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Abstract: Combination of bovine serum albumin with microemulsions as constituting ingredient
biopolymer has long been regarded an innovative method to address the surface functionalization
and stability issues in the targeted payload deliveries, thereupon producing effectively modified
microemulsions, which are superior in loading capacity, transitional and shelf-stability, as well as
site-directed /site-preferred delivery, has become a favored option. The current study aimed to
develop an efficient, suitable and functional microemulsion system encapsulating sesame oil (SO) as a
model payload towards developing an efficient delivery platform. UV-VIS, FI-IR, and FE-SEM were
used to characterize, and analyze the developed carrier. Physicochemical properties assessments
of the microemulsion by dynamic light scattering size distributions, zeta-potential, and electron
micrographic analyses were performed. The mechanical properties for rheological behavior were also
studied. The HFF-2 cell line and hemolysis assays were conducted to ascertain the cell viability, and
in vitro biocompatibility. The in vivo toxicity was determined based on a predicted median lethal
dose (LD5g) model, wherein the liver enzymes’ functions were also tested to assess and confirm the
predicted toxicity.

Keywords: biocompatibility; bovine serum albumin; LDsp; microemulsion; functional viability;
nanomedicine; nanoparticles; drug delivery; liver biomarkers; hepatic functions; biological marker;
sesame oil; toxicity; cytotoxicity

1. Introduction

Microemulsions (MEs) are transparent, isotropic liquid systems that are spontaneously
formed when water, surfactant, and oil constituents are combined [1]. MEs can be formed
instantaneously without the need for high-shear equipment. Furthermore, the MEs have
distinctive characteristics, such as, small particle size of 100 nm (or less), low viscosity, single
optical property, and thermodynamic stability. The use of MEs have been expanded to
several biomedical and pharmaceutical applications, including dosage forms preparations
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of parenteral, oral, pulmonary, and ocular formulations, as well as for topical drug delivery
formats [2,3].

Nanotechnology has made significant advances over the years. Nonetheless, the nanos-
tructures fabrication, preparative processes, and products’ controls, including intended
and specified selective payload delivery through them, and other biomedical applications
of nanostructures, still today remains, to a certain extent, elusive in terms of transitional
and shelf-stability, and the functional efficiency. To overcome these challenges, countless
efforts have been made over the past decades. However, several involved factors were
needed to be addressed, including surface coating and functionalization through the surface
attachments of the molecular/biomolecular tag and structural addendums, particles” ag-
glomeration, size uniformity, toxicity control/reduction, biocompatibility, biodegradation,
and chronological, as well as, tissue-specific targeting [4,5]. Inherently, the nanoparticles
have a high surface area-to-volume ratio, which results in rapid absorption of plasma
proteins upon intravenous delivery, passage out of the reticuloendothelial system (RES),
and protein corona formation over longer duration stays for certain types of nano-entities.
To improve nanostructures’ stability, functional feasibility, and poly-dispersity, the natural
and synthetic polymers and macromolecular biopolymers attachments and coating incor-
porations, have been employed. Their inclusions as constituents/ingredients in different
forms for various applications role, have been frequently applied. The polymers and
biopolymers included poly(vinyl alcohol) (PVA), poly (D, L-lactide-co-glycolide) (PLGA),
dextran, poly(ethylene glycol) (PEG), chitosan, bovine serum albumin (BSA), and several
other bio-polymeric products, though the most commonly used biopolymers were BSA,
and human serum albumin (HSA) [6-10]. A plethora of advantages have been attributed to
the use of BSA during the preparation of ME (microemulsion), which included improved
biocompatibility, biodegradation, improved safety, transitional and shelf-life stability, in-
troduction of non-toxicity through prevention of the toxic effects of the payload owing to
its encapsulation, non-IgE reaction, reduction/removal of immune adverse effects, ability
to dissolve in water, easy availability and cost-effectiveness of the biopolymer, as well
as ease of systemic circulation clean-up. Moreover, the BSA seemed to also serve as a
steric barrier to protein adsorption, resulting in reduced RES uptake by the macrophages,
which is ultimately associated with an increase in the serum/biological half-life of the
final nano product [11]. According to a new 2022 study, conducted by Zwain, et al. [12],
BSA is often used in drug delivery owing to its cost-effectiveness, feasibility of preparing
the formulation, and high safety profile. It is also more tolerated as compared to other
natural polymers/biopolymers, which is because BSA is a biodegradable, biocompatible,
non-toxic, and non-immunogenic biopolymer, and so it has been frequently employed
as a colloidal delivery system. In fact, the BSA is a first preferred choice for the drug
delivery purpose. Additionally, because the BSA molecules contain drug-binding sites, the
generated carrier can be loaded with a range of drugs, and other bioactive compounds.
The surface of BSA molecules also have several functional groups (carboxylic and amino
groups in abundance), which enables the covalent attachment of cell-targeting substances,
e.g., folate, transferrin, monoclonal antibodjies, cationic polymers, and several others, which
makes the carrier specifically site-directed for the intended site-specific delivery [13]. This
method has improved the existing approach for high-incidence, target-specific delivery.
Moreover, the BSA has a blood half-life of approximately 19 days, so it can also provide
sustained delivery over a longer period of time with high loading of the drug onto the
carrier [14].

Surface functionalization is a prominent conjugation approach for targeting the ligands
to specific locations and molecular sites of cellular and tissue-specific requirements. The
conjugates have the ability to control the intelligent binding of the MEs to particular cell
types, or physiological states and conditions based on their biochemical paradigm and
availability of the molecular target(s) as well as the cellular ligands [15]. The activation
of the surface to combine through one or more cell ligands seemed to induce a certain
kind of artificial / circumstantial decision for attachments to enable the payload delivery.



Pharmaceuticals 2023, 16, 582

30f17

This method has been widely employed in a variety of settings [16]. The lack of a suitable
surfactants for the production of MEs, particularly oil-in-water (O/W) kinds, is the primary
drawback towards achieving this. Incorporating the BSA into the ME is a novel way of
overcoming these issues, since it contains several functional groups, including carboxylic
(-COOH), amino (-NHy), and hydroxyl (-OH) functional entities [17]. Additionally, herbal-
based MEs have also recently been developed for use in biomedical applications, due to
their high bioavailability, and excellent biocompatibility and biodegradation in the system.
Sesame oil, an herbal medicine and a food, is used in the tropical regions of the world
due to presence of high levels of unsaturated fatty acids in it, which included oleic and
linoleic acids, together with some proteins, minerals, lignans, tocopherol, and phytosterols.
Sesame (Sesamum indicum L.) seeds are composed of 45% to 50% lipids, 5% to 6% moisture,
10% to 15% carbohydrates, 5% to 6% ash, 4% to 5% fiber, and 15% to 20% proteins [18].
It has been shown that sesame oil has many health benefits through increased levels of
plasma tocopherol, and increased vitamin E activity, which reduces the mechanisms of
aging and malignancy as well as heart diseases [19]. A recent study published by Wu,
et al. [20] found that lycopene bio-accessibility was around 25% when lycopene-loaded
nanoemulsions were made by a high-pressure homogenization technique using sesame oil
as the oil phase, and lactoferrin as the emulsifier. However, only a few studies addressing
the use of extended surfactants from plants’ oils extractions have been reported over the
past 10 years.

