diffuse double
layer potential, and van der Waals attraction. It is also known that aggregate size in the solution
depends on properties such as initial particle size and concentration [38]. Also, the aggregate size may
vary among different particle types, zinc oxide nanoparticles (NPs) dispersed in aqueous solutions
aggregate in a wide range of sizes [39-41] whereas TiO2 NPs showed a uniform distribution and
agglomeration [42].

2.3. Particle Morphology

The particle morphology is one of the vital physical properties that are to be considered for
efficacious nano-therapeutics in biological systems (Figure 3) [19]. Interaction between nanoparticles
and biological components can be affected by the morphology of the nanoparticles. Studies have
suggested that the method of synthesis may affect particle morphology. Nanoparticles exist in various
shapes including spherical, polygonal, cube, or rod shapes. Nanoparticles with sharp edges are less
biocompatible as they may inflict mechanical damage on cell membranes and organelles. Particle
shape is known to play an important role in the fate and behavior of manufactured NPs into their
environment. This could be as a result of the differences in diffusion rates of the material change with
the aspect ratio of the material (e.g., higher drag on a tubular structure compared to a perfect sphere) or
because of steric hindrance in the collisions as the morphology limits inter-particular interactions [43].
Several reports have addressed the role of shape and size on cellular internalization [44-46].

I's A
e KNIl .*/ b 3 e
T oo Wag=I0GTKX BV~ 650k SgraA=nlem  bee-t4spr 2010
Wow 2o PN, =607 Thme 158%4

16 Apt 2010
PhoioNo w6742 Time 118082 =

H vt‘; .'
:;El#d!!;t 2

Wh= Smm  PhoioNe.sBI4E  Time 110750

Figure 3. HRSEM images of cerium oxide nanoparticles in different morphologies; (a) nanorods, (b)
nanocubes, and (c) nanospheres [19], used with no changes under the terms of the Creative Commons
Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).
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2.4. Chemical Composition

The chemical composition of the medium is known to have a crucial impact on the electrostatic
surface charge of the nanoparticles, thereby affecting the rate at which these nanoparticles
agglomerate/aggregate and thus affecting nanoparticle stability. Most of the manufactured nanoparticles
nowadays are coated with surfactants to increase the stability of the suspension. The presence of a
surface coating on manufactured NPs may significantly modify their surface chemistry, compared
with the uncoated equivalents [18,47]. Similar kinds of changes may happen when pristine particles
are treated with complex media such as humic acids. For example, adsorption of humic acids on the
surface of small aggregates of silver NPs is known to result in the disaggregation of the NPs [48].
Similarly, using stabilizers on the surfaces of cerium oxide nanoparticle limits inter-particle interactions
which may result in aggregation [21]. The authors also suggest that the application of stabilizers
prevents agglomeration-induced toxicity. Andreescu and colleagues suggested that the environment
to which cerium oxide nanoparticles are exposed to may affect their surface chemistry. The interaction
of the hydrogen ions in the solution as well as the oxygen atoms in the facets of the lattice alters the
surface chemistry of the nanoparticles and consequently alters their catalytic abilities (see Figure 1).
The authors also suggest that the nanoparticle surface chemistry is highly sensitized to components of
an environment such as pH, proteins, oxidizing, and/reducing agents [49]. Szymanski and company
showed that in a biological environment, cerium oxide nanoparticles showed different oxidation
states in different parts of the cells or organelles. Nanoparticles in the intracellular environment
were shown to have a high Ce®*/Ce** ratio compared to those in the extracellular environment. This
suggests that a noticeable reduction of the cerium oxide nanoparticles occurs in the cells. The authors
postulate that differences in pH of the endocytic vesicles (pH = 7.4) versus lysosome (pH = 4.5) may
also be the reason for these differences in surface chemistry [50]. Qi and company synthesized PPEG
(Phosphonated-Polyethylene glycol oligomers) surface modified nano-powder for re-dispersion in
aqueous solutions. The authors showed that the coated cerium oxide nanoparticles were successfully
re-dispersed in various organic solvents such as acetone, chloroform, and ethanol. The complexing
of the oligomer increased the stability of these nanoparticles when compared to their uncoated/bare
counterparts [51]. These examples suggest that the chemical composition of the environment to which
cerium oxide nanoparticles are exposed, impacts the surface chemistry and ultimately the behavior of
the nanoparticles.

2.5. Surface Chemistry and Physical Properties

Redox state: Redox reactions (oxidation and reduction processes) occurring on the surface of
nanoparticles result in an altered crystalline nature. For example, cerium oxide NPs. Cerium occurs in
both trivalent (III) as well as tetravalent (IV) states and has the unique ability to switch readily between
these two states [18,52]. This low energy change confers unique catalytic properties on the cerium
oxide nanoparticles [53]. However, it is known that the oxidation state is spatially variable within an
individual particle and is dependent on size [54], so understanding of the redox mechanism on the
particle surface is crucial.

Zeta potential: ‘zeta potential’ is the potential difference between the dispersion medium and the
layer of fluid attached to the dispersed particle and is often used as an analog for colloidal stability,
although this is only relevant where NPs are charge stabilized.

Solubility/Dissolution: Dissolution is a dynamic process in which the contents of the
dissolving substance migrate from the surface to the bulk solution through a diffusion layer [55].
The thermodynamic parameter that controls this process is described as solubility [56]. Metal-based
NPs such as zinc oxide are known to dissolve quickly and release ions that are themselves known to
be toxic. Thus, the extent of dissolution and the relative toxicities of both the nanoparticulate and
dissolved forms need to be considered to better understand the potential NP effects on organisms over
time [57].
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Surface functionalization of nanostructures has been used to synthesize non-toxic, stable, and
biocompatible nano-therapeutics for applications in various conditions. Polymer chemistry in
nano-therapeutics is a means of improving bioavailability, biocompatibility, solubility, as well as
bio-retention of water-soluble and insoluble therapeutics for biomedical applications [58,59]. A
number of these biodegradable polymers have been applied in the synthesis of multiple stable cerium
oxide nanoparticle-systems [60,61]. Cerium oxide nanoparticles can be covered by hydroxyl groups.
Therefore, biocompatible and biodegradable polymers that intrinsically possess hydroxyl moieties are
capable of stabilizing the CNPs.

Applying the polymers as capping/stabilizing agents can assist in logically controlling the
diameter of NPs [62]. The major challenge of suspending nanoparticles in solution is the ability to
maintain their physicochemical properties. The surface charge of the nanoparticles, the low volume
to surface area ratio of the nanoparticles causes them agglomerate, thus increasing the size of the
particles from nano-range to micro-range [63,64]. This then negatively impacts on their therapeutic
properties. In order to mitigate this, the surface coating is often employed to prevent the particles from
agglomerating. This application of biocompatible coating enhances the solubility of the nanoparticles.
Applying these coatings onto the surface of particles increases the stability and mitigates the toxicity of
nanoparticles for efficient therapy.

2.6. Precipitation Method

Numerous studies have looked at various precursors to synthesize cerium oxide nanoparticles
using the precipitation method, Table 1. Changes in any of the factors such as precursor, pH, and
temperature alter the physicochemical properties of the cerium oxide nanoparticles. Researchers have
investigated and reported on the precipitation method for the synthesis of cerium oxide nanoparticles
using various chemical ingredients. Some of the reagents that are used in the precipitation method
include precursors such as cerium nitrate hexahydrate and sodium hydroxide [26,65,66].

Table 1. Table showing the synthesis of cerium oxide nanoparticles using the precipitation method.

Capping Agent Precursors Particle Size (nm) Morphology Ref.

- Cerium nitrate 9-18 Cubic Hexagonal [67]
hexahydrate

PVP Cerium nitrate 27 Spherical [67]
hexahydrate

MEEETES Cerium nitrate 10 Polyhedral [68]
Samarium hexahydrate

Ethylene glycol Cerium nitrate 5-10 Square [69]
Samarium hexahydrate

Dextran Cerium nitrate 3-5 Spherical [70]
hexahydrate

Sarium Cerium nitrare 10-13 Spherical [22,71,72]

hexahydrate

Metal oxide powders are acquired by the addition of a ligand such as ammonia into solution of
metal ions. In order to obtain a precipitate from this solution or reaction, the point of solubility must
be surpassed. In a study by Chen and Chang, the effect of the atmosphere, as well as the reaction
temperature in the synthesis of cerium oxide nanoparticles, were studied. The precursor aqueous
cerium nitrate and ammonia water were used. The temperature, stirring rate, the atmosphere in the
reaction chamber, and the pH of 9.5 was set. The results suggest that increases in temperature change
the morphology of the nanoparticles from cubic to hexagonal. Increases in oxygen content or/and
decrease in temperature of the reaction atmosphere decreases the size of the nanoparticles [68].
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The application of surfactants, capping, or surface doping agents has also been demonstrated
in controlling the physicochemical and even catalytic properties of nanoparticles. In a study by
Ramachandran and coworkers sought to synthesize cerium oxide nanoparticles with a preferred
morphology. It is to be noted that controlling the resulting morphology of nanostructures can be a
challenging task. In order to synthesize the nanoparticles, the pH was varied between one and 12 in
order to investigate its effect on nanoparticle properties. The synthesis was carried out using cerium
nitrate, polyvinyl/pyrrilidone as a surfactant. The synthesis was conducted at different pH ranges of
between nine and 12. The XPS results suggest that at the pH of 12, the Ce** ion was abundant on the
surfaces of the particles in the sample. The results also showed that the size of nanoparticles with
spherical morphology decreases as the pH increases towards the pH 12 [69].

Cerium oxide nanoparticles possess catalytic, optical, and luminescence properties that have
been assessed in imaging for therapeutics. A number of studies have proven that doping metals onto
the surfaces of nanoparticles may enhance the properties of the nanoparticles. In order to improve
these imaging qualities while maintaining the oxygen vacancies that provide them with their catalytic
properties, Nanda sought to surface modify cerium oxide nanoparticles. In their study, they used
ammonia-induced ethylene glycol-assisted precipitation to synthesize Samarium-doped cerium oxide
nanoparticles (Sm-doped cerium oxide nanoparticles). The dynamic light scattering results from this
study revealed that the nanoparticles had a hydrodynamic size of 236 nm for the Sm-doped nanoparticles.
This was larger compared to that of the (6-{2-[2-(2-methoxy-ethoxy)-ethoxy]-ethoxy}-hexyl)
triethoxysilane (MEEETES)-Sm-doped nanoparticles (MEEETES-Sm-doped nanoparticles), which has
a hydrodynamic size of 116.4 nm [70]. Along with the doped cerium oxide nanoparticles, a hydrophilic
MEEETES was used as a functional moiety on the surface. The application of biocompatible surface
modifying moiety, MEEETES inhibits aggregation and enables dispersion in media. Their results
comparing the zeta potential of the nanoparticles at day 0 and at day 180 showed that the zeta potential
changed from between —11 and —12 mV at day 0 to between —14 and —13 mV on day 180 [71]. These
insignificant changes over a period of 180 days suggests that the zeta potential of nanoparticle can be
stabilized over time by the application of stabilizing/doping agents. These studies also suggest that
using hydrophilic moieties such as MEEETES on the surface of the nanoparticles may influence not
only the hydrodynamic size but also the stability of the zeta potential.

The pH is a vital factor to consider when synthesizing cerium oxide nanoparticles for therapeutic
applications. The pH of environment to which the nanoparticles are applied can affect the catalytic
properties of the nanoparticles. Therapeutic properties of dextran-coated nanoparticles were
investigated in an in vitro study using osteosarcoma cells. The synthesis was carried out using
cerium nitrate solution, 0.1 M dextran and ammonium hydroxide. The resulting product consisted
of spherical particles of sizes between 3-5 nm. The investigation was carried out in an acidic pH of
3, 5, and 6 to replicate the acidic cancerous conditions, neutral pH of 7, and in an alkaline pH of 9.
Characterization of the dextran-coated nanoparticles using XPS showed that the nanoparticles with the
Ce3* oxidation states on there were synthesized using this method. However, the effect of the pH was
observed when the surfaces of the nanoparticles had Ce** in abundance at pH 6 and pH 7. The pH
was also shown to have an effect on the zeta potential. The recorded zeta potential at pH 7 was 0.58
mV compared to that of 16.68 mV at the pH of 6 and 6.32 mV at pH 9. A study by Yan and company
suggests that altering the synthesis pH can alter the morphology and increases the surface area of the
nanoparticles. This shows that applying a capping agent such as dextran and controlling the synthesis
conditions such as pH may yield cerium oxide nanoparticles with predetermined properties and may
enhance the therapeutic properties [72-74].

The abovementioned studies of cerium oxide nanoparticle synthesis using the precipitation
method show that a number of studies use cerium nitrate hexahydrate as a precursor for synthesis.
The morphology was predominantly spherical. Employing the precipitation method produced
nanoparticles with sizes 3-27 nm. The use of capping agents/solvents/doping agents narrowed the
polydispersity of the nanoparticles. The studies also suggest that the synthesis conditions also play a

198



Nanomaterials 2020, 10, 242

vital role in the resulting nanoparticles. Therefore, careful control of the synthesis conditions such as
temperature, concentration of the reactants, pH, atmosphere, as well as stabilizing agents influence the
properties of nanoparticles when employing the simple and economic precipitation method.

2.7. Microemulsification Method

Micro-emulsion is a method that utilizes a polar aqueous medium (water) and a non-polar
aqueous medium (oil) in the presence of a surfactant. This method produces nanoparticles of controlled
size and structure. The application of this method has yielded a number of insoluble products
such as nanoparticles, Table 2, quantum dots of metal oxides, metals, silica, as well as lanthanide
fluorides [75-78].

Table 2. Table showing the synthesis of cerium oxide nanoparticles using the microemulsion method.

Capping Agent Precursors Particle Size (nm) Morphology Ref.
AOT DDAB DTAB  Cerium nitrate hexahydrate/ 6-13 (surfactant) 21 Cubic [75]
Brij35 Cerous chloride (No surfactant)
OP-10 Cerium nitrate hexahydrate 2-6 - [77]
Hexamethyl Cerium nitrate hexahydrate 7-10 Spherical [79]
tetraamine
Ethylene glycol A Cerium nitrate hexahydrate 3-5 Spherical [80]

Properties of nanoparticles are crucial in their function. Some of those properties are surface area
and oxygen storage capacity. Nanoparticles with high surface area and high oxygen storage capacity
enhance the catalytic properties of cerium oxide nanoparticles. However, increased temperature
treatment of between 600-800 °C increases particle size thus decreases the surface area. Bumajdad
and coworkers sought to synthesize cerium oxide nanoparticles with exposed surfaces and high
thermal stability. The microemulsion method included sodium bis(2-ethylhexyl) sulfosuccinate (AOT),
di-n-didodecyldimethylammonium bromide (DDAB), and DTAB+Brij 35 as surfactants. The results
suggested that the application of surfactants in the synthesis process yielded cerium oxide nanoparticles
with high surface area compared to the surfactant-free synthesis. Moreover, application of surfactant
such as DDAB increased the surface area and produced cerium oxide nanoparticles which are stable
at high temperatures. The use of cerium nitrate hexahydrate and cerium chloride heptahydrate as
precursors in the synthesis of nanoparticles, solvents, and surfactants were used at the temperature of
50 °C. After calcination at 400 °C, the XPS results suggest that the surface of the nanoparticles consists
of both Ce** and Ce3*. Upon calcination, the Ce**/Ce3* ratio increased [75].

In a study by Kockrick and coworkers, the team employed the microemulsion method to synthesize
cerium oxide nanoparticles. The nanoparticles were calcined at a temperature of between 100-600
°C and the results suggest a size-dependent catalytic activity. The increase in temperature also
aligns with an increase in size of the nanoparticles and a decrease in catalytic activity. The size was
narrowly controlled using surfactants to between 6-16 nm [76]. In another study, the pH treatment
of the nanoparticles was conducted and the zeta potential was measured. The zeta potential of the
nanoparticles synthesized using this method was negative compared to a positive zeta potential of
nanoparticles obtained from hydrothermal synthesis. The use of NH;OH resulted in the zeta potential
of —16.26 mV. The study also found that positive zeta potential assists in protein adsorption as opposed
to a negative zeta potential [78].

Arya and coworkers used cerium oxide nanoparticles in primary cortical cells as a means of
protection against apoptosis via mitochondrial membrane depolarization. The authors also looked at
the NADH/NAD+ and ATP concentration post cerium oxide nanoparticle treatment. Precursors such
as cerium nitrate hexahydrate and hexamethyltetraamine were used in the microemulsion method
of synthesis. The results reveal that spherical nanostructure with a diameter of between 7-10 nm
was synthesized. The cortical primary cultures were treated with cerium oxide nanoparticles and the
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results suggest that cerium oxide nanoparticles prevented apoptosis by stabilizing the mitochondrial
membrane potential [79].

Masui and coworkers prepared ultrafine cerium oxide nanoparticles with narrow size distribution
and increased oxidative activity using the microemulsion method. The narrow size distribution was
achieved by controlling the concentration of starting reagents. The ultra-fine nanoparticles synthesized
by this microemulsion were not found to have the quantum-size effect. This was seen when the particle
size had no direct and indirect optical energy gaps [80].

Cimini and coworkers investigated the neuroregenerative properties of anti-Af-conjugated
polyethylene glycol (PEG)-coated cerium oxide nanoparticles in a model of oxidative stress-induced
Alzheimer’s disease. The XPS results showed that the amine-functionalized nanoparticles had mixed
oxidation state (Ce**/Ce®*) on the surface. The zeta potential of amine-functionalized was +16 mV for
bare cerium oxide nanoparticles and —37 mV for PEG-functionalized nanoparticles [81].

These studies suggest that the temperature, capping agents, and pH in the synthesis of cerium
oxide nanoparticles using the microemulsion method of synthesis can control and narrow the particle
size, morphology, and catalytic activity of cerium oxide nanoparticles. The various studies mentioned
above show that the particle size was limited to between 2-21 nm. The predominant shape of the
nanoparticles is seen to be spherical.

2.8. Hydrothermal Method

Particle sizes of the cube-shaped nanoparticles increases as the concentration of the solvent
increased from 10-15 M. The hydrothermal method used produced rod-shaped nanoparticles at
temperatures between 70-100 degrees Celsius as shown in Table 3. At a constant temperature of
100 degrees Celsius, the size of the nanosized particles decreased. Upon characterization of the
nanoparticles using the temperature program reduction (TPR), the results showed an increase in the
catalytic activity of nanorods versus nanocubes. This was due to the high concentration of surface
oxygen on the surfaces of the nanoparticles. The high Ce®* on the surfaces of the nanoparticles was
confirmed by XPS analysis [82].

Table 3. Table showing the synthesis of cerium oxide nanoparticles using the hydrothermal method.

Capping Agent Precursors Particle Size (nm) Morphology Ref.
- Cerium nitrate hexahydrate 8-16 Cubes; rods [79]
- Cerium hydroxide/Cerium 5-54 Cubes; amorphous  [81]
acetate

Citric acid Cerium chloride <5 Spherical [82]
Trisodium Cerium nitrate hexahydrate 5-60 Rods; Cubes; [83]

phosphate octahedral

dodecahydrate
Dithio-polydopamine Cerium nitrate hexahydrate L=60 Rods [80]
d=538
- Cerium nitrare hexahydrate 3-5 Spherical; Cubes; [84]
Rods

In a study that applied the hydrothermal method, Tok and coworkers sought to investigate the
use of cerium hydroxide and/or cerium acetate as precursors. Thermal degradation and the duration
of synthesis on the shape and crystallinity were investigated. The authors explored the effects of acidic
(pH 4) and basic (pH 10) pH on the synthesis using either precursor prior to hydrothermal treatment.
The results suggest that the crystalline morphology of the cerium oxide nanoparticles synthesized from
both precursors yielded cubic structured nanostructures across different time-points (0 h, 6 h, 12 h, 18
h, and 24 h). At the 24 h time-point, the results suggest that the cerium acetate-derived/synthesized
nanostructures were larger compared to the cerium hydroxide-synthesized nanostructures. Thermal
treatments of cerium hydroxide-synthesized nanostructures at 500 °C and 1000 °C for 2 h grew
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the crystalline size to 8.8 and 47.4 nm, respectively from 5-6 nm. Thermal treatment of the cerium
acetate-synthesized grew the crystalline size to 17.7 and 53.6 nm, respectively from 10-15nm. The result
also showed that in both precursor-derived nanostructures, agglomeration was observed [83].

Masui and coworkers investigated the application of citric acid as a protectant against particle
growth. The surface of the particles was homogeneously covered with citric acid. Large particles
formed prior to hydrothermal treatment when using Ce (III) salts were smaller in comparison with
synthesis involving citric acid. This is because of the adsorption of citric acid onto the surface of the
nanoparticles, thus controlling the nucleation process. The particle sizes of 5 nm were obtained from
this method, with less agglomeration observed [80].

Cerium oxide nanoparticles with different morphologies were synthesized using hydrothermal
synthesis. Different synthesis parameters such as temperature and concentrations were applied in
order to manipulate the morphology of the resulting nanoparticles. The resulting nanostructures were
nanocubes, nanorods, nano-octahedral, and submicronic cerium oxide nanoparticles. Thus, suggesting
that altering synthesis parameters does alter the morphology and size of the nanoparticles. An analysis
of the nanoparticles using XPS showed an oxidation state of Ce3* on the surfaces of less than 1% [84].

In a different study, Zhang and coworkers synthesized degradable and stimuli-responsive
polymer-coated cerium oxide nanorods for cancer therapy. The authors used dithio-polydopamine for
the coating of the nanorods. The hydrothermal method of synthesis using cerium nitrate in mili-Q
water (18.2 M(2). In order to target cancerous cells, a lactose derivative moiety was attached to the
surface of the nanoparticles. The resulting nanoparticles (spherical, cube, and rods) had hydrodynamic
radii of 370, 194, and 192 nm and a set potential of —9.98, —10.86, and —5.9 mV [85].

Singh and coworkers evaluated the morphology and size-dependent cellular internalization at the
nano-bio interface. The synthesis method used was hydrothermal synthesis. Varying concentrations
of cerium nitrate hexahydrate (0.45-0.6 M) in deionized water were used. The results suggest that
the resulting nanoparticles had a diameter of 3-5 nm. The results also suggest that the concentration
altered the shape of the nanoparticles from spherical to nanorod to nanocube [86].

A myriad of morphologies can result from employing the hydrothermal method. Depending
on the type of solvents, stabilizing agents, and synthesis conditions, resultant nanoparticles possess
different properties.

2.9. Green Synthesis Routes

The green synthesis method is an environmentally innocuous technique that employs naturally
occurring substances such as plant extracts, sugars, biodegradable polymers, and microorganisms in
the synthesis of nanoparticles, Table 4. These naturally occurring components function as reducing as
well as capping agents [87,88].

Table 4. Table showing the synthesis of cerium oxide nanoparticles using the green synthesis method.

Capping Agent Precursors Particle Size (nm) Morphology Ref.
Acalypha indica Cerium chloride 8-54 Eliptical spherical [87]
heptahydrate
Fructose; Glucose; Ammonnium 2-6 Spherical/Agglomerate  [86]
Lactose Cerium nitrate
Hibiscus Sabdariffa Cerium nitrate 3.9 Amorphous [89]
hexahydrate
Egg White Cerium nitrate 25 Spherical [90]
hexahydrate

In a study by Thovhogi and coworkers, physicochemical properties of cerium oxide nanoparticles
synthesis from Hibiscus Sabdariffa flower extract. The green synthesis method yielded nano-spheres
with a diameter of 3.9 nm. An XPS investigation of the oxidation states on the surface of nanoparticles
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post-functionalization was undertaken. The results revealed a low 3+/4+ ratio. This shows the ability
of environmentally friendly-green synthesis to alter the physical properties of nanoparticles [89].

Cerium oxide nanopowder with spherical particle sizes of 25 nm was synthesized using fresh
egg white as a capping agent. The fresh egg white was used to control the particle distribution of
the nanopowder. The eco-friendly capping and stabilizing agent is bio-degradable and possesses
numerous amino acids. The ovalbumin and lysosome are the two major proteins that are available
on the egg white. The interaction of the egg white with water and its ability to associate well with
metal ions make it suitable for application as a shape-controlling stabilizing agent. The cell-viability of
periodontal fibroblast cells treated with a range of CNP concentration of between 12.5-800 pug/mL was
done. The results showed no toxicity of CNP concentrations below 800 pg/mL [90].

2.10. Solvothermal Method

Solvothermal synthesis employs the use of organic solvents in a chamber under high pressure
and temperature to produce nanomaterials of varying sizes, Table 5. Teflon-lined autoclaves are used
as they can withstand high temperature and pressure. Properties such as size were regulated by
manipulating the temperature, reaction time, the concentration of the reagents, as well as the type
of solvent. The 1,4-butanediol prohibited particle growth because of its viscous nature compared to
water. This suggests that the viscous nature of a capping agent/solvent influences particle growth upon
nucleation [91,92].

Table 5. Table showing the synthesis of cerium oxide nanoparticles using the solvothermal method.

Capping Agent Precursors Particle Size (nm) Morphology Ref.
1,4-butanediol Ceric ammonium nitrate 5-10 - [92]
Ethylenediamine Cerium nitrate hexahydrate 2.5-8 - [91]
Ethylene glycol Cerium nitrate hexahydrate - Plate; Spherical [93]

Kar and coworkers sought to synthesize ultra-small, water-soluble cerium oxide nanoparticles
with the application of ethylenediamine as a surface capping/stabilizing agent at room temperature.
The relatively monodispersed nanoparticles of 2.5 nm diameter showed mixed valence on the
nanoparticle surface. The ultra-small particle exhibited a mixed oxidation state/valence on the surface
of the nanoparticles [94]. The use of a solvent controls the physical properties of the cerium oxide
nanoparticles such as morphology, particle size, and crystal growth. In this study, solvents/media such
as water, ethanol, and ethylene glycol at different compositions were used. These were used to control
the morphology, oxygen storage capacity, and electrical properties of cerium oxide nanoparticles. Water
produced plate-shaped nanoparticles, spherical-shaped cerium oxide nanoparticles with a decreased
size of the nanoparticles were produced with a 70:30 (water:ethanol) and the 70:30 (water:ethylene
glycol) which resulted in porous nanoparticles [93].

2.11. Sol-Gel Method

Precursors such as cerium nitrate hexahydrate Ce(NO)3;.6H20 undergo express hydrolysis,
resulting in the production of a cerium hydroxide. The metal hydroxide then undergoes condensation
thus forming a gel, Table 6. The gel is then exposed to a drying process to yield the final product [95].
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Table 6. Table showing the synthesis of cerium oxide nanoparticles using the solvothermal method.

Capping Agent Precursors Particle Size (nm) Morphology Ref.

Diphenyl Cerium nitrate hexahydrate 1.2-35 Spherical; tadpole;  [95]
ether/oleylamine wire

Methanol Cerium chloride 8-30 Spherical; [96]

heptahydrate Sheet-like

Lu seeds Cerium nitrate hexahydrate 21-32 - [97]

Pullulan Cerium nitrate hexahydrate - - [98]

Carrageenan Cerium nitrate hexahydrate 18-60- Spherical [99]

Yu and coworkers used cerium (III) nitrate in a reaction with diphenyl ether as well as
surfactants such as oleylamine to produce nanoparticles with spherical, wire, and tadpole morphology.
The synthesis of nanostructures with different morphologies was achieved by using cerium nitrate and
diphenyl ether in the presence of other surfactants. To obtain spherical morphologies oleylamine was
used at the temperature of 320 °C. Nanowires were obtained from the application of the co-surfactants,
oleylamine, and oleic acid at the temperature of 320 °C. Longer nanowires were synthesized by
the addition of more oleic acid. Tadpole-like nanostructures were synthesized by increasing the
amount of aleylamine in the co-surfactant mixture. The morphology and size of these nanostructures
were synthesized/controlled by altering experimental parameters such as surfactant molar ratio as
well as the duration of the reaction [95]. Another study investigated the effect of methanol as a
solvent and the temperature of 400 °C on the size of nanoparticle morphology and optical properties.
The results showed that the high ratio of UV to visible emission suggested good nanocrystal quality,
i.e., good surface density. Nanoparticles with uniform spherical morphology with a size of 8 nm were
synthesized [96].

A solution of cerium nitrate hexahydrate in a mixture of distilled water and Lu seeds and calcined at
between 400-600 °C. The biosynthesis of these nanoparticles using the Lu seeds provided nanoparticles
with altered physicochemical properties. Elahi and coworkers attached the 99Tc radio-labeller onto
the nanoparticles in order to track the biological mobility/bioavailability of the nanoparticles in vivo.
The results show on agglomerated morphology of the nanoparticles with an average size of 21-32 nm
aligning with the calcination temperature of between 400-600 °C. These suggest that calcination, as well
as the calcination temperature, has an effect on particle size. The smallest size showed no significant
cytotoxicity on A549 cells. A bio-distribution to the kidneys and poor uptake by the stomach and
thyroid were observed on an in vivo study using Wistar rats [97].

Another in vivo study on Wistar rats investigated the toxic effects of sol-gel prepared cerium
oxide nanoparticles. The oxidative stress status, biochemical as well as hematological parameters were
investigated. Pullulan was used as a capping agent to the cerium oxide nanoparticles. The resulting
cerium oxide nanoparticles had a diameter of 12 nm. The results showed that pullulan-mediated
cerium oxide nanoparticles possessed no cytotoxic effects upon acute administration on Neuro2A cells.
There were also no toxic effects observed in the liver, spleen, and other organs. There was no damaged
reported on the relevant antioxidant enzymes. The cerium oxide nanoparticles showed oxidative
stress-protective properties and no hemotoxic effects or tissue damage upon histological analysis [98].

The green synthesis of cerium oxide nanoparticle-embedded hydrogel was conducted.
The hydrogel was synthesized from carrageen as a stabilizing agent for the sol-gel synthesis of
cerium oxide nanoparticles. Nourmohammadi and coworkers investigated the effectivity of carrageen
hydrogel as capping agents on cerium oxide nanoparticles. They also investigated the cytotoxicity
of these hydrogel-embedded nanoparticles on WEHI 164 cancer cells. The synthesis was conducted
using cerium nitrate hexahydrate in double-distilled water and carrageen powder. The resulting
nanoparticles possessed a spherical morphology with an average size of 34 nm. The results also
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showed no significant signs of toxicity in vitro even at high concentrations. However, the cellular
metabolic activity was decreased with an increase in dose [99].

In a different study, starch was used as a capping agent on CNPs. The 6 nm spherical CNPs
obtained were shown to have no cytotoxic effects in an in vitro study using the Neuro2A cell line [96].
The van der Waals forces between the particles increase the particle size during storage and upon
contact with media. This causes the particles to be toxic to cells. Therefore, the application of starch
as a stabilizing agent limited the inter-particular interactions which often result in aggregation and
an increase in particle size. The cell-viability studies demonstrated no toxic effects on CNPs at a
concentration of 5 ug/mL.

2.12. Ball Milling

A laboratory aluminar-zirconia ceramic mill and zirconia balls (ZrO2wt % 95%, diameter 0.5-0.3
mm, Mohs hardness 9) are used to create nanosized cerium oxide powder of 50 nm from cerium oxide
powder with average particle sizes of 7.4 um [100].

In a study by Yadav and coworkers, nanoparticles were produced from micron-sized cerium
powder following 30 h of high energy ball milling, Table 7. The process yielded spherical nanoparticles
with sizes between 8-12 nm with no defects. The conditions that yielded optimum results were noted
to be 30 h of high energy ball milling at ice-cold temperatures [100]. Another study applied poly
acrylic acid (PAA) to use as a dispersant of the cerium oxide nanoparticles. Normally, ball milling
has been shown to produce nanoparticles with a diameter of 210 nm [101]. Li and coworkers used
hydrated cerium carbonate and sodium hydroxide during high energy ball milling. In a different study,
an organic base was used to synthesize cerium oxide nanoparticles with a nearly-spherical shape as
opposed to an inorganic base during ball milling [102]. In this study, by He and coworkers, the use of
PAA reduced the size of the nanoparticles from 128 nm to 50 nm and provided more stable cerium
oxide nanoparticle slurry [103].

Table 7. Table showing the synthesis of cerium oxide nanoparticles using the various synthesis methods.

Synthesis Capping Precursors Particle Size Morphology Ref.
Method Agent (nm)
Ball Milling - Cerium 10 Spherical [104]
powder (5um)
Ball Milling Tetrabutyl Cerium 5-56 Spherical [100]
ammonium ammonium
hydroxide nitrate
Flame spray Folic acid Cerium acetate 7 - [102]
pyrolysis hydrate
Reverse phase Lipid anionic Cerium nitrate 12-230 Spherical [103]
evaporation mixture hexahydrate

2.13. Flame Spray Pyrolysis

In an interesting study, Vassie and coworkers synthesized folic acid (FA)-coated cerium oxide
nanoparticles by flame spray pyrolysis, Table 7. The aim was to investigate whether FA-coated cerium
oxide nanoparticles can modulate intracellular activities and control ROS levels when compared
to bare/uncoated cerium oxide nanoparticles. The liquid precursor, cerium 2-ethylhexanoate in
xylene was used for the experiment. Using a syringe, the mixture was fed through the flame at a
determined rate. Folic acid was also conjugated onto the nanoparticles to form FA-cerium oxide
nanoparticles. The results show cytoplasmic localization of both the FA-cerium oxide nanoparticles
and bare nanoparticles. There was also an increase in the uptake of the FA-coated nanoparticles in
ovarian cancer cells that led to the induction of cell death via an increased concentration of ROS [105].
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2.14. Reverse-Phase Evaporation

Liposome-entrapped cerium oxide nanoparticles were synthesized to enhance their therapeutic
properties, Table 7. Cerium oxide nanoparticles with a size of 12 nm were loaded into liposomes.
The sizes of nanoparticle-loaded liposomes were 230 nm. The liposomes enhanced the lipophilicity of
the cerium oxide nanoparticles. The in vitro toxicity test was conducted on normal human dermal
fibroblast (NHDEF) cells. The study findings showed that the cerium oxide nanoparticle-loaded
liposomes displayed colloidal stability and retained their antioxidant properties [106].

2.15. Reverse Micelle

An in vivo model of cardiotoxicity using rats was created to elucidate the ameliorative effects
of cerium oxide nanoparticles, Table 7. The rat model was created by subcutaneous injection of
isoproterenol hydrochloride (30 mg/kg) in saline. This study compared the ameliorative effects of
Captopril and cerium oxide nanoparticles in oxidative-stress-induced cardiotoxicity. The cerium
oxide loaded reverse micelles with sizes of 5 nm were synthesized. The results showed that cerium
oxide-loaded micelles showed better prophylactic and ameliorative effects of cardio cytotoxicity
compared with Captopril [107].

3. Toxicity and Cytotoxicity of Cerium Oxide Nanoparticles

The toxicity and cytotoxicity of cerium oxide has long been a point of contention
among researchers exploring the application of cerium oxide nanoparticles in biomedicine.
The lanthanide-derived nanoparticles have been applied immensely in industrial or non-medical
applications. These applications include environmental chemistry, cosmetics, gas-emissions, fuel cells,
oxygen sensors, and corrosion protectors [31,33].