The current study attempted to fabricate an ME carrier system based on natural herbal,
sesame oil, as the oil phase, incorporating BSA as the constituent ingredient of the ME.
For the use of designated ME in medicine and pharmaceuticals, such as drugs and gene
deliveries, and development of probable biosensors, as well as nano-ligands for cancers
treatment, it is extremely important to investigate the toxicity, and biocompatibility of the
produced system, while it is known that certain drugs, or other payloads may, or may not,
be toxic, toxic enough to cause harm. For instance, sesame oil, which is by far the least toxic
material among the edible oils and similar category of oily produce, is frequently used
as part of the foods in larger quantities by a substantial quarters of the world population.
In this context, for the testing the final toxicity of the prepared system, its payload, and
encapsulating materials, it seemed pertinent to test the carrier’s formulating ingredients,
and the toxicity, and biocompatibility of the carrier itself. Most toxicity studies have been
conducted in the in vitro conditions, because the process, firstly, is feasible to set-up, and
secondly, easy to conduct, control, and interpret the findings, as compared to the in vivo
trials. The in vivo trials, where many factors of a significant and insignificant nature are
seemingly at play, and whose role in the toxicity test is uncertain. It is simple and efficient,
for the most part, to proportionally investigate the toxic effects of such materials by carrying
out in vitro toxicity studies.

Therefore, during the current study, the in vitro and in vivo toxicity and biocompatibil-
ity of the suggested ME-based carrier system were investigated. A hemolysis assay, and cell
viability tests were used as in vitro standard tests to determine the biocompatibility, and
toxicity of the suggested ME. To evaluate toxicokinetics, the median lethal dose (LDsp), and
the mean effective single dose (EDs) were used as part of the standard tests. The effective
dose, or EDsj value, describes the concentration at which 50% of the defined effect takes
place, when a given dose is used in a laboratory set-up. The LDs value described the dose
that killed 50% of the laboratory’s model test animals. Mice were used in animal-based
experiments to determine the LDsg and EDs values of the formulation. Thus, the procedure
also assessed the LDsg assay for the developed ME as part of an in vivo toxicity test.

The liver is an organ with a high capacity for regeneration. As part of the in vivo
toxicity study, the alanine aminotransferase (ALT), aspartate aminotransferase (AST), and
alkaline phosphatase (ALP) levels were measured during the current study’s set-up. Ad-
ditionally, the prepared and selected oil/water (O/W) ME was characterized using FT-IR
spectral analysis, the DLS technique, UV-Vis spectroscopy, FE-SEM, and rheological behav-



Pharmaceuticals 2023, 16, 582

40f17

g

ior analysis was carried out. A plan of work, experimental design, approach and steps flow
chart are provided in Figure 1.
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Figure 1. A depiction of the experimental research design and steps during the study.

2. Results and Discussion
2.1. Formulation of Optimal Microemulsion Carrier

The aqueous (water, surfactant, and co-surfactant), and oil phases (composition of
sesame oil) were the two main phases required for the production of MEs. Because of
their low surface tension, glycerol was chosen as a co-surfactant. Since glycerol is highly
soluble in water, its incorporation into the surfactant layer can reduce the polarity of the
water, thereby increasing the interfacial fluidity, as also previously demonstrated [21].
It has been shown that glycerol can promote the merging, and incorporation of more
water because it has the potential to increase the surfactant’s elasticity [22]. Tween-80
was chosen as a surfactant in the study, owing to its high hydrophilic-lipophilic balance
(HLB value = 15), biocompatibility, and low toxicity. A liquid agent capable of emulsifying
fat and oils was also developed by combining Span-60 (HLB = 4.3) and Tween-80. The
findings demonstrated that the stability of the formulation was achieved through dissolving
low-HLB-value Span-60 in the oil phase, and high-HLB-value Tween-80 in the water phase.
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As a result, the kind of surfactant and co-surfactant, as well as their concentrations, which
were important criteria in the ME preparation, were followed. The HLB value, which is
the ratio of hydrophilic to lipophilic groups, effectively indicates whether a surfactant
will promote an oil-in-water emulsion, or a water-in-oil emulsion. This can be estimated
by calculating the percentages of the molecular weights of the hydrophilic and lipophilic
structural portions of the surfactant molecule. As a result, several sesame oil, water,
surfactant, and co-surfactant ratios were tested to identify the optimal O/W ME formulation
(Table 1). Span-60 was omitted from the first six formulations of MEs. The experimental
results on these formulations demonstrated separations of the aqueous and organic phases.
The results revealed that Span-60 played a significant role in the formulation’s stability,
which was validated by other studies also [23,24].

Table 1. Oil, water, surfactants, and co-surfactants constituents’ ratio, and phase states for the MEs.

Formulation

Tween-80 Span-60 Glycerol Ethanol Water

Number Sesame Oil (%, wlw) (%, wlw) (%, wlw) (%, wlw) (%, wlw) State

1. 9.50 19.91 - 4.10 - 66.49 Separation phase

2 9.50 19.91 - - 4.10 66.49 Separation phase

3 8.60 1991 - 5.00 - 66.49 Separation phase

4. 8.60 19.91 - - 5.00 66.49 Separation phase

5 8.60 20.81 - 4.10 - 66.49 Separation phase

6 8.60 20.81 - - 4.10 66.49 Separation phase

7. 8.60 17.60 321 410 - 66.49 S;figgi";feyr Il’}xsgi

8. 8.60 17.60 321 - 410 66.49 silég;r‘ggoi‘;‘feyr fg‘gsa‘;fs

. :
10. 8.60 18.60 2.21 - 410 66.49 Ssellﬁ‘;goioa‘flt‘gzl’aaefis

11. 8.10 18.60 221 4.10 - 66.99 Slightly cloudy, and stable
12. 8.10 18.60 2.21 - 4.10 66.99 Slightly cloudy, and stable
13. 8.00 18.60 2.21 4.10 - 70.00 Very slightly cloudy, and stable
14. 8.00 18.60 2.21 - 4.10 70.00 Very slightly cloudy, and stable
15. 7.75 18.60 2.21 4.10 - 70.25 Very slightly cloudy, and stable
16. 7.75 18.60 221 - 4.10 70.25 Very slightly cloudy, and stable
17. 7.60 18.60 221 4.10 - 70.40 Transparent

18. 7.60 18.60 2.21 - 4.10 70.40 Very slightly cloudy, and stable
19. 7.40 18.80 2.21 4.10 - 70.40 Transparent
20. 7.40 18.80 2.21 - 4.10 70.40 Transparent

Although Tween-80 was used as a surfactant in four different formulations constituting
the Span-60 (7-10 formulations) also, the prepared MEs seemed to be slightly cloudy, and
their phases separated after 7 to 14 days. This could have occurred due to the lack of the
surfactant mixture (Tween-80 and Span-60), which is required to make a microemulsion.
Possible causes include a mismatch between the surfactant ratios (Tween-80/Span-60), or
the presence/absence of the co-surfactant agents (glycerol/ethanol, for these experiments
glycerol), both of which can lead to fluid cloudiness, and consequently, decrease the ME
stability. Some of the formulated MEs had transparent states (formulation numbers 17, 19,
and 20).