Studies have suggested that the successful application of these metal oxides in the abovementioned
fields may not infer positive application in biomedical systems. This is may be due to the complex
nature of physiological systems. The properties of these nanoparticles and the manner in which
interact with the biological milieu needs to be considered in order to synthesize biocompatible
nanoparticles for biomedical application. This is because the properties and the manner in which these
nanoparticles interact with the biological system may have toxic effects [108,109]. A study by Asati and
coworkers investigated the surface charge-dependent internalization of polymer-coated cerium oxide
nanoparticles into normal versus malignant cells. Transformed lung cells A549 and MCEF-7 breast cells
as well as untransformed HEK293 and H9c2 were chosen. Poly-(acrylic acid), aminated poly (acrylic
acid), and/or dextran were applied as coating on the nanoparticles. These polymers furnished the
nanoparticles with different charge characteristics such as negative, positive and neutral, respectively.

The internalization of the nanoparticles was observed in every cell type except the MCF-7
cell line. The negatively charged nanoparticles were internalized in the A549 cell line only and
were not taken up by the MCF-7, thus the toxicity to the A549 lung carcinoma cells. Neutral
nanoparticles were localized in the cytoplasm of all cell types in this experiment and were non-toxic.
The study thus found that factors such as internalization, localization, and surface charge of the
cerium oxide nanoparticles play an important role in the toxicity of cerium oxide nanoparticles [110].
In another study, alkaline-precipitation as well as the inverse micro-emulsion methods were employed
to synthesize ultrafine cerium oxide nanoparticles. Li and coworkers synthesized water-insoluble
(CeO2-P), water-soluble, dextran coated, PAA coated, and EDA coated nanoparticles were synthesized.
The polymers provided different functional groups on nanoparticle surfaces such as -OH, -COOH,
and -NH,. The results suggest a concentration-dependent cytotoxicity. The results also suggest that
the “bare” cerium oxide nanoparticles (without functional groups) induced acute cytotoxicity on
BGC-803 cell lines. The dextran, PAA, and EDA coated nanoparticles showed some viability as high
concentrations (20 mg/mL) [14].
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The toxicity of cerium oxide nanoparticles has also been attributed to their size. The smaller
the size the more toxic they are. This has been suggested to be due to the large surface area to
volume ratio. This means they possess more catalytic activity on the surface, thus making them very
reactive and consequently toxic. Their size may also result in increased internalization into the cells
which may result in toxicity. The tendency of the cerium oxide nanoparticles to agglomerate has also
been suggested to be one of the causes of their toxicity [111]. The interaction of these metal oxide
nanoparticles with their biological milieu may induce toxic effects. The synthesis method and the
storage conditions have also been implicated in their toxicity [112]. These studies suggest that the
physico-chemical properties of cerium oxide nanoparticles as well as the manner they interact with the
biological environment may cause them to be toxic.

4. Conclusions and Future Perspectives

These studies clearly demonstrate the therapeutic effects and the behavior of cerium oxide
nanoparticles in a bio-relevant environment. They also demonstrate the effects of synthesis and
surface modification on the therapeutic effects of cerium oxide nanoparticles in the biological interface.
This highlights the importance of the synthesis method or post-synthesis modifications of cerium oxide
nanoparticles. The application of biocompatible and biodegradable capping and stabilizing agents
clearly prove necessary in the synthesis of nanoparticles that are able to exert therapeutic effects. These
capping agents have to be considered when synthesizing biologically-relevant nanoparticles in order
to avoid unwanted interaction between the nanoparticles as well as between the nanoparticles and
their environment. More studies looking into the therapeutic effects of cerium oxide nanoparticles in
systemic conditions caused inter alia by oxidative stress, inflammation, and bacteria. Therapeutic effects
of these nanoparticles in diseases that require tissue regeneration (scaffolds) need to be further explored.
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Abstract: Application of the poly-e-caprolactone composite sorbent consisting of the micro- and
nanometer fibers for the on-line extraction of non-steroidal anti-inflammatory drugs from a biological
matrix has been introduced. A 100 pL human serum sample spiked with ketoprofen, naproxen,
sodium diclofenac, and indomethacin was directly injected in the extraction cartridge filled with
the poly-e-caprolactone composite sorbent. This cartridge was coupled with a chromatographic
instrument via a six-port switching valve allowing the analyte extraction and separation within
a single analytical run. The 1.5 min long extraction step isolated the analytes from the proteina-
ceous matrix was followed by their 13 min HPLC separation using Ascentis Express RP-Amide
(100 x 4.6 mm, 5 um) column. The recovery of all analytes from human serum tested at three concen-
tration levels ranged from 70.1% to 118.7%. The matrix calibrations were carried out in the range 50
to 20,000 ng mL~! with correlation coefficients exceeding 0.996. The detection limit was 15 ng mL~1,
and the limit of quantification corresponded to 50 ng mL~!. The developed method was validated
and successfully applied for the sodium diclofenac determination in real patient serum. Our study
confirmed the ability of the poly-e-caprolactone composite sorbent to remove the proteins from the
biological matrix, thus serving as an alternative to the application of restricted-access media.

Keywords: restricted access media; nanofibers; microfibers; on-line extraction; biological samples;
column-switching chromatography

1. Introduction

Non-steroidal anti-inflammatory drugs (NSAID) are widely used in pain, osteoarthri-
tis, and rheumatoid arthritis treatment. A mechanism of their action lies in the inhibition
of cyclo-oxygenase enzyme, an enzyme serving prostaglandin biosynthesis. These drugs
play a crucial role in the suppression of the inflammatory response of an organism. The
reduction in prostaglandin levels results in antipyretics, analgesics, and anti-inflammatory
activity of NSAID. The most widely used NSAIDs in clinical practice are acetylsalicylic acid,
paracetamol, indomethacin, ibuprofen, ketoprofen, sodium diclofenac, flurbiprofen, mefe-
namic acid, piroxicam, and nabumeton. Monitoring of NSAID in body fluid is essential for
toxicological and pharmacokinetics studies. Their determination as a part of rational phar-
macotherapy that aims to reduce risks and achieve disease treatment goals is less common.
The levels are specifically monitored either in patients with an impaired renal function
when the insufficient excretion occurs or when non-compliance is suspected [1,2]. The
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pharmaceutical industry is another sector where NSAID are determined in pharmaceutical
formulations to ensure safety and effectiveness of drugs [3].

Numerous methods for NSAID determination in biological fluids including gas chro-
matography [4-6], capillary electrophoresis [7-9], and liquid chromatography [10,11] were
developed over the past years. Although the analytical instruments were designed to
provide increasingly faster and more sensitive analysis, the treatment of the biological
matrixes prior to the instrumental analysis remains the bottleneck in the drug level mon-
itoring [12]. The NSAID are usually determined in plasma, where the direct analysis of
untreated matrix can lead to lower sensitivity, unprecise results, and in the worst case
to irreversible damage of the chromatography column caused by protein precipitation.
Thus, the sample pretreatment step cannot be omitted. This step is mainly based on time-
consuming, laborious, and error-prone methods, such as protein precipitation, solid-phase
extraction, and liquid-liquid extraction that can be potentially hazardous for laboratory
staff [13]. Several approaches have been developed to overcome these shortcomings. The
emphasis has been primarily placed on higher speed, automation, reduced consumption
of organic solvents, smaller sample volumes, and increased selectivity [13,14]. Restricted
access media (RAM) represent one of the applicable methods [15].

RAM sorbents separate the low molecular analytes from macromolecular interferences
mostly via size exclusion effect. This analyte extraction and macromolecules removal
occurs simultaneously after the injection of the untreated biological fluids [15]. The sample
preparation is simplified and the analysis time is shortened while maintaining the desired
extraction efficiency and avoiding column clogging [16]. The extraction mechanism of the
original RAM is primarily based on their two surfaces. The outer surface is covered by
hydrophilic groups avoiding access of macromolecules in the material, and the hydrophobic
functional groups on the inner pore surface that are responsible for analyte retention.
Additionally, the pores in the sorbent material contribute to the matrix removal by the
size-exclusion mechanism [17].

The potential of RAM can be adequately utilized in on-line liquid chromatography
extractions. The RAM cartridges are most often coupled with a column-switching chro-
matography system [16]. This setup was reported several times for NSAID analysis [18,19].
The main component of this system is a double position six-port selection valve that
redirects the mobile phases between both extraction cartridge and analytical column.
The extraction begins after the sample is injected in the cartridge. The undesired matrix
components are removed from the analytes using the washing mobile phase. The column-
switching valve then changes its position to complete the extraction step, and the analytes
are eluted in the analytical column where they are separated using the separation mobile
phase. The washing mobile is meanwhile transferred in the waste container. This process
can be carried out either in a straight-flush or in a back-flush mode differing in the way
the analytes are eluted from the extraction cartridge. They are injected and eluted from
the extraction cartridge in the same direction as washing mobile phase flow in the former
approach while the mobile phase elutes the analytes in the opposite direction to the sample
injection in the latter [20].

Advanced approaches combine the RAM concept with the molecularly imprinted
polymers, magnetism, or supramolecular solvents to enhance selectivity and specificity of
the analyte extraction [21-23]. The use of nanomaterials is also included in these develop-
ments. For example, application of the restricted access nanotubes was reported [24]. We
demonstrated first nanofibers as an alternative to RAM elsewhere [25]. We confirmed that
the composite material produced from poly-e-caprolactone exhibited satisfactory efficiency
in extraction of parabens from human serum and bovine milk. The idea of using nanofibers
as an alternative to RAM emerged as a result of their characteristics. The nanofibers have
a large surface area to volume ratio enabling them to capture considerable quantities of
low molecular weight analytes. In contrast, we speculated that the macromolecules are not
retained because of the curvature of the fibers. The macromolecules appeared not to be
flexible enough to be attached at multiple points to the highly curved nanofiber for their
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sufficient retention. This is not an issue with the low-molecular weight analytes [25]. Addi-
tionally, the large spaces between the fibers support the macromolecule passage through
the sorbent to the waste.

We described the advantages of material combining poly-e-caprolactone micro- and
nanofibers (micro/nano PCL) for the on-line extraction of analytes from milk and serum
matrixes in our previous study [25]. We confirmed the protein removal capability, good me-
chanical stability in the extraction/HPLC system, and re-usability of this sorbent for more
than 300 analyses. The current study extends exploration of the potential of micro/nano
PCL material in therapeutic drug monitoring and a method for NSAID determination
in human serum samples was developed. This method was validated according to the
International Council for Harmonization guideline and used for the determination of
diclofenac content in a real patient serum.

2. Materials and Methods
2.1. Reagents and Materials

Ketoprofen (>98.0%, KET), naproxen (>98.0%, NAP), sodium diclofenac (>98.5%, DCF),
and indomethacin (>98.5%, IND) were purchased from Sigma-Aldrich (Darmstadt, Germany)
and used as model analytes. Phosphoric acid (Honeywell, Morris Plains, NJ, USA), acetoni-
trile (ACN), and methanol (MeOH) (VWR, Paris, France) served as mobile phase modifiers.
The standard solutions were acidified by acetic acid from Penta (Prague, Czech Republic).
The proteinaceous matrix was prepared by dissolution of lyophilized human serum Lyo
hum N (Erba Lachema, Brno, Czech Republic). Water was purified by Millipore Milli-
Q Direct Water Purification System from Merck (Darmstadt, Germany). The composite
poly-e-caprolactone sorbent was fabricated at the Technical University of Liberec from poly-
e-caprolactone (Mw 43.000) provided by Polysciences (Heddesheim, Germany), and chloro-
form (>97%) and ethanol (99.97%) bought from Penta Chemicals (Pardubice, Czech Republic).

2.2. Instrumentation
2.2.1. Column-Switching Chromatography System

A Shimadzu Prominence instrument (Shimadzu Corporation, Kyoto, Japan) equipped
with three LC-20AD Prominence pumps, a DGU-20A Prominence on-line degasser, a SIL
20AC Prominence autosampler, a CTO-20AC Prominence column oven, an SPD-M20A
Prominence UV/VIS photodiode array detector, and a CBM-20A Prominence system
controller was used for the separation and analysis. Switching between the analytical
column and the extraction cartridge was provided via the six-port high-pressure flow line
switching valve FCV-12AH. LC Solution software (version 5.97, Shimadzu Corporation,
Kyoto, Japan) controlled the instrument. The separation of NSAID extracted from the
human serum was carried out on the Ascentis Express RP-Amide (100 x 4.6 mm, 5 um)
analytical column combined with the RP-Amide (5 x 4.6 mm, 2.7 um) guard column (Sigma-
Aldrich, Darmstadt, Germany). The system configuration in extraction and separation
mode is depicted in the Figure 1.

2.2.2. Meltblown and Electrospun Fibers

Poly-e-caprolactone nanofibers and microfibers were fabricated using a process de-
scribed in Supporting Information and was firstly reported elsewhere [26,27]. The melt-
blown equipment (Laboratory equipment J&M Laboratories, Ashland, OH, USA) in com-
bination with DC electrospinning lab-made system based on a multi-needle spinner was
used for the preparation of the fibers. The production equipment consisting of both elec-
trospinning and meltblown systems is depicted in Figure S1 in Supporting Information
section. A scanning electron microscope VEGA 3 (Tescan, Brno, Czech Republic) was used
for the imaging of the fibrous sorbent. The morphology of micro/nanofibrous material is
shown in Supporting Information section in Figure S2.
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Washing mobile

Washing mobile Extraction
phase

2.3. Preparation of Extraction Cartridge

A commercially available PEEK cartridge 4.6 X 10 mm (Merck, Darmstadt, Germany)
was manually filled with 44 mg of the composite micro/nanofibrous PCL. The details
of extraction cartridge preparation and schematic of filling are presented in Supporting
Information section and in Figure S3. The cartridge in a plastic holder was then placed
in the chromatographic system and washed with the mobile phase containing 10% ACN
in 0.085% (v/v) aqueous phosphoric acid for 15 min and neat ACN was then injected six
times. This washing was carried out to ensure complete removal of impurities that could
remain in fibers after their production.

Lo Pump 1
- Switching
valve
Pump 2
P Separation mobile
phase
phase Extraction Analytical
i i
cartridge L column
(! Waste
— Waste
Detector
P 1
Switching ump
valve
Pump 2 Separation mobile

— phase

cartridge Analytical column

. @ waste
Detector

Figure 1. Column-switching chromatographic system in (A) on-line extraction and (B) on-line extraction-separation mode.

2.4. Preparation of Standard and Matrix Solutions

The stock KET, NAP, DCEF, and IND solutions were prepared at a concentration of
1 mg mL~! by dissolving the individual standard substances in MeOH. These solutions
were stored in the dark at 4 °C. The mix stock solution containing 0.2 mg mL~! NSAID
was prepared by mixing the stock solutions. An appropriate volume of the mix stock
solution was diluted with a water—acetonitrile—acetic acid solution (50/48/2, v/v/v) to
obtain standards solutions at seven concentration levels of 50; 100; 500; 1000; 5000; 10,000;
and 20,000 ng mL~!. These solutions were used for the plotting the calibration curve.
Commercially available lyophilized human serum was reconstituted according to manufac-
turer instructions and then diluted ten times with 20% aqueous ACN. This serum solution
was spiked with the mix stock solution to obtain matrix solutions at concentrations of 50;
100; 500; 1000; 5000; 10,000; and 20,000 ng mL ! and these solutions were centrifuged at
14,000x g rpm (21,578 x g) for 15 min. The supernatant was then injected in the chromato-
graphic system and the matrix calibration curve plotted. Matrix solutions were prepared
fresh daily.
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2.5. Real Sample

A real human serum was obtained from a patient administered with 250 mL continual
intravenous infusion containing 75 mg of sodium diclofenac. Blood sampling was carried
out in the Department of Clinical Biochemistry and Diagnostics of the University Hospital
Hradec Kréalové. This real life serum was handled the same way as the matrix working
solutions. First, it was diluted 10 times with 20% aqueous ACN and then centrifuged at
14,000 g rpm (21,578 x g) for 15 min.

2.6. Analytical Method

The analytical run started with the extraction step when 100 pL sample, standard or
matrix solution, was injected in the extraction cartridge filled with micro/nano PCL. The
NSAID were captured by the sorbent while the proteins and other potentially interfering
macromolecular substances were removed by the washing with the mobile phase com-
posed of 10% ACN in 0.085% aqueous H3POy. Simultaneously, the analytical column was
conditioned using the 30% ACN in 0.085% aqueous H3POy. The column-switching valve
redirected this separation mobile phase after 1.5 min in the extraction cartridge. Hereby,
the analytes were eluted in the analytical column and separated using the ACN gradient
increasing the ACN percentage to 45% in 2.5 min and this mobile phase was pumped
through the column for another 1.5 min. Then, the percentage was ramped to 55% in 4 min
and to 75% in 0.5 min. Finally, the ACN percentage decreased to the initial concentration in
1 min at which the analytical column was re-equilibrated for 3 min. The flow rate of both
mobile phases was held on 1 mL min~!. The total analysis time was 15 min. The separated
analytes were detected using the diode array detector. KET, DCF, and IND were monitored
at 270 nm while NAP at 232 nm. The column was held at 20 °C since the micro/nano PCL
dissolve in ACN at higher temperatures [26].

3. Results and Discussion
3.1. Optimization of Chromatographic Separation

We tested ACN and MeOH as organic components of the mobile phase with ACN
produced peaks with a better symmetry. The NSAID drugs are weak acids. Therefore,
0.085% aqueous H3PO, solution pH 2.6 was used as the aqueous part of the mobile phase
to increase the retention in the column. We tested two analytical columns Ascentis Express
RP-Amide (100 x 4.6 mm, 5 um) and Ascentis Express F5 (100 x 4.6 mm, 5 pm) for the
separations. Both columns use the core-shell particles technology improving the efficiency
and reducing the flow resistance in column switching system. However, they are more
susceptible to impurities from proteinaceous samples resulting in an increase in back
pressure and eventually column clogging. Therefore, the Ascentis Express (5 x 4.6 mm,
2.7 pm) guard columns packed with the same stationary phase were inserted in the system
to protect the analytical column. The Ascentis Express RP-Amide analytical column enabled
a better separation of the analytes. Ascentis Express F5 stationary phase was not well
suited because the extensive peak broadening and coelution of ketoprofen-naproxen and
sodium diclofenac-indomethacin pairs as presented in Figure 2.