According to the ongoing findings, the stability and physical appearances of the
formulations were affected by the surfactant ratio, as well as also by the characteristics
type and quantity of the co-surfactants used [25]. Since less surfactant was required for
the preparations of transparent formulations, formulations 17-20 were chosen for further
analysis. The fact that large surfactant concentrations are harmful, also played part in the
selection of the surfactant. The handling, availability, and ease of practicality as well as
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cost-effectiveness of the MEs preparation was another crucial factor deciding the use of the
combination to produce the required, optimal ME formulation (Figure 2).

Figure 2. Photographed MEs, wherein formulation numbers 17, 19, and 20 are transparent.

2.2. Physico-Chemical Characterizations

The chemical compositions and fabrication of the ME and ME@BSA were confirmed
using FT-IR spectroscopy, as displayed in Figure 3A. The differences in the IR absorptions
of the ME, BSA and ME@BSA were strikingly distinct (Figure 3A). The major differences
in the absorptions were observed for the presence of strong CH stretchings, which were
only present in the BSA and the ME@BSA at around 2900 cm~!. Other differences in
absorption patterns were mostly confined to the absorption ranges between 1000 cm~! and
1700 cm~!. The ME system showed peaks at 3400, 2900, 1400, 1300, and 1050 cm~? for OH,
CH stretchings, and ethereal bonds. The ME@BSA exhibited IR absorption peaks at 3400,
2900, 1750, 1400, 1250, and 1050 cm ! for the presence of strong NH and CH stretchings,
intense C=0 and CH bendings, and ethereal C-O bonds, respectively, confirming the
presence of the BSA in the ME@BSA formulation. The BSA exhibited absorption peaks
at 3450, 2900, 1550, and 1400 cm ™! for the presence of strong NH, weak CH stretchings,
amide bonds, NH bending peak, and CH bendings, respectively. The strong CH stretching
and CH bendings, and C-O ethereal peaks, respectively, at 2900 cm~! and between the
1050-1400 cm ! absorption ranges indicated the presence of surfactants and the oil phases
in the ME and ME@BSA formulations. These findings are consistent with the results
obtained from several other reported studies. Swaidan, et al. [26] reported the preparation
of a Cu@BSA nanocomposite, and the chemical composition of BSA was found to exhibit
similar absorption peaks pattern. Moreover, the data from another study also indicated that
the pattern of absorption peaks for a synthetic cholesterol-conjugated BSA system, matched
the chemical composition of the BSA, as also confirmed in the current study. Finally, all
characteristic absorption peaks regarding the ME system and BSA were observed in the
ME@BSA’s FT-IR spectra, which indicated that the ME successfully ingrained the BSA,
denoted as ME@BSA. The UV-Vis absorption spectra of the ME and developed ME@BSA
systems were studied, and the absorption maximum is very slightly red-shifted with BSA
presence. As shown in Figure 3B, adding BSA to the MEs enhanced the absorption intensity,
and the maximum wavelength showed a slight red shift at around the ~340 nm wavelength
for the product.
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Figure 3. (A) FT-IR spectra of ME, free BSA, and ME@BSA, and (B) UV-Vis spectroscopy of the
prepared microemulsion systems, ME and ME@BSA.

The UV absorption intensity increased with the ME@BSA; perhaps the complex is
formed by the amino acid residues of the BSA and the surfactant/co-surfactant in the ME
system’s compositions, as reported in previous studies [27,28].

A dynamic light scattering (DLS) method was also used to determine the hydrody-
namic size of the ME@BSA. Figure 4A demonstrated that the ME and the ME@BSA had
average sizes of 57.14 £ 0.25 nm, and 103.60 = 3.36 nm, respectively. These results are due
to the utilization of BSA, which caused an increase in the size of the ME@BSA, as com-
pared to the ME formulation alone. Likewise, the charged surface of all the samples were
predicted by zeta potential measurements. As obtained, the ME had a —14.73 £ 0.45 mV
charge, while the ME@BSA had —24.23 £ 1.15 mV charge (Figure 4B). The electronegativity
of the amine (NH) groups present in the surfactants, co-surfactants, and BSA, as well as
the presence of hydroxyl, amide, and carboxyl functional groups, all contributed to the
higher negative charge values of the zeta potential. Since the MEs were modified by BSA,
the suggested system had a greater zeta potential, as also previously reported [29]. The
high negative zeta potential values observed may have provided high physical stability,
owing to the electrostatic forces dampened interactions in the water media for the formed
formulations, the ME and ME@BSA. However, despite the changes in size, over time, upon
storage, there was insignificant impact on the microemulsion properties, as evidenced by
the good thermodynamic stability, and the system’s structural integrity (Figure 4).

In addition, the FE-SEM electron micrographic analysis confirmed the formation of an
ME, and ME@BSA (Figure 4C,D). These results are in consistent agreement with previously
reported study [30]. The shear stress and viscosity results are shown in Figure 5. The shear
rate of the ME under standard conditions (RT and normal atmospheric pressure) showed a
sharp increase in the ME@BSA, nonetheless the ME did not show any noticeable change
(Figure 5A). The viscous flow behavior of the ME and ME@BSA were demonstrated to be
related to the apparent yield stress, caused by the interactions between the BSA and the
continuous, or external aqueous phase. It can also be seen from Figure 5B that the ME is
fluidic, perhaps Newtonian, while they were transferred to a pseudoplastic liquid state,
when ingrained by the BSA and developed into ME@BSA formulation. Based upon these
results, it appears that there are high levels of interaction between the surface of the ME
system and the BSA [31,32]. Additionally, several researchers noted that the interactions
between the BSA and the aqueous phase may also enhance the stiffness [33]. This means
that the combination of BSA in the ME resulted in a more viscous end product. Additionally,
when ME was ingrained by BSA in the aqueous medium (continuous phase) as a polar
component, the aqueous medium became more viscous, and a new internal phase was
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formed. The incorporation of an internal phase increased the viscosity of the dispersion,
especially at low shear rates, as illustrated in Figure 5B.
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Figure 4. (A) DLS-based size distributions for the ME and ME@BSA; (B) (-potential of ME and
ME@BSA; (C) electron micrograph (FE-SEM) showing the ME formulation, and (D) FE-SEM micro-
graph of the formulation ME@BSA.

Furthermore, the hydrodynamic average size of the ME and ME@BSA, which were
stored for 60 days, as a critical factor to predict the stability and potential aggregations,
showed detectable increases in the size of ME and ME@BSA. However, no property changes
were observed. Thus, it can be concluded that the suggested MEs were characteristically
stable. These observations may have been due to the exceptionally low interfacial tensions
between the oil and the water phases and the MEs, which exhibited excellent thermody-
namic stability [34].
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Figure 5. Rheological behaviors (A,B) of ME and ME@BSA; (C) Stability curves of ME and ME@BSA;
**** meant significant effect at p < 0.0001, and, “ns” indicated no significant effect.