3.2. Optimization of On-Line Extraction

We reported elsewhere [25] that the removal of proteins from nanofibrous sorbent
using an aqueous mobile phase occurs within the first minute. This finding was confirmed
by monitoring elution at a wavelength of 280 nm that is the absorption maximum for
proteins. Human serum contains in addition to proteins also more lipophilic ballast
substances, such as, for example, lipoproteins and vitamins, that are difficult to remove
from the system since aqueous washing is insufficient. In contrast, a higher concentration
of organic solvents in the washing mobile phase and excessive washing lead to undesirable
losses of desired analytes. Therefore, the composition of the washing mobile phase and the
duration of extraction step had to be optimized to remove most of the lipophilic ballast
molecules without any loss of the analytes. Removal of these compounds using the mobile
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matrix impurities was observed in the chromatogram at 270 nm after 1 min washing.
Extension of the washing time by 30 s resulted in a reduction in the area of the matrix
ballast peaks without reducing the peak areas of analytes. No further improvement was
observed after further increasing the extraction time to 2 min. Thus, the extraction time
was finally held at 1.5 min. Chromatogram of standard solution and spiked serum under
the optimized conditions of extraction and separation is shown in Figure 3.
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Figure 2. Chromatograms of standard solution spiked with 5000 ng mL~! NSAID separated on (A) Ascentis Express
RP-Amide column and (B) Ascentis Express F5 column at a wavelength 270 nm. 1—ketoprofen, 2—naproxen, 3—sodium

diclofenac, 4—indomethacin.
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Figure 3. Chromatograms of (A) standard solution and (B) matrix solution spiked with 1000 ng mL~! NSAID at a
wavelength 270 nm. 1—ketoprofen, 2—naproxen, 3—sodium diclofenac, 4—indomethacin.

3.3. Extraction Efficiency

The analyte recovery from the human serum matrix was compared to the recovery
obtained using extraction from standard solutions and expressed as a percentage value
considering the standard solution being 100%. Figure 4 demonstrates that at levels up to
100 ng mL~!, the analytes are extracted from the serum with an efficiency comparable to
that found for the standard solutions. KET is an exception since its recovery exceeded 100%
at almost all concentration levels. It can be caused by coelution with a matrix interference
that increased the total peak area. This finding reduces the accuracy of the method for KET.
However, the RSD values ranging from 1.16% to 0.017% and the precision is not affected.
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Figure 4. Extraction efficiency of micro/nano PCL sorbent expressed as a percentual recovery of NSAID in human serum.

3.4. Optimization of Injected Sample Volume

Different injection volumes were tested to achieve better sensitivity using UV detection
and to simultaneously determine the protein removing capacity of the extraction cartridge.
The proteins were completely removed in less than 1 min after the injection volumes 10,
25, and 50 pL. The cleaning of up of 100 puL centrifuged serum was achieved in 1.5 min. A
further increase in the injection volume and simultaneous extension of the washing phase
resulted in larger analyte loss. Therefore, 100 uL serum was designated as the maximal
injection volume for the 10 x 4.6 mm i.d. extraction cartridge.

3.5. Validation

The method was validated with respect to the linearity, precision, accuracy, selectivity,
and sensitivity following the ICH Q2 R1 guideline to evaluate the reliability of the re-
sults [28]. The validation parameters were chosen to primarily confirm micro/nanofibrous
PCL applicability for the NSAID extraction since this sorbent is not standardized and
commonly used. The ICH Q2 R1 protocol meets these requirements better than the M10
guideline that is usually used for the validation of bioanalytical methods. The chro-
matographic system suitability test was carried out confirm the suitability of the HPLC
instrument for NSAIDs analysis. Mean values and standard deviations of the retention
time, peak capacity, symmetry factor, resolution, and repeatability of the analytical run
were calculated from results of six injections of standard solutions and evaluated according
to the European Pharmacopoeia recommendations. The results are presented in the Table 1.

Linearity, Accuracy, Precision, and Limits of Detection and Quantification

All samples were measured in triplicate using the optimized conditions. The calibra-
tion curves were established for standard and serum matrix solutions at concentration
levels of 50; 100; 500; 1000; 2000; 10,000; and 20,000 ng mL~1. The linear relationship
between the NSAID quantity and peak area was confirmed for KET, DCFE, and IND in
the concentration range 50 to 20,000 ng mL~!. The calibration curve for NAP was linear
for a range 50 to 10,000 ng mL~!. The correlation coefficient for each drug was exceeded
0.996. Standard and matrix matched calibration curves including regression equations are
demonstrated in Supporting Information section in Figure S4.

The accuracy was determined via the recovery study carried out for all the drugs in
the human serum matrix. The recovery was calculated as a comparison of peak areas of
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NSAID in standard and serum matrix solutions at three concentration levels of 100; 1000
and 10,000 ng mL~! measured in triplicate. The results of recovery also determined the
extraction efficiency for each drug.

Table 1. HPLC system suitability parameters. Sample injection was performed in six replicates.

Ketoprofen Naproxen Sodium Diclofenac Indomethacin

Retention time [min] 6.41 6.82 9.18 10.49

Retention time
repeatability, RSD [%] 0.03 0.03 0.02 0.02
Repeatability of peak

areas, RSD [%] 0.85 0.49 0.21 0.56

Peak resolution 1.82 10.32 5.99

Peak symmetry 1.80 1.63 2.00 1.60

Peak capacity 14.03 13.18 21.65 18.80

The serum solutions were measured six times at three concentration levels of 100;
1000; and 10,000 ng mL ™! for intra-day precision determination. The results expressed
as RSD (%) were determined in a range of 7.89% to 10.24% for a concentration level of
100 ng mL~!, 0.17% to 0.90% for a concentration level of 1000 ng mL~!, and 0.09% to 0.46%
for a concentration level of 10,000 ng mL~!. The inter-day precision was calculated for
three consecutive measurements of matrix spiked with 1000 ng mL~! NSAID in three days.
The results expressed as RSD (%) were in a value range of 3.62 and 7.88%. The lowest
concentration of the calibration curve equaled to 50 ng mL~! (100) was established as a
limit of quantification (LOQ). The limit of detection 15 ng mL~! (LOD) was calculated from
the LOQ value as a tree-folds (30) variation. The results of the validation are summarized in
the Table 2. These results are comparable to those obtained using other methods described
for diclofenac determination, including column-switching [18], protein precipitation [29],
and SPE via commercial sorbent [30] applied as sample preparation procedures.

3.6. Reusability of the Extraction Cartridge

The manually packed extraction cartridge was used during the entire experiments
corresponding to the analysis of more than 100 serum samples. Neither extraction efficiency
nor the back pressure of PCL composite sorbent had changed during these experiments.
Thus, our composite micro/nanofibrous sorbent is better suited for the extensive use in
high-pressure liquid chromatography systems than nanofibers reported elsewhere [31].
The microfibers represent a stable scaffold resistant to the high pressure while, simulta-
neously, the large surface area to volume ratio of the nanofibers contributes to the high
extraction efficiency. Moreover, the cotton-like texture of micro/nano composite material
is easier to manually fill into the cartridge. The durability of our cartridge paralleled our
previous study [20] where we applied 200 injections of 200 puL serum in commercial RAM
LiChrospher RP-18 ADS column without observing a decrease in extraction efficiency.

3.7. Analysis of Real Sample

The real patient serum samples after continual intravenous infusion containing 75 mg
sodium diclofenac were handled as a serum matrix and the content of diclofenac deter-
mined using our method. The diclofenac peak was recognized based on its retention time
and UV spectrum. The calculated concentration of diclofenac was 32.57 ng mL~! in ten
times diluted serum corresponding to 325.7 ng mL ! in the original patient serum. This
result confirmed that the extraction using nanofibrous sorbent is enough sensitive to handle
the real samples. The chromatogram of the patient serum is shown in Figure 5.
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Table 2. HPLC method validation results.

Ketoprofen Naproxen D?:)I‘(i)lflelnmac Indomethacin
Standard calibration range 50-20,000 50-10,000 50-20,000 50-20,000
[ng mL™"]
Correlation coefficient 0.9997 0.9996 0.9999 0.9998
Matr"ir‘l’glﬁaﬁﬁg range 50-20,000 ! 50-10,000 2 50-20,000 ! 50-20,000 !
Correlation coefficient 0.9999 0.9960 0.9999 0.9999
a 8.54 7.89 10.24 8.37
Intra-day precision [%] 3 (<) 0.60 0.90 0.38 0.17
3 0.46 0.29 0.09 0.21
Inter-day precision [%] 4 6.79 3.62 7.44 7.88
a 112.91 4 4.50 94.31 + 4.09 70.07 4 6.20 82.76 + 6.96
Accuracy [%] ® o 118.66 + 0.84 102.28 4 0.46 96.42 +0.15 100.06 + 0.22
s 111.87 + 0.70 94.24 +0.23 93.12 + 0.83 94.81 4+ 0.20
LOD [ng mL~1]® 2.49 24.40 3.58 26.57
LOQ [ng mL~1]7 8.29 81.34 11.92 88.57

1 Each concentration of calibration standard was measured in triplicate; 2 Each concentration of matrix calibration standard was measured in
triplicate. Calibration curves were linear for (1) ketoprofen, diclofenac sodium, and indomethacin at seven concentration levels, (2) naproxen
at six concentration levels; 3 Relative standard deviation (RSD) was calculated from six injections of the matrix solutions spiked with
analytes at concentration levels c; = 100 ng mL ™, c; = 1000 ng mL~! and c3 = 10,000 ng mL~!; # Relative standard deviation (RSD) was
calculated from the average of three injection of matrix solutions spiked with analytes at concentration level ¢ = 1000 ng mL~! for three
days; 3 Accuracy was determined as a method recovery of matrix solutions at concentration levels ¢; = 100 ng mL™!, ¢; = 1000 ng mL ™!
and c3 = 10 000 ng mL~! measured in triplicate.; ® Limit of detection (LOD) was calculated from the signal-to-noise ratio in a 3-fold (30)
variation; 7 Limit of quantification (LOQ) was calculated from the signal-to-noise ratio in a 10-fold (100) variation.
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Figure 5. Standard solution spiked with 50 ng mL~! diclofenac and real patient human serum containing the same drug.
The concentration of diclofenac in real sample was equal to 32.57 ng mL~! in ten times diluted serum.

4. Conclusions

Our study built on previous extraction experiments with micro/nano PCL that had
promising properties enabling the direct extraction of analytes from proteinaceous matrix.
We tested the micro/nano PCL fibers as the extraction sorbent for on-line solid-phase
extraction of NSAID. After the injection of 100 uL human serum matrix, the sorbent
enabled removal of the proteins and the majority of other macromolecular interferences
within 1.5 min. The analyte recovery from the matrix was comparable to that obtained with
the extraction from solutions of standards. This demonstrated that micro/nano PCL is a
promising sorbent for KET, NAP, DCF, and IND even from the proteinaceous matrixes. The
applicability of micro/nano PCL sorbent for the therapeutic drug monitoring was explored
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using a real sample containing diclofenac. The extraction provided good sensitivity even
at low concentrations typical of biological samples and purified them sufficiently. Based
on our results, we expect that the nano/micro fibrous PCL sorbent has a potential to
improve the bioanalytical methods for sample pretreatment in terms of higher effectiveness
at a lower costs compared to commercial RAM. This makes it a valuable tool for the on-
line extraction/chromatography methods developed for the therapeutic drug monitoring
enabling fast, safe, and precise analysis.
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LOD Limit of detection
LOQ Limit of quantification
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NSAID Non-steroidal anti-inflammatory drugs

micro/nano PCL  Composite sorbent containing poly-¢-caprolactone micro- and nanofibers
RAM Restricted access media
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Abstract: Harvesting of microalgae is a crucial step in microalgae-based mass production of different
high value-added products. In the present work, magnetic harvesting of Chlorella vulgaris was inves-
tigated using microwave-synthesized naked magnetite (Fe3Oy) particles with an average crystallite
diameter of 20 nm. Optimization of the most important parameters of the magnetic harvesting
process, namely pH, mass ratio (m,) of magnetite particles to biomass (g/g), and agitation speed
(rpm) of the C. vulgaris biomass—Fe3Oy particles mixture, was performed using the response surface
methodology (RSM) statistical tool. Harvesting efficiencies higher than 99% were obtained for pH 3.0
and mixing speed greater or equal to 350 rpm. Recovery of magnetic particles via detachment
was shown to be feasible and the recovery particles could be reused at least five times with high
harvesting efficiency. Consequently, the described harvesting approach of C. vulgaris cells leads to an
efficient, simple, and quick process, that does not impair the quality of the harvested biomass.

Keywords: Chlorella vulgaris; microwave-synthesized magnetite particles; response surface method-
ology; harvesting process optimization

1. Introduction

Microalgae have been extensively investigated over the past decades as a source for
biofuel production due to their high lipid and carbohydrate yields, as well as being a natural
source of high value-added bioactive compounds such as polyphenols, carotenoids, fatty
acids, and antibiotics [1-3]. Bioactive chemicals derived from natural sources present higher
biological activity and acceptance by consumers compared to the synthetic alternatives [4].

Nowadays, microalgae are of significant importance in the fields of human health,
cosmetics, food, and animal feed. In comparison to terrestrial crop plants, microalgae can
provide higher productivity and photosynthetic performance, and since they can be culti-
vated on infertile land, they do not compete with existing food production methods [5,6].
Of the several major production steps of microalgae components, harvesting is both energy
and time demanding. It is estimated that microalgae biomass harvesting is responsible
for 20-30% of the total biomass production cost [7,8]. Moreover, the harvesting step is
crucial for the downstream process, since it leads to a slurry of highly concentrated solid
matter [9].

Various harvesting techniques have been introduced over the years such as centrifuga-
tion, sedimentation, flocculation, filtration, flotation, and their various combinations. These
methods provide (variable) sufficient harvesting efficiencies, however, they are relatively
energy and time consuming. Furthermore, none of them can be used as an efficient method
for all microalgal cell types, and their application depends on the desired end-product
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of microalgae cells [10,11]. The reduced lipid levels regarding flocculation, as well as
clogging and fouling in filtration, are also considerable disadvantages [12,13]. Moreover,
the added cost of the chemicals used in chemical-flocculation or the microorganisms in
bio-flocculation, along with the potential contamination of the harvested biomass, are
further drawbacks [13-16].

Magnetic separation, which has been extensively used in the food industry, wastewa-
ter treatment, and the steel industry, Refs. [3,17,18] has gathered popularity throughout
the past decade as a method for harvesting microalgal cells. Magnetic biomass harvesting,
which uses micro- or nano-sized magnetic particles and an applied external magnetic field,
is a highly efficient process for cell separation; the method is fast and efficient [17,19-22].
The process is based on the interactions between the magnetic particles and the surface of
the microalgae cells. The magnetic particles can attach to the cells via electrostatic forces, hy-
drogen bonds, acid-base interactions or van der Waals forces, forming magnetic particle-cell
bonding [23]. Key factors affecting the magnetic separation efficiency include cell type and
their growth stage, magnetic particle dosage, pH, ions in the cultivation medium, tempera-
ture, and gradient of the magnetic field [3]. Both naked and surface-functionalized (using
polyacrylamides, chitosan, poly diallyldimethylammonium chloride (PDDA), aminoclay,
polyethylenimine (PEI), 3-aminopropyl triethoxysilane (APTES)) magnetic nanoparticles
have been applied for the harvesting of C. reinhardtii, C. vulgaris, N. salina, N. maritime,
S. dimorfus, and S. ovalternus microalgae, among others [2,3,24-29]. Nonetheless, successful
upscaling of the magnetic harvesting method depends on some important characteristics
of the magnetic particles i.e., their biocompatibility, reusability, and ease of use, as well as
the optimization of the parameters affecting the harvesting efficiency [30].

Chlorella sp. is a microalga rich in vitamins, polysaccharides, minerals, lipids, and other
high-value products [31]. Lutein, a compound with proven anti-cataract properties, is also
found in Chlorella sp., while its extracts exhibit anti-tumor, anti-inflammatory, antioxidant,
and anti-microbial properties, and reduce blood pressure and cholesterol levels [32-34].
As a result, Chlorella sp. is one of the most extensively used microalga in cosmetics,
pharmaceuticals, food, and animal feed industries [31,35].

Although Chlorella sp. holds second place in the global “algal products” market [36],
its harvesting process is still a major challenge. That is why the harvesting of freshwater
microalgae Chlorella vulgaris (using microwave-synthesized Fe;O, magnetic particles) was
examined in this work. The purpose of this study is to develop an efficient C. vulgaris har-
vesting method by examining and optimizing the most important parameters. Specifically,
three harvesting parameters have been investigated, namely pH, mass ratio of magnetite
particles to biomass, and agitation speed; these were characterized using response sur-
face methodology (RSM). Reusability of the magnetic particles, as well as integrity of the
microalgae cells, were also examined. Scanning electron microscopy (SEM) was used to
explore the interactions between the microalgae cells and the magnetic particles, while
the adsorption mechanism of the C. vulgaris cells on the magnetite particles was deduced
by measuring the adsorption isotherm at ambient conditions. Finally, zeta potential mea-
surements were performed in order to examine the separation mechanism of C. vulgaris
microalgae with the aid of the synthesized iron oxide magnetic particles.

2. Materials and Methods
2.1. Chemical Reagents

For the synthesis of the magnetite (Fe3O4) particles, iron (II) sulfate (FeSOy4-7H,0O)
salt (Chem-Lab NV, Zedelgem, Belgium) and sodium hydroxide pellets (NaOH) (Panreac
Quimica, SA) were employed. The cultivation medium of the Chlorella vulgaris strain
was composed of sodium nitrate (NaNOj3), calcium chloride (CaCl,-2H,0), magnesium
sulfate (MgSO4-7H;0), potassium hydrogen phosphate (K;HPO,4-3H,0), sodium chloride
(NaCl), EDTA disodium (Nay;EDTA), iron (III) chloride (FeCl3), manganese (II) chloride
(MnClp) and zinc chloride (ZnCl,) and cobalt chloride (CoCl,) (Sigma—Aldrich, St. Louis,
MO, USA). Potassium dihydrogen phosphate (KH,POy), vitamin B1, and vitamin B12
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provided from Merck (KGaA, Darmstadt, Germany). Deionized water was used for the
solubilization of the chemical reagents. Magnetite nano powder (50-100 nm) was purchased
from Sigma-Aldrich (St. Louis, MO, USA) for comparison with the microwave-synthesized
Fe;04 particles used in this work. A trypan blue assay was performed for examining cell
membrane integrity (Merck, KGaA, Darmstadt, Germany). All the reagents used were of
analytical grade.

2.2. Microwave Synthesis of Magnetite (Fe3Oy) Particles

Magnetic particles were prepared using a simple, rapid, and low-cost precipitation
method that has been previously reported [20,27]. Briefly, 1 g of FeSO4-7H,O was diluted in
100 mL of deionized water at ambient temperature. Gradual addition of 1 M NaOH (with
continuous magnetic stirring) was used to adjust the pH of the solution to 12. As a result, a
black precipitate of Fe(OH), was formed. By adding deionized water, the final volume of
the solution was fixed at 200 mL. The solution was then placed in a common microwave
oven where it was radiated for 10 min at 700 W. As a consequence, the Fe(OH), precipitate
was oxidized to Fe3Oy4. Subsequently, the magnetite particles were collected by employing a
NdFeB magnet (50.8 mm x 50.8 mm x 25.4 mm, Supermagnete, Gottmadingen, Germany)
with 12,600-12,900 G (N40) magnetic induction intensity. Thereafter, the Fe3O4 particles
were washed several times with deionized water in order to remove any residual ions,
dried in an oven at 60 °C under vacuum, pulverized to a fine powder using a mortar and
pestle, and stored in dry conditions for further use.

2.3. Microalgal Strain and Cultivation

Chlorella vulgaris strain (UTEX 1809) was purchased from Culture Collection of Algae
at the University of Texas (Austin, TX, USA). The strain was grown in a medium with the
following composition (per liter): NaNOj, 250 mg; CaCl,-2H,0, 25 mg; MgSO4-7H,0,
75 mg; KoHPOy4-3H,0O; 75 mg; KHyPOy4, 175 mg; NaCl, 25 mg; trace element solution,
6 mL from stock solution; vitamin B1, 0.12 pug; vitamin B12, 0.10 ng. One liter of trace
element solution contained Nay;EDTA, 750 mg; FeCls, 97.0 mg; MnCl,, 41.0 mg; ZnCl,,
5.0 mg; CoCly, 2.0 mg; and NapMoOy-2H,0, 4.0 mg. The pH was adjusted to 6.8-7.0 and
the temperature was controlled at 24 °C. Cell cultures of C. vulgaris were grown in 1000
mL Erlenmeyer flasks containing a culture volume of 600 mL at 150 rpm. The injected
concentration was adapted to an optical density of 0.1 at 600 nm (OD 600nm). Periodic
purity assessment was performed by microscopic examination. The photobioreactor was
illuminated at 50 pmol photon m~2 s~! with 24/7 white LED lamps at the cell culture
surface. C. vulgaris growth was monitored by measuring the OD at 600 nm with a UV-VIS
S-22 BOECO (Shimadzu, Kyoto, Japan) for up to 15 days. All experiments were conducted
in duplicate.

2.4. Characterization of Fe3O4 Particles and Microalgae
2.4.1. X-ray Diffraction of Magnetite Particles and Magnetic Properties

In order to determine the crystallographic structure and phase composition of the
synthesized magnetic particles, X-ray diffraction was employed by using a Brooker X-ray
D8 advance diffractometer equipped with a Cu-Ko radiation source. The radiation of the
specimen was generated at 40 kV and 40 mA at room temperature, with a scanning rate of
0.1° per minute, from 20 28° up to 89°. The phenomenon mean diameter size of the mag-
netite crystallites was calculated via the Debye—Scherrer formula method [37] by exploiting
the obtained XRD raw data using the Diffrac. Suite Eva software. Furthermore, the same
XRD study was performed for the high purity Fe304 nanoparticles purchased from Sigma-
Aldrich, in order to compare the two spectra and deduce on the purity and microstructural
characteristics of the microwave-synthesized magnetic particles. The magnetic properties
of Fe304 were assessed at room temperature using a vibrating sample magnetometer.
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2.4.2. Observation with Scanning Electron Microscopy Coupled with Energy Dispersive
X-ray Spectroscopy (SEM-EDS)

The morphological characteristics of treated and untreated C. vulgaris algal cells,
were studied via scanning electron microscopy (SEM) using an FEI Quanta 200 scanning
electron microscope.

Using the same technique, the C. vulgaris—Fe3O4 interaction was also evaluated. For
this purpose, magnetically harvested C. vulgaris cells were fixed in 2.5% (v/v) paraformalde-
hyde at 4 °C for 1 h, washed in 0.05 M phosphate buffer (pH 7.4), and consecutively
dehydrated in 20%, 35%, 50%, 75%, 90%, and 100% (v/v) ethanol solution [22].

All the aforementioned samples were sputter-coated with Au prior to SEM examina-
tion. Moreover, EDS technique was employed (using an EDAX analyzer) in order to obtain
the elemental compositional analysis of the microalgal cells and the magnetite particles.

2.4.3. Microalgae Analysis

Algae concentration (g L~!) was calculated using a calibration curve of known optical
density at 600 nm and respective dry weights that were determined gravimetrically after
drying the algae cells at 60 °C. The optical density was measured with a UV-VIS 5-22
BOECO spectrophotometer.

2.4.4. Zeta Potential Measurements

The zeta potential values of the prepared Fe;O, particles and the C. vulgaris cells
were measured with the Zetasizer Nano-ZS (Malvern, UK) at ambient temperature and
calculated according to the Smoluchowski equation using the Zetasizer software. In order
to perform these measurements, Milli-Q water was used as the dispersion medium for
the magnetite particles (3 mg L~!) and the microalgae cells (50 mg L~!). The pH of the
mixtures was fixed to 3.0, 5.0, and 7.0 by adding small quantities of aqueous NaOH and
HCI. In each case, at least three zeta potential measurements were recorded, and the
reported values correspond to their arithmetic mean.

2.5. C. vulgaris Magnetic Harvesting Using Fe3Oy4 Particles
2.5.1. Magnetic Harvesting Experimental Procedure

The magnetic harvesting experiments of C. vulgaris biomass were carried out under
ambient conditions in batch mode. The experimental procedure included the following
steps: (a) The pH of the microalgal cultivation was fixed at the desired value through
the addition of aqueous NaOH or HCl solutions, (b) in order to facilitate the flocculation
between the algal cells and the particles, 10 mL of the microalgae cultivation was mixed
with a given amount of magnetic particles for 10 min using a mechanical stirrer operating
at desired rpm, and (c) the flocs were separated from the cultivation medium with the
application of a strong magnetic field, imposed using the same permanent magnet which
was employed during the synthesis of the magnetite particles, for 3 min.

Finally, the harvesting efficiency (HE%) of the process was calculated from Equation (1):

ODy —OD;

HE% =
/ ODyg

@
where, ODy is the initial absorbance of the microalgae cultivation at a wavelength of 600 nm,
and OD; is the absorbance at the same wavelength of the supernatant liquid that separates
from the microalgae-particles flocs after the application of the magnetic field. The ODj and
OD; values were measured with the UV-VIS 5-22 BOECO spectrophotometer.

2.5.2. Effect of Harvesting Process Parameters on Microalgae Magnetic Harvesting Using
Fe30,4 Particles

In order to maximize the harvesting efficiency, the effect of the pH of the mixture,
the mass ratio (m,) of magnetite particles (g)/dry biomass (g) in the algal broth, and
the agitation speed (rpm) of the C. vulgaris cultivation-Fe;O, particles mixture, were
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examined. Three values of pH (3.0, 5.0, and 7.0), three m, ratios (10:1, 12:1, and 14:1) and
three agitation speeds (250, 350, and 450 rpm) were compared. Each separate magnetic
harvesting experiment was performed three times, and the reported HE% results are the
mean values.

Preliminary harvesting experiments aiming to evaluate the effect of the duration
of flocs” magnetic separation were also performed. According to the results, the strong
attachment of Fe3O4 on the cell membrane, along with the application of a powerful
magnetic field, results in the rapid harvesting of the flocculated biomass, therefore the
study of this parameter was excluded.

2.5.3. Experimental Design for Optimization of C. vulgaris Harvesting Using the Response
Surface Methodology

The optimum conditions for magnetic harvesting with Fe;O, particles were estab-
lished using central composite design (CCD) under the application of response surface
methodology (RSM). The RSM is a combination of mathematical and statistical techniques
applicable when several interactive parameters are examined and is considered useful in
order to evaluate the relative significance of the operating factors on magnetic harvesting.
In the present work, based on preliminary experiments, the independent parameters af-
fecting magnetic harvesting were found to be pH, mass ratio, and agitation speed. Thus,
three-level full factorial design (3X) was used, considering these operational parameters.
The experimental design was devised based on the central level (0) between the minimum
(—1) and the maximum levels (+1) of the normalized values. Therefore, twenty experiments
were carried out using different values of the examined factors (Table 1): pH (3.0-7.0),
mass ratio (10:1-14:1), and agitation speed (250—450 rpm). For a complex system, such as
the one under consideration, the response cannot be mathematically expressed through a
first-order or a second-order polynomial equation. Therefore, the results of the harvesting
experiments were fitted to a modified model, and the quality of the fitted model was quan-
titatively assessed by the ANOVA method to characterize the interaction effect between
independent factors and the microalgae-harvesting efficiency.

Table 1. Independent variables and the distribution of their level.

Variables Level —1 Level 0 Level +1
pH 3 5 7
mass ratio (gmagn. / §biomass) 10 12 14
agitation speed (rpm) 250 350 450

Regression analysis and estimation of the coefficients were performed using Design
Expert® trial version 12 software.

2.5.4. Adsorption Isotherms

The elucidation of the adsorption capacity and mechanism of the microwave-synthesized
magnetite particles on the C. vulgaris cells is provided by the adsorption isotherms. In the
present study, two different models—Langmuir and Freundlich—were employed in order
to analyze the experimental data. These models are frequently reported in related literature
as sufficiently accurate to describe the adsorption of magnetic particles on microalgae
cells [19,21].

According to the Langmuir model, the amount of dry algae cells adsorbed per unit
weight of magnetic particles (Q, [g g~ 1), is given by Equation (2):

Ce-Kj

Qe = Qmm

@
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which can be transformed into the following linear form:

¢ 1 C
0~ OnK 0w ©)

According to the Freundlich model, Q. is given by Equation (4):

1
Qe = Kp-C/ €Y

which can be transformed into the following linear form:

1
nQ, = anf—l—@-lnCe (5)

In Equations (2)~(5), Qu [g g~ '] is the maximum adsorption capacity, C, [g L] is the
concentration of the microalgae cells in the supernatant after completion of the harvesting
process, K; [L g~ 1] is the Langmuir adsorption constant, Krlg g~ 1]is the Freundlich constant
(which is related to the adsorption capacity), and 1y [dimensionless] is the Freundlich factor
of the heterogeneity of the adsorption sites.

The adsorption experiments were conducted at ambient temperature in a batch mode
in duplicates. For each experiment, an amount of Fe304 was added to 10 mL of algae
cultivation of known initial concentration (Cy [g L~1]) in order to realize the magnetic
harvesting procedure that is described in Section 2.5.1.

Consequently, the amount of dry algae adsorbed per unit weight of magnetite particles
(Qe [g g7 1) was calculated according to Equation (6).

CO _Cg.v
m

Qe = (6)
where, m [g] is the mass of the magnetic particles used and V [L] is the volume of microalgae
culture used, i.e., 0.01 L.

2.5.5. Reusability of Magnetic Particles

The study on the reusability of the magnetic particles was realized by carrying out
tests with the same (used) particles for cycles, in accordance with the procedure outlined
by Markeb et al. [38]. The magnetic particles and microalgae cells obtained from magnetic
harvesting were mixed with 10 mL of NaOH (0.5 M) and agitated at 200 rpm for 10 min.
The suspension was then sonicated for 10 min. Afterwards, 3 mL of methanol and 3 mL
of chloroform were added, and the solution was sonicated for another 10 min. Following
sonication, the magnetite particles were collected with a permanent magnet, washed three
times, and dried overnight. The detached magnetic particles were used to evaluate the
harvesting efficiency tests under the same conditions in order to investigate their reusability.

2.6. Statistical Analysis

Tukey’s method, based on one factor ANOVA at the 5% confidence level, was used for
the statistical analysis, which was performed with SPSS 15.0.1 software (SPSS Inc., Chicago,
IL, USA). Statistically significant differences were reported when the probability of the
results (p) value is less than 0.05 assuming the null hypothesis.

2.7. Cell Membrane Integrity of C. vulgaris Cells

The cell integrity of C. vulgaris was determined by the trypan blue staining method.
Total of 10 uL of cells were harvested and after addition of 10 uL 1% trypan blue solution
the cells were incubated for 10 min at room temperature. The intact cells (viable) remained
green (no penetration of the trypan blue solution) while the broken cells appeared blue
(stain diffused in the protoplasm).
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3. Results and Discussion
3.1. Characterization of Fe3O4 Particles

Figure 1 demonstrates the X-ray diffraction spectra of the magnetite particles pur-
chased from Sigma-Aldrich (Figure 1a) and the magnetic particles synthesized in this work
(Figure 1b). According to the analysis conducted via XRD software Diffrac. Suite Eva, one
predominant phase was identified, that of magnetite (PDF 02-1035 Fe304 Magnetite), for
both materials.
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Figure 1. X-ray diffraction spectra of (a) commercially available magnetite particles and (b) the microwave-synthesized

magnetite particles.

The noteworthy similarity between the two spectra suggests that they have close
microstructural characteristics. Particularly, regarding the microwave-synthesized mag-
netite (Figure 1b), eight different relatively strong diffraction peaks are displayed in the
XRD spectrum at 2 § 30.10°, 35.48°, 42.96°, 53.71°, 57,17°, 62.77°, 70.80°, and 74.27° which
correspond to the crystallographic planes (220) (311), (400), (422), (511), (440), (620), and
(533) respectively, indicating a cubic inverse spinel structure. Likewise, the same crystal-
lographic planes, can be observed for the commercial magnetite powder (Figure 1a) at
2 0 30.18°, 35.55°, 43.20°, 53.64°, 57,20°, 62.82°, 71.20°, and 74.34°. One more crystallo-
graphic plane is present in the spectrum of commercial magnetite at 2 6 87.36°, namely
the (642). This last plane cannot be identified with certainty in the XRD pattern of the
synthesized magnetite, due to the relatively higher noise encountered. In both cases, it
is clearly observed that five diffraction peaks, namely (220), (311), (400), (511), (440) are
the main ones. The aforementioned analysis of the Bragg reflections for both magnetite
particles was realized by identifying each diffraction peak from the raw XRD data using
the Diffrac. Suite Eva software.

Using the tools provided by the same software, the phenomenon mean diameter size
of magnetite crystallites was calculated according to the Debye—Scherrer equation [37] for
each diffraction peak that was identified. So, an average crystallite diameter size equal to
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20 &+ 4 nm and 20 =+ 3 nm was calculated for the synthesized magnetite and the commercial
one respectively.

For the determination of the magnetic properties of the microwave-synthesized mag-
netite particles, the saturated mass magnetization was determined by vibrating the sample
in a magnetometer. The magnetization loop is illustrated in Figure 2. From these results,
it is evident that the particles follow a unhysteretic loop, illustrating superparamagnetic
behavior at room temperature, thus indicating that their size is below 35 nm [39], which
is verified in our case as the particles demonstrate an average diameter of 20 nm. The
synthesized magnetic particles (Fe304) exhibit saturation magnetization of 60 emu g’l.

70

50

30

Specific magnetization at 22°C[Am? /kg]

-1.00 -0.50 0.00 0.50 1.00
1 H[T]

Figure 2. Magnetization curve for the synthesized Fe3Oy.

Thus, it is concluded that the simple, rapid, and energy-efficient synthesis route
followed in this work leads to the formation of high purity nanocrystalline magnetite,
which is similar in microstructure to the commercially available that was employed as a
means of comparison.