2.3. In Vitro and In Vivo Assays

MEs have been implanted for their use in biomedicine, where they have direct contact
with internal organs, tissues, and cells, and therefore their biological compatibility needs
to be ascertained [35]. The proposed MEs are hemo-compatible, as they have negligible
hemolytic effects on the human RBCs. The blood-based hemolytic activity was measured
quantitatively at concentrations ranging from 50 to 800 pg/mL by evaluating the absorbance
of the supernatant at 540 nm, with an Eppendorf Bio Photometer 17®(hemoglobin). As
shown in Figure 6A, both the ME and ME@BSA, exhibited hemolytic activities between
4.21 £ 1.60% and 12.82 & 2.40%, and 4.27 £ 1.70% and 12.42 % 0.89%, respectively. Com-
pared to the ME, the ME@BSA demonstrated a relatively lower hemolytic rate. A rising
surfactant concentration, seems to have caused an increment in the hemolytic rate, as
according to Feng, et. al. [36]. In addition to evaluating the biocompatibility of the system,
the MTT assay was used to pretreat HFF-2 cells for 24 h with ME@BSA at 50, 100, 200,
400, and 800 pg/mL, which dramatically reduced the cell viability (Figure 6B). The MEs
showed no significant toxicity to HFF-2 cells up to a concentration of 200 ug/mL as like
normal cell lines, while having a statistically significant (p < 0.001) decrease in the percent-
age cell viability at 800 pug/mL. As a result, this concentration was thought to cause cell
death in HFE-2 cells, which can be explained by the HFF-2 cells” oxidative stress-mediated
cytotoxicity. Some researchers have also documented the cytotoxicity of ME@BSA on
HEFF-2 cells [21]. The ME@BSA is thought to induce intracellular ROS production in the
HFEF-2 cells, resulting in oxidative stress, and hepatotoxicity elicitations [37]. A more in-
depth analysis of the importance of the current findings revealed transparent isotropic
ME formation through the liquid combinations of oil, water, and surfactant, frequently in
conjunction with a co-surfactant in the presence of BSA, was a more viable formulation.
The dispersed phase droplet size in an ME system was under 100 nm. The MEs, which
are proven to improve medication absorption, when applied topically, proved the point
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through the ROS controls. This could be attributed to the delivery carrier, which is typically
constituted of the saturated, or unsaturated fatty acid components, and served as the oil
phase. The in vitro cutaneous permeability of the diclofenac sodium, which crossed the
skin surface, was examined using ternary combinations, and microemulsions preparation
and characteristics studies [38]. Soybean lecithin ME gel was also explored as a suitable
transdermal matrix for diclofenac and indomethacin deliveries [39].

=R ME
154 = ME@BSA

Hemolysis (%)
3

50 100 200 400 800

Concentration (pg/mL)

oKk

! 1 skaksksk '
B b { sk,
1204 ! ok '
| B ' mm ME
100 _—
s 3 ME@BSA

80
60
40

204

HFF-2 Cell viability (%)

50 100 200 400 800

Concentration (ug/mL)

Figure 6. (A) Percentage of hemolysis induced by ME and ME@BSA at various concentrations and
37 °C temperature condition; (B) cell viabilities of the ME and ME@BSA on the HFF-2 cell lines. Data
are represented as mean + SD (n = 3) (* p < 0.05, ** p < 0.01, and **** p < 0.0001), and are considered
as having significant, or no significant differences, respectively.

In vivo acute oral toxicity assessments were also conducted to verify the effects of
the selected ME’s intake in mice. The percentage of survival rate and physical behaviors
were monitored after mice were orally fed the doses at 17.5-5000 mg/Kg range (Figure 7A).
According to the data, 100-83.33% of mice fed under 5000 mg/kg ME, survived in all
groups, while total 100% of mice fed with ME@BSA survived in all groups. Additionally,
66.67% and 83.33%, respectively, of the mice that were fed 5000 mg/kg ME, and ME@BSA,
survived. It can be concluded that the suggested delivery carrier (especially ME@BSA) are
grade 5 of the globally harmonized classification systems (GHS), and have LDs; values
greater than 5000 mg/kg in mice.
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Figure 7. (A) Determination of LD 50 by administering increasing doses of ME@BSA, (B) Determina-
tion of the effect of ME and ME@BSA on the levels of AST, ALT, and ALP enzymes. * p < 0.05, and
** p < 0.01 were considered as significant.

Mice were used to evaluate the liver toxicity effects of the MEs and ME@BSA. The
animals were sorted into three groups (five animals per group) denoted as ME, ME@BSA,
and the control groups. As shown in Figure 7B, the mean + SD values of the serum
levels of ALT and AST of all the groups were <200 IU/L. Moreover, significant differences
(p < 0.005) were observed in the ALT levels, while the serum levels of the ALP were
higher in all groups, but no significant differences (p < 0.005) were observed. Cantarovich,
et al. [40] found a statistically significant link between the dose of ME and its effectiveness.
Moreover, Rahdar et al. [41] showed that a dose-dependent increase in serum liver enzymes
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is associated with microemulsion-mediated hepatotoxicity. It was also shown that taking
microemulsion medications, reduced the liver ALT and AST enzymes level. The MEs have
some limitations, including early drug leakage and release, as well as phase inversion,
which suggested a need for the development of an efficient, perhaps more complex and
differentiated MEs, which also provides longer holding time for payload, as well as take
comparatively longer time to release the payload material at the site, which can be achieved
with a quality-by-design approach in the MEs preparations for obtaining the late-stage
leaks of payloads from the deigned MEs. The fact that many potent surfactants and/or
co-surfactants possess toxicity, and are unsuitable for use as pharmaceutical materials [42],
prompted the study to take the choice of BSA as a safe encapsulation material. Natural
products, that have recently been demonstrated to be effective anti-oxidants and anti-
inflammatory agents for medications, have been frequently administered due to their low
toxicity in liver cells and other biological sites [43]. The MEs with an extraordinarily large
specific interfacial area have provided increased adsorption at the micro-droplet surface
of the ME. The low-toxicity BSA could be dissolved and adsorbed on the surface of the
micro-droplet at the same time, with the solubilization quantities continuously increasing
during the preparation of the delivery vehicle. Surfactants added to the emulsion systems
during the preparation of the ME systems contain dispersions of oil and water, and that
have demonstrated particular benefits for the administration of poorly soluble medications,
as well as in terms of covering up the unpleasant taste of the medicinal substances [44].

3. Materials and Methods
3.1. Reagents and Materials

Chemicals, including polyoxyethylene-sorbitan mono-oleate (Tween-80, CAS # 9005-
65-6), glycerol (CAS # 56-81-5), sorbitan mono-oleate (Span-60; CAS # 1338-41-6), ethanol
(CAS # 64-17-5), and MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide),
were purchased from Sigma Aldrich, Schnelldorf, Germany, while the sesame oil, and
solvents were purchased from Emertat Chime (Tehran, Iran), and HFF-2 cells were obtained
from the American Type Culture Collection (ATCC, Manassas, VA, USA).