3.2. Algae Harvesting Efficiency Optimization
3.2.1. Characterization of C. vulgaris and Magnetic Particles Interaction Using SEM

Evaluation of the interactions between the microalgae and the (synthesized) magnetic
particles was tested by characterizing C. vulgaris before (control) and after mixing with
the magnetic particles using the scanning electron microscopy (SEM). The morphology of
C. vulgaris cells alone and with magnetic particles, are illustrated in Figure 3. As it can be
seen in Figure 3a, the surface of the untreated cells is smooth and spherical, whereas after
the magnetic harvesting at pH 3.0 (Figure 3c), it can be observed that all the cell surfaces are
fully covered with magnetic particles. The cell surfaces appear rougher and the patterns
that are visible in Figure 3a are not discerned in Figure 3c. This confirms that the amount
of magnetic particles we chose to use is enough to fully cover every single cell. Moreover,
energy dispersive X-ray spectroscopy (EDX) reports the iron peak in Figure 3d, verifying
the presence of magnetite on the cells in contrast to the untreated cells (Figure 3b).
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Figure 3. Scanning electron
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microscopy (SEM) images performed on (a) Chlorella vulgaris cells before magnetic harvesting,

(b) EDX analysis for the elemental composition of the cells where the absence of iron peak is reported, (c) harvested Chlorella

vulgaris cells at pH 3.0, (d) EDX analysis for the elemental composition of the harvested Chlorella vulgaris cells where the

iron peak (arrow) is shown.

3.2.2. Magnetic Harvesting of C. vulgaris

A face-centered (distance of each axial point from the center: alpha = 1) composite
design was developed for modelling and optimizing (statistically) the magnetic harvesting
of C. vulgaris. Twenty experiments were carried out examining the effect of pH, mass ratio
(m;), and agitation speed on harvesting efficiency. The range of the examined parameters
was chosen based on preliminary experiments and corresponding literature. Specifically,
studies on Chlorella vulgaris and related species [2,12,40,41] have been conducted in a pH
range between 2 and 12, while maximum harvesting efficiency was achieved in most cases
at acidic or neutral pH. The Chlorella vulgaris cell walls are very robust and remain resistant
at acidic pH, in comparison to other microalgal species that do not attain such a resilient
cell wall and might be affected. Although harsh conditions can affect the viability of the
cells, the harvesting process followed in this study is very quick, without significantly
affecting the biomass composition. Regarding stirring, low agitation speed values [19,42] of
around 250 rpm [43], or even higher values at 800 rpm [44] have been used for harvesting
Chlorella species. This data led us to choose a pH range from 3 to 7 and an agitation speed
range between 250 and 450 rpm.

The experimental results are presented in Table 2. It is observed that the decrease
of pH, and the increase of the other two parameters, improve the harvesting efficiency.
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Thus, the best experimental harvesting efficiencies higher than 99% were obtained for
pH 3.0 and mixing speed greater or equal to 350 rpm. However, even at a pH similar
to that of the cell culture (pH 7.0), the harvesting efficiency is proved to be satisfactory
(>85%) for m, = 14:1 and an agitation speed of 450 rpm. These results are in agreement
with those reported by Zhu et al. [9] and Bharte and Desai [12], for different Chlorella
species that demonstrated maximum harvesting efficiency in acidic pH, thus verifying
our findings. Analogous studies on C. vulgaris harvesting have shown that harvesting
based on a flocculation method can lead to high harvesting efficiency, but under different
optimum conditions compared to this study. For example, Tork et al. [42] reported a 90%
efficiency at basic pH (pH = 11.7) values using cationic starch nanoparticles. Similarly, in
the study of Leite et al. [40] for Chlorella Sorokiniana, a harvesting efficiency greater than
97% (combined with the appropriate velocity gradient and agitation time) was achieved
under highly alkaline conditions (pH = 12). Moreover, a lower optimal agitation rate of
150 rpm was reported by Almomani [19] and Razack et al. [45] (using as a flocculant iron
oxide nanoparticles and seed powder of clearing nut respectively). However, the above
differences concerning optimal harvesting conditions may be due to the different biomass
and magnetic materials, absence or presence of surface modification etc.

Table 2. Design table formed by RSM—CCD, presenting the experimental conditions and the
experimental values of harvesting efficiency.

Run pH  Mass Ratio Agitation Speed (rpm)  Measured Harvesting Efficiency (%)
1 7 10:1 450 64.7
2 3 14:1 450 99.6
3 3 10:1 250 83.3
4 7 14:1 250 72.3
5 7 14:1 450 87.2
6 7 10:1 250 51.7
7 3 10:1 450 99.4
8 3 14:1 250 87.8
9 5 12:1 350 76.9
10 3 12:1 350 99.2
11 5 12:1 450 88.8
12 5 12:1 250 66.5
13 7 12:1 350 65.0
14 5 12:1 350 76.7
15 5 10:1 350 70.3
16 5 12:1 350 77.9
17 5 14:1 350 92.5
18 5 12:1 350 80.8
19 5 12:1 350 77.6

20 5 12:1 350 77.1

Analysis of variance (ANOVA) was used to determine the relationship between the
dependent (harvesting efficiency %) and independent variables (pH, mass ratio, and
agitation). Transformation of the response was considered necessary in order to bound
harvest efficiency within reasonable limits. The transformation chosen is presented below:

;o y — lower
I m(ﬂPPer—y) 7

where, y stands for the harvesting efficiency (%), lower and upper for the boundaries (40
and 100 respectively), and i’ for the transformed harvesting efficiency.
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Table 3 shows the statistical results of harvesting efficiency for RSM using ANOVA,
while a linear model with respect to the examined factors and their interactions is obtained
as follows:

y = —2473 —2.022% A+ 0.299 % B+ 0.027 % C —0.003 % A C+0.229 % A>  (8)

where, i/’ stands for the transformed harvesting efficiency, A for pH, B for the mass ratio
(8magn. par./ 8biomass), and C for the agitation speed (rpm). It is clarified that through
Equation (8) the relation between the independent variables and the transformed dependent
variable (y') is expressed. The calculated harvest efficiency (y) is finally determined by
solving Equation (7) with respect to y:

100 * e/’ + 40

Y= Tt

©)

Table 3. Analysis of variance results for RSM model regarding harvesting process, where A is pH, B
is mass ratio, and C is agitation speed.

Mean p-Value
Source Sum of Squares df F-Value —
Square Prob > F
Model 51.99 5 10.40 47.58 <0.0001
A-pH 28.47 1 28.47 130.29 <0.0001
B-mass ratio 3.58 1 3.58 16.37 0.0012
C-agitation speed 12.54 1 12.54 57.39 <0.0001
AC 3.21 1 3.21 14.69 0.0018
A? 419 1 4.19 19.15 0.0006
Residual 3.06 14 0.22
Std. Devw. 0.47 R? 0.94
Mean 1.1 Adj R? 0.93
C.V. % 42.52 Pred R? 0.86
PRESS 7.96 Adeq Precision 26.60

The model was evaluated based on the F- and p-values. For an F-value > 1 and
p-value < 0.01, the model under consideration is deemed valid. In the present work, both
the high F-value (47.58) and low p-value (<0.0001) of the model prove its significance and
accuracy. All the factors considered were significant (high F-value and p-value < 0.05).
Specifically, the most important variant is shown to be pH (higher F-value). The obtained
value of R? (0.94) implies the high correlation between the dependent and independent vari-
ables, while the adjusted R is only slightly lower (0.93) and in reasonable agreement with
the predicted R? (0.86). Finally, the adequate precision (26.60) is higher than 4 indicating
that the model can be used to navigate the design space.

The juxtaposition of the predicted against the experimental values of harvesting
efficiency (shown in Figure 4) proves that most of the data points are close to the 45-degree
line, proving the reliability of the model.

3.3. Separation Mechanism

In order to study the possible electrostatic interactions between the algal biomass
and the microwave-synthesized magnetic particles, their zeta potential (¢) values were
measured within the pH range of the magnetic harvesting experiments (pH = 3 to 7). It
was found that both the magnetic particles and the biomass cells attain a negative charge.
In particular, measurements show ¢ values in the range of —17.4 to —33.2, and of —16.6 to
—24.9, for the Fe304 particles and the C. vulgaris cells respectively, in the specific dispersing
medium (Milli-Q water).
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Figure 4. Predicted versus experimental values of harvesting efficiency.

As shown in Figure 5, the zeta potential of the magnetite particles increases with
decreasing pH, whereas the C. vulgaris cell ¢ values remain practically the same as the
pH decreases from 7 to 5, and then increases with a further decrease of the pH. Negative
surface charge of microalgae biomass is expected in acidic solutions due to the presence of
negatively charged groups on the surface of the cells. Concerning the bare Fe3O, particles,
a net negative surface charge has been previously reported [20,46].

Since in the present study the magnetic particles and the C. vulgaris cells are both neg-
atively charged, it could be assumed that the interactions between them are not dependent
on a charge neutralization mechanism. Nevertheless, in any aqueous solution, metal oxide
(MeOx) particle surfaces can undergo the following protonation/deprotonation reaction:

MeOXO~ + HyO "2 MeOXOH "2° MeOxOH,* (10)

Consequently, under acidic conditions and as the pH decreases, an increase of the
positively charged sites on the surface of the metal oxide particles is expected, resulting
in an increase in the zeta potential values [28] without necessarily altering the net charge
of the particles. This is in agreement with the  values obtained here for the microwave-
synthesized Fe;Oy particles. The maximum harvesting efficiency values measured appear
at the lowest applied pH values, i.e., at pH = 3. Hence, this behavior may be attributed
to local electrostatic interactions between positively charged sites on the surface of the
magnetite particles and the negatively charged surfaces of the C. vulgaris cells. This
assumption is further confirmed by the fact that the harvesting efficiency increases with
decreasing pH.

Nevertheless, electrostatic interactions may not be the primary binding mechanism of
the synthesized magnetite nanoparticles with C. vulgaris cells. Particularly, Fe3Oy particles
can be attached to the microalgal cells through hydrogen bonding; due to the protonation
of the magnetite particles under acidic conditions, hydrogen bond donor chemical species
OH,"* formed on Fe304 can interact with hydrogen bond acceptor groups present on C.
vulgaris cells, such as amino or carboxy groups [47,48]. Furthermore, due to the nano-size
of the Fe3Oy particles, a large specific surface area and high surface energy is expected,
characteristics that imply strong adsorption of the particles to the cells [49,50].
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Figure 5. Zeta Potential values of microwave-synthesized Fe;O, particles and C. vulgaris cells at different pH values of the

dispersing medium.

3.4. Adsorption Isotherms

The adsorption isotherms of the synthesized magnetite particles on the C. vulgaris
cells are illustrated in Figure 6a,b along with the fitted curves using the Langmuir and
Freundlich models respectively. The parameters of both models were obtained using the
least squares linear fitting and are presented in Table 4.

Table 4. Parameters estimated using the Langmuir and Freundlich models.

Langmuir Model Freundlich Model
Qulgg™'] K[Lg ] R? Kelgg '] ny R2
22.95 95.10 0.99 41.30 3.81 0.94

The results indicate that the adsorption isotherm of Fe;O4 particles on the C. vulgaris
cells is better described by the Langmuir model of adsorption, according to which, a
full coverage of the microalgae cells by the magnetic particles occurs. The maximum
adsorption capacity, Q, is predicted to be equal to 22.95 g of dry biomass per gram of
magnetic particles. Moreover, the high K; value given by the Langmuir model denotes a
strong attraction between the C. vulgaris cells and the microwave-synthesized magnetic
particles [28]. The adsorption mechanism of Fe3Oy particles on C. vulgaris presented here
has been previously reported for the same microalgae species both on naked and surface
functionalized magnetite particles [19,21].

237



Nanomaterials 2021, 11, 1614

220 (a)
Experimental

200 ——Langmuir model -

18.0 1

16.0

0.0036

Q. [grel

0.0031

14.0 4 / _ 0.0026

o)
20021
g

(3 0.0016

12.0 0.0011

006
0005 0015 0025 0035 0045 0055 0.065
C,[g]

100
0.005 0.015 0.025 0.035 0.045 0.055 0.065

C.le/L]

22,0 (b)
Experimental

~=Freundlich model
20.0 -

Q. [g/g]

14.0

/ ;.ry
12.0 25

485 435 -3.85 2335 -2.85 2238

10.0
0.005 0.015 0.025 0.035 0.045 0.055 0.065

C. [g/L]

Figure 6. Experimental adsorption isotherm of microwave-synthesized magnetite particles on the
C. vulgaris cells at 25 °C, fitted with (a) Langmuir model and (b) Freundlich model; pH =7, rpm = 450,
C. vulgaris cell concentration 0.22 g L~1.

3.5. Regeneration and Reusability of FesOy4 Particles

Both microalgae harvesting and the downstream processing of harvested biomass
(e.g., to obtain biofuels or bio-products) call for recovery and regeneration of the magnetic
particles, alongside testing the cell integrity to ensure the intracellular abidance of bioactive
compounds and thereby their efficient and easy extraction. Our data indicate that the
magnetic particles can be reused for at least five cycles, with less than 20% decrease of the
algae harvesting efficiency—even during the 5th cycle, (Figure 7). This is similar to the
results reported by Almomani [19]. These findings indicate that the regeneration procedure
followed is an acceptable method, since an efficient reusability of the magnetic particles
is observed.
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Figure 7. Chlorella vulgaris harvesting efficiency (initial concentration of 0.22 g L) at five different consecutive cycles.

Analogous studies demonstrated a reusability efficiency of 80% after three cycles with
chloroform: methanol treatments and ultrasonication [51], and at least 85% after five cycles
of acid-base treatment combined with ultrasonication [52]. Markeb et al. [38], using NaOH,
methanol, and chloroform as organic solvents, and ultrasonication, reported a minimum
80% recovery of the magnetic nanoparticles. Treatment with NaOH at pH = 12 resulted in
95% recovery for polypropylene/iron oxide nanoparticles, with the recovered magnetic
particles retained almost the same microalgae biomass harvesting efficiency as per the
newly synthesized ones [53]. An 80% reusability efficiency of cationic surfactant-decorated
iron oxide nanoparticles after microalgae detachment using SDS and sonication has also
been reported [54].

Staining with trypan blue (confirming compromised plasma membranes) verified the
integrity of the bounded cells on the magnetic particles (Figure 8) and confirmed that no
precious intracellular macromolecules were released in the harvesting medium. The trypan
blue staining was performed at the most efficient pH for harvesting efficiency (pH = 3).
Thus, the cells maintain their ability to produce high value-added products suitable for
further use in various biotechnological applications and/or biofuels production.

Figure 8. Trypan blue staining (a,b) on Chiorella vulgaris cells bound with magnetic particles (at pH 3.0) indicates the
integrity of the cell membrane. Intact cells (viable) remained green, without the penetration of the trypan blue solution,
while the broken cells appeared blue as stain diffused in the protoplasm.
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4. Conclusions

Chlorella vulgaris harvesting was assessed using iron oxide magnetic particles synthe-
sized using a Fe (II) precursor with the aid of microwave irradiation. The magnetic particles
were characterized by X-ray diffraction, identifying one predominant phase, namely that
of magnetite, with a mean diameter size of 20 nm. The simple and rapid production route
followed in this work leads to the formation of high purity nanocrystalline magnetite with
a superparamagnetic behavior at room temperature. The adsorption isotherm of the Fe3O4
particles on the C. vulgaris cells at ambient temperature, demonstrated a full coverage of the
microalgae cells by the magnetic particles in accordance with the Langmuir model. Further-
more, the magnetite particles do not impose loss of microalgae cells’ integrity. Response
surface methodology verified the experimental optimum operational harvesting conditions,
namely pH = 3, mass ratio = 14:1, and agitation speed = 450 rpm, under which a harvesting
efficiency equal to 99.6% was achieved. pH was proved as the most crucial variant. The
magnetic particles were successfully detached from the microalgal cells and reused for
five cycles maintaining at least 80% of their initial harvesting efficiency. The separation
mechanism was primarily attributed to the formation of hydrogen bonds between the
magnetite particles and the microalgae cells under acidic conditions and to the expression
of nano-size effects related to the high surface energy and large specific surface area of
the particles. The high magnetic harvesting efficiencies (greater than 99%) obtained at
pH 3.0 and mixing speed greater or equal to 350 rpm using microwave-synthesized naked
magnetite (Fe3Oy) particles, the cell integrity after the harvesting procedure and the ability
to reuse the synthesized magnetic particles for at least five cycles of harvesting, contribute
to the novelty of the present work and indicate that the proposed process is efficient and
very promising.
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Abstract: Increasing attention has been recently paid to the development of nanocomposite materials
for food application as new tool to enhance the mechanical and thermal properties of polymers.
In this study, novel chitosan—clay nanocomposite films were produced as carriers for the covalent
immobilization of papain, by using a fixed amount of chitosan (1% w/v) and a food-grade activated
montmorillonite (Optigel, OPT) or a high-purity unmodified montmorillonite (SMP), in four different
weight percentages with respect to chitosan (i.e., 20, 30, 50, 70% w/w). Both nanoclays (OPT and SMP)
improved the mechanical properties of the obtained nanocomposites, and the OPT films showed the
highest Young modulus and mechanical resistance (0max). The nanocomposites were used as carriers
for the covalent immobilization of papain, which was preliminarily characterized in model wine
towards a synthetic substrate, showing the highest efficiency in the release of the reaction product
when it was bound on OPT-30 and OPT-50 films. Finally, the latter biocatalyst (papain on OPT-50
film) was applied for the protein stabilization of two different unfined white wines, and it efficiently
reduced both the haze potential and the protein content.

Keywords: chitosan; clay; nanocomposite films; papain; covalent immobilization; wine

1. Introduction

The application of enzymes as powerful catalysts in a large number of industrial fields, including
pharmaceuticals and food, allows the development of efficient processes with low environmental
impact [1]. In the wine-making industry, some enzymes have been traditionally used whereas others
have been only recently introduced. Proteases, able to catalyze the hydrolysis of proteins, have been
proposed as a selective alternative to the conventional bentonite fining for removing the haze-forming
proteins, which are responsible for haze formation in white wine under post-bottling conditions.

In recent decades, immobilization techniques have been successfully applied to enhance enzyme
properties, in particular stability and reusability [2]. The material employed for the support preparation
is of fundamental importance in the immobilization process, affecting the catalytic properties of the
produced biocatalyst. A wide range of inorganic and organic materials, as well as composites, may
be applied as carriers for enzyme immobilization [3,4] in different shapes (e.g., films [5], beads [6,7]
and fibers [8]). Recently, increasing attention has been paid to organic-inorganic composite materials
for food application. Regarding composite films as supports for enzyme immobilization, Yang et
al. [9] reported that the chemical and thermal stability of organic membranes could be enhanced by an
inorganic phase. The latter usually allows the stabilization of enzyme—-support interactions [10].
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Among biopolymers, chitosan (CS, a linear polysaccharide made of N-acetyl-p-glucosamine
and p-glucosamine units [11]) is the most commonly used for the production of immobilization
supports as it is, as well as in composite/nanocomposite forms [2], to be applied in the food and
pharmaceutical industries.

Several studies have been aimed at improving the mechanical and thermal stability of neat CS
films [12-14] by seeking CS-based nanocomposites, with the addition of specific nanoparticles to enhance
the aforementioned properties [3,13,15]. The nanomaterials dispersed within the chitosan matrix, e.g.,
nanoclays, carbon structures, and metal/metal oxides, via physical or chemical interaction [16], allow
not only to enhance the physical, mechanical, and thermal stability but also to endow the composite
with their intrinsic features, e.g., high specific surface area [11].

Among the nanoparticles, clay is a fine-grained soil material that contains metal oxides or
hydroxides with traces of organic matters. Due to its smallest dimension, excellent colloidal
properties [11], and ability to interact with CS by electrostatic force, clay has been used for the
preparation of CS—clay nanocomposites through adsorption, gelation, or intercalation [13,17].

Recently, CS—clay nanocomposite films have been prepared by using different nanoclays (i.e.,
bentonite, sepiolite and montmorillonite (MMT)) and have been applied as supports for the covalent
immobilization of stem bromelain in wine production [13,15]. In our previous works, we proposed
nanocomposites based on CS and nanoclays in very low concentrations (1-5% w/w) [12] and systems
based on CS and nanoclays in high concentrations (70-80% wj/w) [14], maintaining, in both cases, the
total weight of the composite constant. Papain from Carica papaya L. latex (EC 3.4.22.2), a cysteine
protease applied in brewing for the removal of chill haze [18] and for the clarification treatment
of pomegranate juice [19], has been covalently immobilized on CS. Moreover, Benucci et al. [20]
immobilized papain on commercial chitosan beads by direct linkage for the protein stabilization of
white wines.

This study was focused on the production of novel CS—clay nanocomposite films, using a fixed
amount of CS (1% w/v) and a food-grade activated MMT (Optigel, OPT) or a high-purity unmodified
MMT (SMP), in four different weight percentages with respect to CS (i.e., 20, 30, 50, 70% w/w), as
carriers for the covalent immobilization of papain.

The physical properties, in terms of the morphology, thermal stability and the mechanical behavior,
of the produced nanocomposites were investigated. Finally, the catalytic properties of immobilized
papain were tested in synthetic wine and its effectiveness in protein stabilization was investigated in
real white wines.

2. Materials and Methods

2.1. Enzyme, Chemicals and Wines

Papain from Carica Papaya latex (EC 3.4.22.2), shellfish-derived chitosan (CS) powder (low
molecular weight 50-190 kDa; percentage of deacetylation 75%), glutaraldehyde (GDH, 25%
v/v), and glycerol (>99.5%) were obtained from Sigma-Aldrich (Milan, Italy). Two different
nanoclays, i.e., activated food-grade montmorillonite (Optigel, OPT) and high-purity unmodified
montmorillonite (SMP), were kindly provided by BYK Additives GmbH (Wesel, Germany) and
Zhejiang Fenghong New Material Co., Ltd. (Huzhou, China), respectively. The selected synthetic
tripeptide chromogenic substrate (Bz—Phe—Val-Arg—p-nitroaniline (pNA)), applied for the kinetic
characterization of immobilized papain, was purchased from Bachem (Bubendorf, Switzerland). All
the other chemicals were of analytical grade (Sigma Aldrich, Milan, Italy). Manzoni and Sauvignon
Blanc unfined white wines (vintage 2018) were kindly provided by Casale del Giglio winery (Le
Ferriere, LT, Italy) and their oenological parameters are summarized in Table 1.

244



Nanomaterials 2020, 10, 1622

Table 1. Oenological parameters of the unfined Manzoni and Sauvignon Blanc wines.

Manzoni Sauvignon Blanc

pH 3.37 £ 0.01 3.34 +0.01

Total acidity (g/L tartaric acid) 6.00 + 0.05 6.00 + 0.05

Alcohol level (% v/v) 11.2+0.3 132+ 0.2
Free SO, (mg/L) 6+1 10+1
Total SO, (mg/L) 302 48 +3
Total phenols (mg/L catechin) 217 £ 1 219 + 4
Total protein (mg/L) 465 + 43 120+ 7
ANTU Indexg 600 + 11 116 + 8

A Nephelometric Turbidity Units (NTU) Index, difference between the turbidity of the initial wine and that of the
wine after the heat test.

2.2. Preparation of CS—Clay Nanocomposite Films by Solvent Casting

CS—clay supports were obtained by solvent casting technique, using low molecular weight CS
(1% w/v) blended with glycerol (CS:glycerol 75:25, in %w/w) [5], and adding two different nanoclay
types, i.e., OPT and SMP, in four different weight concentrations (i.e., 20, 30, 50, 70% w/w). The set-up
procedure was reported elsewhere [5]. Briefly, nanoclays aqueous suspensions were prepared by
ultrasonication using Sonics Vibracell CV33 (Sonics & Materials Inc., Newtown, CT, USA) in the
following conditions: power 750 W, frequency 20 kHz, amplitude 30%, time 30 min. Afterwards,
acetic acid (2% v/v), glycerol and CS were added and the mixtures were maintained under continuous
magnetic stirring overnight. The final suspensions were solvent cast onto plastic Petri dishes, in a
fume hood, and dried at room temperature for 48 h. Furthermore, as a reference, a system composed
of only CS and glycerol was produced. The obtained samples were designed as Clay-free for the
CS/glycerol-based film and OPT-x and SMP-x in the case of clay-loaded composites (where x is the
w/w percentage of the used nanoclay with respect to the CS, i.e., 20, 30, 50, and 70% w/w).

2.3. Physical Characterization of CS—Clay Nanocomposite Films

The produced films were morphologically, thermally and mechanically analyzed by Field-Emission
Gun Scanning Electron Microscope (FEG-SEM, Leo Supra 35, Carl Zeiss SMT Ltd., Cambridge, UK),
differential scanning calorimetry (DSC, TAInstruments Q2000, New Castle, DE, USA) and uniaxial
tensile tests (Lloyd LRX, Lloyd Instruments Ltd., West Sussex, UK), respectively. In detail, the SEM
micrographs were acquired on gold-coated samples, applying a voltage of 3-5 kV. DSC measurements
were carried out between 25 and 400 °C (heating rate 10 °C-min~"), in a nitrogen atmosphere (N flow
rate 50 cc:min~!), using a sample weight of ~5 mg. For the mechanical investigation, the ASTM D1708
and ASTM D882 standards were followed, and the nominal specimen cross-section was considered for
the measurement of all mechanical features. Dog-bone specimens (width 4.8 mm, length 22.25 mm)
were obtained from the produced films. The tests were performed at 1.2 mm-min~!, using a 50 N load
cell. All measurements were taken in triplicate.

2.4. Papain Immobilization on CS—Clay Nanocomposite Films

Before enzyme immobilization, the CS—film samples were neutralized by overnight shaking in
26% (v/v) ethanol-NaOH 2 M solution and then cut into squares (10 mm x 10 mm) with a razor blade.
The immobilization procedure was performed as briefly reported in the following [13]. The film surface
was activated by adding 1 mL of 3% (v/v) GDH as a cross-linker, and keeping at room temperature
under constant agitation (120 rpm) for 2 h. The activated films were thoroughly washed with distilled
water; thereafter, 1 mL of papain preparation (0.12 mgpotein/mL solubilized in the tartaric buffer) was
added. After the overnight incubation (150 rpm at 20 °C), the obtained biocatalysts were carefully
washed with tartaric buffer, and then left to stand for 20 min in 0.1 M glycine solution. At the end
of the immobilization procedure, the biocatalysts were washed three times with 2 M NaCl solution
to remove all non-covalently bound proteins. The immobilization yield (IY, %) was calculated as the
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difference between the protein concentration in the enzyme solution, before and after immobilization.
The protein concentration was evaluated by the Bradford method [21] using bovine serum albumin
(BSA) as a standard protein.

2.5. Proteolytic Activity Assay

Proteolytic activity toward the tripeptide chromogenic substrate (Bz—Phe-Val-Arg—pNA) was
tested in model wine (0.03 M, tartaric acid/sodium tartrate solution pH 3.2, containing 12% v/v of
ethanol) at 20 °C, as reported by Benucci et al. [13].

2.6. Kinetic Characterization of Immobilized Papain

A kinetic study of papain immobilized on CS—clay nanocomposite films was carried out in model
wine, fortified with Bz—Phe-Val-Arg—-pNA substrate (0-750 pM). Kinetic parameters (Vmax and Ky
(Michaelis—-Menten constant)) were determined according to the Michaelis-Menten equation using
a non-linear regression procedure (GraphPad Prism 5.01, GraphPad Software, Inc., San Diego, CA,
USA). Moreover, ket (furnover number) and K, (affinity constant) were calculated as described by
Benucci et al. [13].

2.7. Wine Stabilization Treatment in the Batch-Scale Stirred Reactor

Ten milliliters of each white wine were treated using the immobilized biocatalyst in a
laboratory-scale stirred reactor (120 rpm, 20 °C) for 24 h. Trials were performed in triplicate, in
three different stirred reactors, in order to obtain three independent replicates. To investigate the
potential absorption effect of the CS—clay nanocomposite films, a blank correction was made using the
supports covered with protease firstly immobilized and then deactivated with NaOH 16 N.

2.8. Wine Protein Content Determination

The total protein content of both white wines, before and after the enzymatic treatment in
the laboratory-scale stirred reactor, was determined using the potassium dodecyl sulphate method,
according to Gaspar et al. [22]. All measurements were made in triplicate.

2.9. Heat Test

The protein stability of both white wines, before and after the enzymatic treatment in
laboratory-scale stirred reactor, was investigated by heat test, incubating the wines at 80 °C for
6 h, and then keeping them at 4 °C for 16 h [23]. Haze formation was measured using HD 25.2
turbidimeter (Delta Ohm, Padua, Italy), and the turbidity was expressed in nephelometric turbidity
units (NTU). Wine stability was calculated as the difference in the wine NTU after and before the heat
test (haze potential). The turbidity removal yield (TRY (%)) was expressed as the percentage of haze
potential decrease due to the proteolytic treatment. All measurements were made in triplicate.

2.10. Statistical Analysis

One-way completely randomized analysis of variance (ANOVA), with an EXCEL® Add-in macro,
was employed to analyze the data, obtained from the average of three replicate measurements. Then, a
Tukey honestly significant difference (Tukey HSD) post-hoc test (p = 0.05) for the multiple comparisons
of samples was applied.

3. Results and Discussion

3.1. Physical Properties of CS—Clay Nanocomposite Films

All the samples were morphologically analyzed. As an example, the SEM micrographs of SMP70
and OPT70 are compared in Figure 1. Two very different filler distribution behaviors were observed.
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OPT clays were better dispersed, promoting a more uniform and homogeneous surface. On the
contrary, the SMP addition induced the development of several agglomerates, leading to a very rough
surface, characterized by several defects (Figure 1).

Figure 1. SEM micrographs of the food-grade activated montmorillonite (Optigel, OPT) and high-purity
unmodified montmorillonite (SMP) powders, and the OPT- and SMP-based films.

The influence of OPT and SMP on the thermal properties was explored by DSC measurements. In
Table 2, the acquired thermal properties are collected and the DSC thermograms of OPT20 and SMP20,

as an example, are compared to that of the clay-free sample in Figure 2.

Table 2. Thermal properties of the chitosan and nanoclay-based supports.

OPT SMP
20 30 50 20 30 50

Ts (°C) 121+ 0.5 118+04 124+0.7 111+06 118+04 115+04 105+0.3
Td (°C) 287 +12 274+13 272+09 260+1.0 279+11 280+14 284+15
AHpy (J/g) 259+15 259+14 238+12 142+09 274+11 296+13 335+20

Clay-Free

—a— Clay-free
8 —e— OPT20
—&— SMP20

Endo —

Heat flow

0 100 20 00 0
Temperature (°C)

Figure 2. Differential scanning calorimetry (DSC) thermograms of Clay-free, OPT20 and SMP20 samples.

In all cases, two main peaks, one endothermic and the other one exothermic, were detected at
approximately 105-120 °C and 235-335 °C (Table 2), respectively. The first one was ascribed to the
dissociation process of interchain hydrogen bonding of CS (Trp) [24,25], whereas the second one to
CS decomposition (Tq) [26-28]. In all the composite systems, a decrement of Typ temperature was
revealed, compared to Clay-free (121 °C). Particularly, a progressive decrease increasing the nanoclay
amount was evidenced in the case of SMP-based films. For the related enthalpies, different trends were
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recorded for OPT- and SMP-based films. For the former, a decrement of the enthalpy was evidenced
increasing OPT amount, whereas, an opposite trend was revealed for SMP-based composites. This
experimental evidence indicates that higher energy is necessary in order to induce the dissociation
process of interchain hydrogen bonding of CS in the case of SMP-based systems. Concerning the
chitosan degradation temperature, a decrease was evidenced in the case of composite systems with
respect to Clay-free film, suggesting a not good filler dispersion within the polymeric matrix, with the
consequent development of many agglomerates.

The effect of nanoclays on the mechanical behavior was analyzed performing uniaxial tensile tests
(Figure 3, Table 3).

(a) (b)..

0] —=—OPT20 —=—SMP20

—e—0OPT30 —e—SMP30
—a—OPT50 —a—SMP50
354 =l
a0
— 25 15
©
o
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ey 10
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104
54
5]
o T T T T 1 0 T T T T 1
0.00 005 010 015 020 025 000 005 0.10 015 020 025

Figure 3. o—¢ curves of OPT (a) and SMP (b) based films.

Table 3. Mechanical properties of the OPT- and SMP-based films, compared to the neat one (Clay-free).

E (MPa) Omax (MPa) E€max
Clay-Free 579 + 23 16 +£1 0.30 + 0.01
OPT-20 738 + 20 21+ 6 0.22 + 0.08
OPT-30 653 +71 23+4 0.13 + 0.05
OPT-50 1670 = 202 36+7 0.06 +0.03
SMP-20 580 + 55 24 + 4 0.28 + 0.05
SMP-30 528 + 4 22+3 0.12 +0.03
SMP-50 1582 + 210 19+4 0.04 +0.01

An improvement in the mechanical responsiveness, in terms of the Young modulus and maximum
stress value (omax), was evidenced in the case of all composite systems, particularly those based on OPT,
due to its better distribution within the polymeric matrix, as testified by the reported SEM micrographs
(Figure 1) and DSC data (Table 2). The OPT and SMP-based films presented different mechanical
behavior. In detail, a progressive increment of the ultimate tensile strength (omax) was evidenced for
OPT-based samples with the OPT amount, whereas an opposite trend was observed in the case of
SMP-based ones (Table 3), probably due to the presence of several agglomerates whose amount tended
to increase with filler percentage (Figure 1), as expected.

Additionally, a remarkable increase in the Young Modulus value was observed for a nanoclay
amount of 50% w/w, independently of the considered nanoclay. On the contrary, up to 30% w/w),
comparable values were recorded (Table 3). As expected, by increasing the nanoclay amount, a
progressive decrease in the elongation at break (emax) was revealed.

Taking into account all the collected morphological, thermal and mechanical properties, it is
evident that OPT presented a higher affinity towards CS, as testified by its better distribution within
the polymeric matrix, promoting a good filler-polymeric chains interaction.

Indeed, SMP and OPT led to distinct behaviour due to their different chemical nature and
microstructure. In details, even if both SMP and OPT powders were composed of platelet-like particles
(Figure 1), a higher tendency to agglomeration was evidenced in the case of SMP powder, whereas
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OPT nanoclays were more homogeneously dispersed within the polymeric matrix. These experimental
evidences could be ascribed to OPT good wettability and compatibility, able to promote a significant
improvement of the mechanical behavior (Table 3).

3.2. Kinetic Properties of Papain Immobilized on CS—Clay Nanocomposite Films

CS—clay films, produced by the addition of two nanoclays (OPT and SMP) in different amounts (20,
30, 50, 70% w/w with respect to CS), were applied as supports for the papain covalent immobilization.

Data in Table 4 show that the IY was significantly higher for SMP-70 (60%) with respect to Clay-free
sample (45%), thus proving that the addition of such nanoclay remarkably increased the amount of
covalently bound protein, probably due to its higher surface roughness and better affinity between SMP
clay and the papain. Similarly, Basak et al. [29] demonstrated that the addition of bentonite into chitosan
beads (ratio 50:50% w/w) significantly increased the catalase immobilization yield. Furthermore, the
addition of OPT nanoclay significantly decreased the IY, with the only exception of OPT-70. These
data appeared consistent with those described by Cacciotti et al. [15], who found that the IY slightly
decreased when the bromelain from pineapple stem was immobilized on nanocomposites obtained
combining MMT (i.e., SMP and OPT) with low amounts of CS in different relative ratios (MMT:CS
70:30, 75:25 and 80:20, % w/w), compared to Clay-free support. Moreover, the lowest IY was found for
OPT-30 and OPT-50 films (26 and 29%, respectively), whereas no relevant differences were revealed
comparing the other samples.

Table 4. Immobilization yield and kinetic properties of papain immobilized on the CS—clay
nanocomposite systems.