3.2. Preparation of O/W Microemulsion

The O/W microemulsions were prepared using a mixture of the surfactant (Tween-80,
and Span-60) together with co-surfactant (glycerol) that were combined with the BSA. The
optimal formulation included the dropwise addition of 7.60%, w/w, sesame oil (as the oil
phase) to the aqueous phase at 50 °C for 30 min; while vigorously stirring the mixture that
contained 70.04%, w/w, distilled water (with 2%, w/v, BSA), 18.60%, w/w, Tween-80, 2.21%,
w/w, Span-60, and 4.10%, w/w, glycerol. The microemulsions formation were carried out
according to the procedure of Gharbavi, et al. [21], with certain modifications.

3.3. Physicochemical Characterization

The physical and chemical characteristics, and/or composition of BSA, ME, and
ME@BSA were determined using FI-IR, UV-Vis, DLS, FE-SEM, and viscometer instruments
based analyses.

3.4. FT-IR Analysis

Each sample was evaluated by FI-IR (Bruker, Tensor 27, Borken, Germany) spectro-
scopic analysis using potassium bromide (KBr) disks that had been mixed and mechanically
grinded at a weight ratio of 1:10, and delivered in plate condition manufactured from press-
ing under the mechanical pressure device available at the laboratory.

3.5. UV-VIS Spectroscopy

The production of MEs and ME@BSA (microemulsion with BSA constituent) were
analyzed using a UV-SPECORD 210 PLUS Spectrophotometer (Analytik Jena, Jena, Ger-
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many). The spectral resolution of this device was 1 nm in the UV-Vis range of wavelength
of 200-800 nm.

3.6. DLS and FE-SEM Analysis

DLS (Dynamic Light Scattering) analysis required diluting 200 uL of each sample with
2 mL of distilled water (DW) to an absorbance of 0.07 4 0.02 units at 633 nm in a sterile
Malvern sample vial. After dehydrating, the samples were coated in gold and examined
using a FE-SEM (MIRA3, TESCAN, Bruno, Czech Republic) with a 15 kV acceleration
voltage, and a magnification scale of 100,000 .

3.7. Rheological Behavior

The rheological characteristics of the ME delivery carrier was investigated with the
help of a viscometer (AMETEK GB LTD T/ A Brookfield, Essex, UK). After removing any
extra material, the upper surface of the reading plate was coated with three milliliters of
ME. The remaining sample was discarded. The analysis of the data was performed with
software that was provided by the manufacturer. The prepared ME’s physical stability was
confirmed by checking the particle size distribution with DLS every 15th day for 60 days at
room temperature (RT) storage condition.

3.8. Hemo-Compatibility Assay

A hemolysis assay was used to assess the hemocompatibility of the delivery carrier by
inducing the rupture of the RBC membrane with the consequent release of intracellular
hemoglobin into the plasma. For this experiment, a standard protocol described previ-
ously [45] was used. A precipitate of the RBCs was obtained by centrifuging a sample of
healthy human blood at 4000 rpm for 5 min. The red blood cell (RBC) pellet was cleaned
after removing the plasma, and then diluting it to a tenth of their original concentration
using sterile, ice-cold PBS. Afterwards, the lyophilized powder of the ME was tested at
concentrations ranging from 50 to 800 pug/mL for their hemocompatibility. Sodium dodecyl
sulfate (SDS) 1%, and phosphate-buffered saline (PBS) served as the positive and negative
controls, respectively. A shaking water bath was used to incubate all of the solutions,
and after incubating the samples for 4 h at 37 °C, the non-lysed RBCs were separated by
centrifuging the sample at 4000 rpm for 10 min at RT. A 96-wells plate was then used to
hold 200 pL of the hemoglobin discharged into the incubation solution, and a microplate
reader was used to measure their absorbances at 540 nm. The total weight of the ME
determined the concentration tested in the hemolysis assay, which was performed three
times, with the percentage of the hemolysis calculated as follows:

treatment sample — Anegative control

A
Hemolysis % = x 100

Apositive control Anegative control

For the equation, Ayeated sample T€presented the average absorbance of the treated
sample, Apegative control T€Presented the average absorbance of the negative control sample,
and Apositive control Tepresented the average absorbance of the positive control sample.

3.9. Cell Culture and Cell Viability Tests

An MTT assay was selected to assess the prepared ME system’s effects on cell viability.
HFF-2 cells were obtained from the American Type Culture Collection (ATCC, Manassas,
VA, USA), and seeded at a density of 6 x 10° cells/well in 96-wells plates for 48 h (80%
confluency) in DMEM supplemented with 10% Penicillin/Streptomycin, and 10% heat-
inactivated fetal bovine serum (FBS). The HFF-2 cells were grown in the incubator at 37 °C,
5% carbon dioxide, and 80% relative humidity.

In parallel to the control wells (without treatment), the cells were grown for 24 h in
200 pL of fresh culture media with five different doses ranging from 50 to 800 g/mL for all
formulations. After incubation, the culture medium was discarded and cleaned with PBS,
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and 20 puL of MTT (4 mg/mL) solution was added to each well. After 4 h, the medium was
discarded, and 100 pL of dimethyl sulfoxide (DMSO) was added to each well to dissolve
the violet formazan crystals. Following 15 min of shaking, cell viability was determined by
measuring the absorbance at 570 nm using the microplate reader (Spectra Max 190). Cell
viability was measured as a percentage, relative to untreated cells (100% survival rate). The
data are presented as the mean £ SD of the three separate measurements.

3.10. In Vivo Experiments

These experiments were carried out on C57BL/6N male mice, where (n = 33) 18 mice
chosen for the LDs assay, and 15 mice were chosen for the liver function assay. The
mice aged 6-8 weeks, and acclimatized for two weeks before the beginning of the studies.
The mice were housed in open-top polypropylene cages with autoclaved wood shaving
bedding, in groups of up to five per cage. The temperature in the room was set at 24 + 2 °C,
with air changes ranging from 16 to 20/h, humidity at 56 %, and an artificial light cycle
of 12/12 h. The experiments were approved by the Animal Use and Care Administrative
Committee of the College of Veterinary Medicine, University of Al-Qadisiyah (Approval
ID-2022.UAQ4), and were in accordance with the Guidelines of the U.S. National Institutes
of Health (NIH Publication No. 86-23, revised in 1996).

The animals were observed at least once a day by experienced staff to meet ASPA’s
legal requirements. Building maintenance systems constantly monitored all facilities,
notifying staff immediately if there was an emergency, or fault. Some of the areas, and
animal shelters were monitored by the installed webcam.

3.11. LDsg Assay

Different components utilized in preparing the MEs formulations, such as, sesame oil,
Tween-80, Span-60, BSA, and glycerol have known harmful effects. One way to assess the
acute toxicity (short-term harmful potential) of the prepared, and selected ME is the LDs
analysis. Adult mice were chosen for acute oral toxicity trial to investigate the safety of the
optimally produced and the selected ME. According to the OECD guidelines, all mice with
an average weight of 30-35 g were housed in optimum laboratory conditions [46]. The ME
and ME@BSA were administered orally to every animal for the LDs5( determination at doses
ranging from 175 to 5000 mg/kg. Before administration, as well as one day, and seven
days afterwards, all animals were weighed. Animals” physical activity and behavioral
changes were also noted throughout the test. If the animals were alive after 24 h period,
best available care was provided. If any of these animals were to live longer, the LDsq
would be higher than the dose ceiling, and the test was planned to be terminated.

3.12. Liver Function Tests

The animals were split into three sets of five: a control group that received no treatment,
an ME group, and an ME@BSA group, each receiving both formulations doses at 100 mg/kg
intraperitoneally for 14 days. Data from prior research were used to determine the doses,
administration schedule, and injection methods [47]. The animals were anesthetized
by ether at the end of the treatment, and blood samples were taken from the heart’s left
ventricle. The blood samples were kept in the laboratory for 10 min before being centrifuged
for 15 min at 5000 rpm.

3.13. Statistical Analysis

Statistical analysis of the data was conducted with the help of GraphPad Prism
8®software. Each experiment was conducted thrice, and results are presented in terms of
means and standard deviations. To test the statistical significance of the generated curve,
ANOVA with repeated measures (one or two ways), as well as spline/LOWESS analysis,
were applied. Differences were considered significant at * p < 0.05, ** p < 0.01, ** p < 0.001,
and *** p < 0.0001.
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4. Conclusions

An easy to prepare, feasible in handling, and non-toxic formulations of microemulsion
(ME)-based carrier system, and its bovine serum albumin (BSA) counterpart, i.e., ME@BSA,
were prepared, and characterized. The carriers encapsulated the designated model encap-
sulating payload, i.e., sesame oil. These preparations characteristics and behaviors were
confirmed through FI-IR, UV-Vis, size, zeta potential, FE-SEM, and rheological analyses.
The sesame oil, which is almost non-toxic, and may have prospective uses in co-delivery,
with capability for multifunctional systems preparations, was envisioned in the design
and preparation of the delivery platform. After undergoing in vitro and in vivo cytotox-
icity testing, the developed microemulsion systems, i.e., ME and ME@BSA, were found
to be non-toxic and safe, which proved the safety of the microemulsion and its different
constituents, at least at the tested dose levels. Nonetheless, due to lack of the observable
toxicity, the developed ME@BSA was seemed to have potential for newer applications in the
fields of biomedicine, particularly for in vitro and in vivo delivery applications, involving
the co-delivery to the difficult-to-deliver anatomical sites, e.g., the brain, placenta, ovaries,
prostate, kidney, and pancreas. The work may also pave the way for the effective prepara-
tion of ME@BSA, which can be used in the in vitro and in vivo conditions for certain drugs
candidates as payloads, and their probable development as molecular probes suitable for
diagnostic purposes. The method also has the potential to be scaled-up for larger-scale
preparation of these types of formulations.

Author Contributions: Conceptualization and methodology, AR, HAM.,, R AK, S A, GM.S., MJ.
and H.N.; formal analysis, A.R., HN., HA-K, RAK, M], S.AA, AAAAA, GMS. and HAM,;
investigation and data curation H.A.M., S.A., AR., HN., A A A A, M]J. and GM.S,; validation
HN.,M]J,RAK, HAM, HA-K, GM.S. and A.A.A.A., visualization, original draft preparation,
MJ., HN,, AR,RAK,GMS, A AAA. and HAM,; writing—review and editing, S.A., GM.S,,
HA-K,AAAA, HAM. and R.AK,; supervision, S.A., HA.M. and G.M.S.; project administration,
S.A, HAM., GM.S. and H.A.-K. All authors have read and agreed to the published version of the
manuscript.

Funding: This research received no internal and external funding.

Institutional Review Board Statement: The study was performed in accordance with relevant
institutional and national guidelines and regulations for the care and use of laboratory animals.

Informed Consent Statement: Not applicable.
Data Availability Statement: All relevant data is contained in the manuscript.

Acknowledgments: The researchers would like to thank the Deanship of Scientific Research, Qassim
University for funding the publication of this project.

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

References

1. Butt, U; ElShaer, A.; Snyder, L.A.S.; Al-Kinani, A.A.; Le Gresley, A.; Alany, R.G. Fatty Acid Based Microemulsions to Combat
Ophthalmia Neonatorum Caused by Neisseria gonorrhoeae and Staphylococcus aureus. Nanomaterials 2018, 8, 51. [CrossRef]

2. Neto, A.O.W.,; da Silva, V.L.; Rodrigues, D.V.; Ribeiro, L.S.; da Silva, D.N.N.; Freitas, ].C.D.O. A novel oil-in-water microemulsion
as a cementation flushing fluid for removing non-aqueous filter cake. J. Pet. Sci. Eng. 2020, 184, 106536. [CrossRef]

3.  Dantas, T.N.C.; Santanna, V.C.; Souza, T.T.C.; Lucas, C.R.S.; Dantas Neto, A.A.; Aum, P.T.P. Microemulsios and Nanoemulsions
Applied to Well Stimulation and Enhanced Oil Recovery. Brazil. ]. Petrol. Gas 2018, 12, 251-265. [CrossRef]

4. Mohammed, H.A.; Khan, R.A ; Singh, V; Yusuf, M.; Akhtar, N.; Sulaiman, G.M.; Albukhaty, S.; Abdellatif, A.A.H.; Khan, M.;
Mohammed, S.A.A; et al. Solid lipid nanoparticles for targeted natural and synthetic drugs delivery in high-incidence cancers,
and other diseases: Roles of preparation methods, lipid composition, transitional stability, and release profiles in nanocarriers’
development. Nanotechnol. Rev. 2023, 12, 20220517. [CrossRef]

5. Jabir, M.S,; Rashid, T.M.; Nayef, U.M.; Albukhaty, S.; AIMalki, FA.; Albagami, J.; AlYamani, A.A.; Taqi, Z.]J.; Sulaiman, G.M.

Inhibition of Staphylococcus aureus «-hemolysin production using nanocurcumin capped Au@ZnO nanocomposite. Bioinorg.
Chem. Appl. 2022, 2022, 2663812. [CrossRef]


https://doi.org/10.3390/nano8010051
https://doi.org/10.1016/j.petrol.2019.106536
https://doi.org/10.5419/bjpg2018-0023
https://doi.org/10.1515/ntrev-2022-0517
https://doi.org/10.1155/2022/2663812

Pharmaceuticals 2023, 16, 582 16 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Albukhaty, S.; Al-Karagoly, H.; Allafchian, A.R; Jalali, S.A.H.; Al-Kelabi, T.; Muhannad, M. Production and characterization of
biocompatible nanofibrous scaffolds made of (3-sitosterol loaded polyvinyl alcohol/tragacanth gum composites. Nanotechnology
2021, 33, 085102. [CrossRef]

Ghitman, J.; Stan, R.; Ghebaur, A.; Cecoltan, S.; Vasile, E.; Iovu, H. Novel PEG-Modified Hybrid PLGA-Vegetable Oils Nanostruc-
tured Carriers for Improving Performances of Indomethacin Delivery. Polymers 2018, 10, 579. [CrossRef]

Al-Musawi, S.; Albukhaty, S.; Al-Karagoly, H.; Sulaiman, G.M.; Jabir, M.S.; Naderi-Manesh, H. Dextran-coated superparamagnetic
nanoparticles modified with folate for targeted drug delivery of camptothecin. Adv. Nat. Sci. Nanosci. Nanotechnol. 2020, 11,
045009. [CrossRef]