Sample IY (%) Vmax (mIU mg~1p) Ky (uM) Keat (min1) K, (min~1 uM-1) R?
Clay-free 45+ 6bre 69+02¢ 88+92 3183 +0°¢ 36+14d 0.99
OPT-20 41 +4¢4d 153+09¢ 75 + 16 4P 6535+ 1°¢ 87 +4°¢ 0.97
OPT-30 26+5¢ 21.4+10P 106 + 232 12507 +1° 118 + 6P 0.98
OPT-50 29 + 2 de 389 +202 102 £ 142 20417 £ 22 199 + 32 0.99
OPT-70 55+ 3P 116+ 054 50 + 8 b< 4225 £ 04 85+3¢ 0.98
SMP-20 54 + 7abc 26+01f 34+8¢ 1017 £ 0N 30+2de 0.97
SMP-30 41 +5¢d 35+02f 46 + 11 P 642+ 01 14+1f 0.97
SMP-50 56+2Pb 45+01f 49 £ 2 b 1221+08 25+0¢€ 1.00
SMP-70 60 + 42 7.320.1°¢ 29+3¢ 2503 +0f 86+1°¢ 1.00

IY = immobilization yield, Vimax = maximum velocity, Ky = Michaelis-Menten constant, ket = turnover number, K,
= affinity constant. For each parameter, values with different roman letters (a—i) are significantly different according
to Tukey’s test (p < 0.05).

The kinetic characterization of the biocatalysts was performed in order to explore the effect of
the nanoclays’ inclusion within the polymeric matrix on the behavior of immobilized papain. All the
biocatalysts followed the hyperbolic trend described by the Michaelis-Menten equation (Figure 4)
and the related catalytic properties are reported in Table 4. Papain on OPT films showed higher Vmax
and ke, values with respect to the enzyme linked to all the other supports (Clay-free and SMP-based
films). Notably, the highest Viax and keat values were found for papain immobilized on OPT-50 (38.9
mIU/mg;p and 20,417 min~!, respectively), thus indicating a greater product release velocity. However,
both parameters significantly increased as the percentage of clay in the nanocomposite increased,
except for the ratio 30:70% w/w (Table 4). Basak et al. [29] described similar results, finding an increased
Vmax value (about +20%) for lipase immobilized on CS—clay (hydrophilic bentonite) with respect to the
neat CS support. As widely described in the literature for x-amylase and x-amylase immobilized on
clay-CS carriers, an increased Vmax value may arise from the conformational changes of biocatalysts,
which usually occur after the linkage to the support [30].
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Figure 4. Kinetic curves of papain immobilized on CS—clay composite systems loaded with OPT or
SMP at various weight percentages: 20 (O), 30 (¥), 50 (O0) and 70 (4) % w/w.

In contrast, papain immobilized on SMP-20, SMP-30 and SMP-50 films showed significantly lower
Vmax and keat values with respect to the enzyme linked to Clay-free support, whereas no significant
differences were revealed for SMP-70 (Table 4). These results are in agreement with what Cacciotti et
al. [14] reported for another protease belonging to the papain-superfamily (bromelain from pineapple
stem).

All SMP biocatalysts and OPT-70 showed a significant decrease in Ky values (on average —55% and
—43% for SMP-based samples and OPT-70, respectively) as compared with Clay-free. No remarkable
differences were found for OPT-20, OPT-30 and OPT-50 (Table 4), thus indicating no changes in the
enzyme—substrate complex formation in comparison to the reference biocatalyst. Similar results were
described by Basak et al. [29], who found comparable Ky values for the lipase immobilized on CS and
on CS—clay. Moreover, the K, values revealed for papain immobilized on OPT films were 2.4 (OPT-20
and OPT-70) to 5.5-fold (OPT-50) higher as compared with the enzyme immobilized on Clay-free,
suggesting a greater apparent affinity of the protease on the aforementioned nanocomposites for the
synthetic substrate. Concerning the biocatalysts on the SMP-based supports, their K, values always
appeared lower or not statistically different (i.e., SMP-20) with respect to Clay-free film.

Opverall, in spite of the lowest IY observed for papain immobilized on OPT-based films, OPT-30 and
OPT-50 exhibited the best catalytic performances, both in terms of Vmax, kcat and K, thus indicating
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a higher efficiency in the release of the reaction product. As known, the decrease in the biocatalyst
activity could be ascribed to a great amount of enzyme molecules immobilized on the carrier, since the
latter could limit the accessibility of the substrate to the active sites, due to diffusion limitation [31].
Furthermore, as described in the literature [13], the improved catalytic properties observed for papain
bound on OPT films could be likely due to the hydrophilic nature of OPT clay, which contributes
to create an environment conducive to the interaction between substrate and enzyme. Otherwise,
the hydrophobic clay which constitutes SMP-based films, does not facilitate the aforementioned
interaction [13].

Thus, among all the produced biocatalysts, papain immobilized on the OPT-50 film was selected
as the most suitable to be applied for the protein stabilization treatment of white wines.

3.3. Wine Stabilization Treatment in Batch-Scale Stirred Reactor

The partial stabilization of white wines via proteolytic treatment has been already described by
other authors [1]. Benucci et al. [20] described the efficacy of a laboratory bench-scale packed-bed
reactor, containing papain bound on chitosan beads, in stabilizing white wines.

The effectiveness of papain immobilized on OPT-50 film was tested in a laboratory-scale stirred
reactor with the aim of reducing the protein instability of two real white wines (i.e., Manzoni and
Sauvignon Blanc), characterized by a different haze potential (601 + 11 ANTU and 116 + 8 ANTU,
respectively), as well as by a different initial protein content (465 + 63 mgpsaeq/L and 124 + 1 mgpsaeq/L,
respectively). Papain covalently immobilized on OPT-50 nanocomposite film significantly reduced
both the haze potential and the protein content in the two wine samples (Table 5). The biocatalyst
exhibited the greatest stabilization efficiency in Manzoni wine, with a TRY reduction rate of about
83% and a decrease in total protein amount of approximately 73%. The lowest stabilization efficiency
revealed in the Sauvignon Blanc wine (TRY reduction: 31%; total protein reduction: 12%) could be
ascribed to the higher content of potential inhibitors found in Sauvignon Blanc with respect to Manzoni
wine, especially SO, free (about 2-fold higher in the former compared to the latter wine wine) and
the highest alcohol content (about 2% v/v). Indeed, it has been proven that these substances exhibit a
strong inhibiting action against the catalytic activity of papain [20].

Table 5. Protein stability data of Manzoni and Sauvignon blanc white wines, treated in a laboratory-scale
stirred reactor with papain immobilized on OPT-50 carrier at 20 °C (120 rpm, 24 h). Reported data are
mean of triplicate measurements.

Net Haze after Heat Test Residual Protein Content
Treatment
ANTU Reduction (TRY, %) mg Bsaeq/L Reduction (%)
Manzoni
Untreated wine 601 +£114 - 465 + 632 -
OPT-50 102 + 41° 83 124 +35P 73
Sauvignon Blanc
Untreated wine 116 =82 - 124+12 -
OPT-50 80+1b 31 109 + 1P 12

TRY (%) = Turbidity removal yield expressed as the percentage of haze potential decrease due to the proteolytic
treatment. For each parameter, values with different roman letters (a,b) are significantly different according to
Tukey’s test (p < 0.05).

251



Nanomaterials 2020, 10, 1622

4. Conclusions

The CS-based nanocomposite films produced by the addition of two nanoclays (OPT and SMP)
showed improved mechanical properties. The better distribution of OPT clay within the polymeric
matrix, as proved by the SEM micrographs and DSC data, imparted a higher Young modulus and omax
to the OPT nanocomposites.

Papain was successfully bound on such carriers, showing the highest efficiency in the release of
the reaction product after the covalent immobilization on OPT-30 and OPT-50. The latter biocatalyst
reliably reduced both the haze potential and the protein content in the two tested white wine samples,
namely Manzoni and Sauvignon Blanc, even if the stabilization efficiency was affected by the content
of the potential inhibitors in the wine.

Author Contributions: Conceptualization, I.B. and I.C.; methodology, I.B. and I1.C.; validation, I.B., .C. and M.E.;
formal analysis, L.B. and I.C.; investigation, I.B., C.L. and I.C.; resources, I.C. and M.E.; data curation, I.B. and I.C.;
writing—original draft preparation, IB. and I.C.; writing—review and editing, M.E.; supervision, I.C. and M.E.;
project administration, I.C. and M.E.; funding acquisition, I.C. and M.E. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was supported by BioEnBi project “Biotecnologie enzimatiche innovative per processi di
chiarifica sostenibili nel settore birrario” (Grant 85-2017-15362), funded by Lazio Innova Spa, Lazio Region (Italy)
in the context of Progetti Gruppi di Ricerca, Lazio Innova 2018-2020.

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

References

1. Ottone, C.; Romero, O.; Aburto, C.; Illanes, A.; Wilson, L. Biocatalysis in the winemaking industry: Challenges
and opportunities for immobilized enzymes. Compr. Rev. Food Sci. Food Saf. 2020, 19, 595-621. [CrossRef]

2. Verma, M.L.; Kumar, S.; Das, A.; Randhawa, J.S.; Chamundeeswari, M. Chitin and chitosan-based support
materials for enzyme immobilization and biotechnological applications. Environ. Chem. Lett. 2020, 18,
315-323. [CrossRef]

3. Zdarta, J.; Meyer, A.S.; Jesionowski, T.; Pinelo, M. A general overview of support materials for enzyme
immobilization: Characteristics, properties, practical utility. Catalysts 2018, 8, 92. [CrossRef]

4. Liburdi, K.; Straniero, R.; Benucci, I.; Garzillo, AM.V,; Esti, M. Lysozyme immobilized on micro-sized
magnetic particles: Kinetic parameters at wine pH. Appl. Biochem. Biotechnol. 2012, 166, 1736-1746. [CrossRef]

5. Zappino, M.; Cacciotti, I.; Benucci, I.; Nanni, F.; Liburdi, K.; Valentini, F.; Esti, M. Bromelain immobilization
on microbial and animal source chitosan films, plasticized with glycerol, for application in wine-like medium:
Microstructural, mechanical and catalytic characterizations. Food Hydrocoll. 2015, 45, 41-47. [CrossRef]

6. Benucci, I.; Lombardelli, C.; Cacciotti, I.; Liburdi, K.; Nanni, F.; Esti, M. Chitosan beads from microbial and
animal sources as enzyme supports for wine application. Food Hydrocoll. 2016, 61, 191-200. [CrossRef]

7. Benucci, I.; Mazzocchi, C.; Lombardelli, C.; Cacciotti, I.; Esti, M. Multi-enzymatic systems immobilized on
chitosan beads for pomegranate juice treatment in fluidized bed reactor: Effect on haze-active molecules and
chromatic properties. Food Bioprocess Tech. 2019, 12, 1559-1572. [CrossRef]

8. Cacciotti, I.; Pallotto, F.; Scognamiglio, V.; Moscone, D.; Arduini, F. Reusable optical multi-plate sensing
system for pesticide detection by using electrospun membranes as smart support for acetylcholinesterase
immobilisation. Mater. Sci. Eng. C 2020, 111, 110744. [CrossRef]

9. Yang, Y, Yang, H.; Yang, M.; Shen, G.; Yu, R. Amperometric glucose biosensor based on a surface treated
nanoporous ZrO;/chitosan composite film as immobilization matrix. Anal. Chim. Acta 2004, 525, 213-220.
[CrossRef]

10. Yang, H.C.; Hou, J.; Chen, V.; Xu, Z.K. Surface and interface engineering for organic—Inorganic composite
membranes. |. Mater. Chem. A 2016, 4, 9716-9729. [CrossRef]

11. Kumar, S; Ye, F; Dobretsov, S.; Dutta, J. Chitosan nanocomposite coatings for food, paints, and water
treatment applications. Appl. Sci. 2019, 9, 2409. [CrossRef]

12. Wu, Z; Huang, X,; Li, Y.C.; Xiao, H.; Wang, X. Novel chitosan films with laponite immobilized Ag
nanoparticles for active food packaging. Carbohydr. Polym. 2018, 199, 210-218. [CrossRef] [PubMed]

252



Nanomaterials 2020, 10, 1622

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Benucci, I.; Liburdi, K.; Cacciotti, I.; Lombardelli, C.; Zappino, M.; Nanni, E; Esti, M. Chitosan/clay
nanocomposite films as supports for enzyme immobilization: An innovative green approach for winemaking
applications. Food Hydrocoll. 2018, 74, 124-131. [CrossRef]

Jamroz, E.; Kulawik, P.; Kopel, P. The effect of nanofillers on the functional properties of biopolymer-based
films: A review. Polymers 2019, 11, 675. [CrossRef] [PubMed]

Cacciotti, I.; Lombardelli, C.; Benucdi, I; Esti, M. Clay/chitosan biocomposite systems as novel green carriers
for covalent immobilization of food enzymes. J. Mater. Res. Technol. 2019, 8, 3644-3652. [CrossRef]

Saleh, T.A. Nanomaterials: Classification, properties, and environmental toxicities. Environ. Technol. Inno.
2020, 101067. [CrossRef]

Islam, M.A.; Tan, Y.L.; Islam, M.A.; Romi¢, M.; Hameed, B.H. Chitosan-bleaching earth clay composite as
an efficient adsorbent for carbon dioxide adsorption: Process optimization. Colloids Surf. A Physicochem.
Eng. Asp. 2018, 554, 9-15. [CrossRef]

Mastanjevi¢, K.; Krstanovi¢, V.; Lukinac, J.; Juki¢, M.; Vulin, Z.; Mastanjevi¢, K. Beer—The importance of
colloidal stability (non-biological haze). Fermentation 2018, 4, 91. [CrossRef]

Cerreti, M,; Liburdi, K.; Benucci, L; Spinelli, S.E.; Lombardelli, C.; Esti, M. Optimization of pectinase and
protease clarification treatment of pomegranate juice. LWT Food Sci. Technol. 2017, 82, 58-65. [CrossRef]
Benuccdi, I.; Lombardelli, C.; Liburdi, K.; Acciaro, G.; Zappino, M.; Esti, M. Immobilised native plant cysteine
proteases: Packed-bed reactor for white wine protein stabilisation. J. Food Sci. Tech. 2016, 53, 1130-1139.
[CrossRef]

Bradford, M.M. A rapid and sensitive method for the quantification of microgram quantities of protein
utilizing the principle of protein-dye binging. Anal. Biochem. 1976, 72, 248-254. [CrossRef]

Gaspar, L.M.; Machado, A.; Coutinho, R.; Sousa, S.; Santos, R.; Xavier, A.; Simoes, ].S. Development of
potential yeast protein extracts for red wine clarification and stabilization. Front. Microbial. 2019, 10, 2310.
[CrossRef] [PubMed]

Colangelo, D.; Torchio, F.; De Faveri, D.M.; Lambri, M. The use of chitosan as alternative to bentonite for
wine fining: Effects on heat-stability, proteins, organic acids, colour, and volatile compounds in an aromatic
white wine. Food Chem. 2018, 264, 301-309. [CrossRef] [PubMed]

Chuang, W.Y,; Young, T.H.; Yao, C.H.; Chiu, W.Y. Properties of the poly (vinyl alcohol)/chitosan blend and its
effect on the culture of fibroblast in vitro. Biomaterials 1999, 20, 1479-1487. [CrossRef]

Kittur, ES.; Prashanth, K.H.; Sankar, K.U.; Tharanathan, R.N. Characterization of chitin, chitosan and
their carboxymethyl derivatives by differential scanning calorimetry. Carbohydr. Polym. 2002, 49, 185-193.
[CrossRef]

Sakurai, K.; Maegawa, T.; Takahashi, T. Glass transition temperature of chitosan and miscibility of
chitosan/poly (N-vinyl pyrrolidone) blends. Polymer 2000, 41, 7051-7056. [CrossRef]

Zeng, M.; Fang, Z.; Xu, C. Effect of compatibility on the structure of the microporous membrane prepared
by selective dissolution of chitosan/synthetic polymer blend membrane. J. Membr. Sci. 2004, 230, 175-181.
[CrossRef]

Garavand, F; Rouhi, M.; Razavi, S.H.; Cacciotti, I.; Mohammadi, R. Improving the integrity of natural
biopolymer films used in food packaging by crosslinking approach: A review. Int. J. Biol. Macromol. 2017,
104, 687-707. [CrossRef]

Basak, E.; Aydemir, T.; Dinger, A.; Becerik, S.C. Comperative study of catalase immobilization on chitosan,
magnetic chitosan and chitosan-clay composite beads. Artif. Cells Nanomed. Biotechnol. 2013, 41, 408—413.
[CrossRef]

Chang, M.Y,; Juang, R.S. Activities, stabilities, and reaction kinetics of three free and chitosan—clay composite
immobilized enzymes. Enzyme Microb. Technol. 2005, 36, 75-82. [CrossRef]

Jiang, D.S.; Long, S.Y.; Huang, J.; Xiao, H.Y.; Zhou, J.Y. Immobilization of pycnoporus sanguineus laccase on
magnetic chitosan microspheres. Biochem. Eng. J. 2005, 25, 15-23. [CrossRef]

@ © 2020 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 (http://creativecommons.org/licenses/by/4.0/).

253






MDPI
St. Alban-Anlage 66
4052 Basel
Switzerland
Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Nanomaterials Editorial Office
E-mail: nanomaterials@mdpi.com

www.mdpi.com/journal /nanomaterials

Z

MDPI

F






MDPI

St. Alban-Anlage 66
4052 Basel
Switzerland

Tel: +41 61 683 77 34

www.mdpi.com

ISBN 978-3-0365-4699-5



	Cover-front.pdf
	Book.pdf
	Cover-back.pdf