Kahdim, Q.S.; Abdelmoula, N.; Al-Karagoly, H.; Albukhaty, S.; Al-Saaidi, J. Fabrication of a Polycaprolactone/Chitosan
Nanofibrous Scaffold Loaded with Nigella sativa Extract for Biomedical Applications. Biotech 2023, 12, 19. [CrossRef]

Jihad, M.; Noori, E; Jabir, M.; Albukhaty, S.; AIMalki, F; Alyamani, A. Polyethylene Glycol Functionalized Graphene Oxide
Nanoparticles Loaded with Nigella sativa Extract: A Smart Antibacterial Therapeutic Drug Delivery System. Molecules 2021, 26,
3067. [CrossRef]

Minnelli, C.; Laudadio, E.; Galeazzi, R.; Barucca, G.; Notarstefano, V.; Cantarini, M.; Armeni, T.; Mobbili, G. Encapsulation
of a Neutral Molecule into a Cationic Clay Material: Structural Insight and Cytotoxicity of Resveratrol/Layered Double
Hydroxide/BSA Nanocomposites. Nanomaterials 2019, 10, 33. [CrossRef]

Zwain, T.; Taneja, N.; Zwayen, S.; Shidhaye, A.; Palshetkar, A.; Singh, K.K. Albumin nanoparticles—A versatile and a safe
platform for drug delivery applications. In Nanoparticle Therapeutics; Elsevier: Amsterdam, The Netherlands, 2022; pp. 327-358.
[CrossRef]

Solanki, R.; Rostamabadi, H.; Patel, S.; Jafari, S.M. Anticancer nano-delivery systems based on bovine serum albumin nanoparti-
cles: A critical review. Int. ]. Biol. Macromol. 2021, 193, 528-540. [CrossRef]

Spada, A.; Emami, J.; Tuszynski, ].A.; Lavasanifar, A. The Uniqueness of Albumin as a Carrier in Nanodrug Delivery. Mol. Pharm.
2021, 18, 1862-1894. [CrossRef]

Lombardo, D.; Kiselev, M.A.; Caccamo, M.T. Smart Nanoparticles for Drug Delivery Application: Development of Versatile
Nanocarrier Platforms in Biotechnology and Nanomedicine. J. Nanomater. 2019, 2019, e3702518. [CrossRef]

Skorb, E.V.; Andreeva, D.V. Surface Nanoarchitecture for Bio-Applications: Self-Regulating Intelligent Interfaces. Adv. Funct.
Mater. 2013, 23, 4483-4506. [CrossRef]

Gharbavi, M.; Danafar, H.; Sharafi, A. Microemulsion and bovine serum albumin nanoparticles as a novel hybrid nanocarrier
system for efficient multifunctional drug delivery. J. Biomed. Mater. Res. Part A 2020, 108, 1688-1702. [CrossRef]

Ji, J.; Liu, Y,; Shi, L.; Wang, N.; Wang, X. Effect of roasting treatment on the chemical composition of sesame oil. LWT 2019, 101,
191-200. [CrossRef]

Kanu, P.; Bahsoon, J.; Kanu, ].; Kandeh, J. Nutraceutical Importance of Sesame Seed and Oil: A Review of the Contribution of
their Lignans. Sierra Leone J. Biomed. Res. 2010, 2, 4-16. [CrossRef]

Wu, X,; Zhao, Z.; Tian, R.; Shang, Z.; Liu, H. Identification and quantification of counterfeit sesame oil by 3D fluorescence
spectroscopy and convolutional neural network. Food Chem. 2020, 311, 125882. [CrossRef]

Gharbavi, M.; Manjili, HK.; Amani, J.; Sharafi, A.; Danafar, H. In vivo and in vitro biocompatibility study of novel microemulsion
hybridized with bovine serum albumin as nanocarrier for drug delivery. Heliyon 2019, 5, e01858. [CrossRef]

Wang, G.; Li, H.; Yan, S.; Huang, Q.; Wang, S.; Fan, J. Effect of glycerol microemulsion on coal seam wetting and moisturizing
performance. J. Mol. Lig. 2022, 367, 120405. [CrossRef]

Zhang, H.; Feng, F; Li, J.; Zhan, X.; Wei, H.; Li, H.; Wang, H.; Zheng, X. Formulation of food-grade microemulsions with glycerol
monolaurate: Effects of short-chain alcohols, polyols, salts and nonionic surfactants. Eur. Food Res. Technol. 2008, 226, 613-619.
[CrossRef]

Fatehi, P,; Baba, A.S.; Suk, VR.E.; Misran, M. Preparation and characterization of palm oil in water microemulsion for application
in the food industry. Br. Food ]. 2020, 122, 3077-3088. [CrossRef]

Bichu, M.B.; Varsha, P. Microemulsion assisted transdermal delivery of a hydrophilic anti-osteoporotic drug: Formulation, in vivo
pharmacokinetic studies, in vitro cell osteogenic activity. J. Appl. Pharm. Sci. 2020, 10, 8-19. [CrossRef]

Swaidan, A.; Borthakur, P; Boruah, PK.; Das, M.R,; Barras, A.; Hamieh, S.; Toufaily, J.; Hamieh, T.; Szunerits, S.; Boukherroub, R.
A facile preparation of CuS-BSA nanocomposite as enzyme mimics: Application for selective and sensitive sensing of Cr(VI) ions.
Sens. Actuators B Chem. 2019, 294, 253-262. [CrossRef]

Gharbavi, M.; Johari, B.; Eslami, S.S.; Mousazadeh, N.; Sharafi, A. Cholesterol-conjugated bovine serum albumin nanoparticles as
a tamoxifen tumor-targeted delivery system. Cell Biol. Int. 2020, 44, 2485-2498. [CrossRef]

Qi, X,; Xu, D.; Zhu, ].; Wang, S.; Peng, J.; Gao, W.; Cao, Y. Studying the interaction mechanism between bovine serum albumin
and lutein dipalmitate: Multi-spectroscopic and molecular docking techniques. Food Hydrocoll. 2021, 113, 106513. [CrossRef]
Yu, J.; Liu, J.-Y,; Xiong, W.-M.; Zhang, X.-Y.; Zheng, Y. Binding interaction of sodium benzoate food additive with bovine serum
albumin: Multi-spectroscopy and molecular docking studies. BMC Chem. 2019, 13, 95. [CrossRef]

Gharbavi, M.; Johari, B.; Rismani, E.; Mousazadeh, N.; Taromchi, A.H.; Sharafi, A. NANOG Decoy Oligodeoxynucleotide—
Encapsulated Niosomes Nanocarriers: A Promising Approach to Suppress the Metastatic Properties of U87 Human Glioblastoma
Multiforme Cells. ACS Chem. Neurosci. 2020, 11, 4499-4515. [CrossRef]


https://doi.org/10.1088/1361-6528/ac3789
https://doi.org/10.3390/polym10060579
https://doi.org/10.1088/2043-6254/abc75b
https://doi.org/10.3390/biotech12010019
https://doi.org/10.3390/molecules26113067
https://doi.org/10.3390/nano10010033
https://doi.org/10.1016/b978-0-12-820757-4.00008-9
https://doi.org/10.1016/j.ijbiomac.2021.10.040
https://doi.org/10.1021/acs.molpharmaceut.1c00046
https://doi.org/10.1155/2019/3702518
https://doi.org/10.1002/adfm.201203884
https://doi.org/10.1002/jbm.a.36935
https://doi.org/10.1016/j.lwt.2018.11.008
https://doi.org/10.4314/sljbr.v2i1.56583
https://doi.org/10.1016/j.foodchem.2019.125882
https://doi.org/10.1016/j.heliyon.2019.e01858
https://doi.org/10.1016/j.molliq.2022.120405
https://doi.org/10.1007/s00217-007-0606-z
https://doi.org/10.1108/bfj-01-2020-0018
https://doi.org/10.7324/japs.2020.10802
https://doi.org/10.1016/j.snb.2019.05.052
https://doi.org/10.1002/cbin.11455
https://doi.org/10.1016/j.foodhyd.2020.106513
https://doi.org/10.1186/s13065-019-0615-6
https://doi.org/10.1021/acschemneuro.0c00699

Pharmaceuticals 2023, 16, 582 17 of 17

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Chen, X.; Zhang, Y,; Lin, H.; Xia, P,; Cai, X,; Li, X,; Li, X,; Li, W. Porous ZnMn,0O4 nanospheres: Facile synthesis through
microemulsion method and excellent performance as anode of lithium ion battery. J. Power Sources 2016, 312, 137-145. [CrossRef]
Wang, H; Niu, Y,; Fei, G.; Shen, Y,; Lan, J. In-situ polymerization, rheology, morphology and properties of stable alkoxysilane-
functionalized poly (urethane-acrylate) microemulsion. Prog. Org. Coat. 2016, 99, 400-411. [CrossRef]

Zhou, L,; Yang, H.; Wu, H.; Wang, M.; Cheng, D. Catalytic pyrolysis of rice husk by mixing with zinc oxide: Characterization of
bio-oil and its rheological behavior. Fuel Process. Technol. 2013, 106, 385-391. [CrossRef]

Chen, X.; Xu, X,; Liu, D.; Zhou, G.; Han, M.; Wang, P. Rheological behavior, conformational changes and interactions of
water-soluble myofibrillar protein during heating. Food Hydrocoll. 2018, 77, 524-533. [CrossRef]

Boonme, P; Kaewbanjong, J.; Amnuaikit, T.; Andreani, T,; Silva, A.; Souto, E.B. Microemulsion and Microemulsion-Based Gels for
Topical Antifungal Therapy with Phytochemicals. Curr. Pharm. Des. 2016, 22, 4257-4263. [CrossRef]

Feng, J.; Zhang, C.-P. Preparation of Cu-Ni alloy nanocrystallites in water-in-oil microemulsions. J. Colloid Interface Sci. 2006, 293,
414-420. [CrossRef] [PubMed]

Hemlata, G.S.; Tejavath, K.K. ROS-Mediated Apoptosis Induced by BSA Nanospheres Encapsulated with Fruit Extract of Cucumis
prophetarum in Various Human Cancer Cell Lines. ACS Omega 2021, 6, 10383-10395. [CrossRef] [PubMed]

Shewaiter, M.A.; Hammady, T.M.; El-Gindy, A.; Hammadi, S.H.; Gad, S. Formulation and characterization of lefluno-
mide/diclofenac sodium microemulsion base-gel for the transdermal treatment of inflammatory joint diseases. J. Drug Deliv. Sci.
Technol. 2020, 61, 102110. [CrossRef]

Schubert, M.; Miiller-Goymann, C. Characterisation of surface-modified solid lipid nanoparticles (SLN): Influence of lecithin and
nonionic emulsifier. Eur. J. Pharm. Biopharm. 2005, 61, 77-86. [CrossRef]

Cantarovich, M.; Tzimas, G.N.; Barkun, J.; Deschenes, M.; Alpert, E.; Tchervenkov, J. Efficacy of mycophenolate mofetil combined
with very low-dose cyclosporine microemulsion in long-term liver-transplant patients with renal dysfunction. Transplantation
2003, 76, 98-102. [CrossRef]

Rahdar, A.; Hajinezhad, M.R.; Barani, M.; Sargazi, S.; Zaboli, M.; Ghazy, E.; Baino, F.; Cucchiarini, M.; Bilal, M.; Pandey, S.
Pluronic F127 /Doxorubicin microemulsions: Preparation, characterization, and toxicity evaluations. J. Mol. Lig. 2022, 345, 117028.
[CrossRef]

He, C.-X,; He, Z.-G.; Gao, J.-Q. Microemulsions as drug delivery systems to improve the solubility and the bioavailability of
poorly water-soluble drugs. Expert Opin. Drug Deliv. 2010, 7, 445-460. [CrossRef]

Chodari, L.; Aytemir, M.D.; Vahedi, P.; Alipour, M.; Vahed, S.Z.; Khatibi, SSM.H.; Ahmadian, E.; Ardalan, M.; Eftekhari, A.
Targeting Mitochondrial Biogenesis with Polyphenol Compounds. Oxidative Med. Cell. Longev. 2021, 2021, 4946711. [CrossRef]
[PubMed]

Zigrayové, D.; Mikusov4, V.; Mikus, P. Advances in Antiviral Delivery Systems and Chitosan-Based Polymeric and Nanoparticu-
late Antivirals and Antiviral Carriers. Viruses 2023, 15, 647. [CrossRef] [PubMed]

Gharbavi, M.; Johari, B.; Ghorbani, R.; Madanchi, H.; Sharafi, A. Green synthesis of Zn nanoparticles and in situ hybridized
with BSA nanoparticles for Baicalein targeted delivery mediated with glutamate receptors to U87-MG cancer cell lines. Appl.
Organomet. Chem. 2022, 37, €6926. [CrossRef]

Gharbavi, M.; Sharafi, A.; Fath, PM.; Oruji, S.; Pakzad, H.; Manjili, H.K. Formulation and Biocompatibility of Microemulsion-
Based PMBN as an Efficient System for Paclitaxel Delivery. J. Appl. Biotechnol. Rep. 2021, 8, 51-62. [CrossRef]

Pundi, K.; Pundi, K.N.; Kamath, P.S.; Cetta, E; Li, Z.; Poterucha, J.T.; Driscoll, D.].; Johnson, J.N. Liver Disease in Patients After
the Fontan Operation. Am. J. Cardiol. 2016, 117, 456-460. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.jpowsour.2016.02.056
https://doi.org/10.1016/j.porgcoat.2016.07.005
https://doi.org/10.1016/j.fuproc.2012.09.003
https://doi.org/10.1016/j.foodhyd.2017.10.030
https://doi.org/10.2174/1381612822666160603015436
https://doi.org/10.1016/j.jcis.2005.06.071
https://www.ncbi.nlm.nih.gov/pubmed/16061244
https://doi.org/10.1021/acsomega.1c00755
https://www.ncbi.nlm.nih.gov/pubmed/34056191
https://doi.org/10.1016/j.jddst.2020.102110
https://doi.org/10.1016/j.ejpb.2005.03.006
https://doi.org/10.1097/01.TP.0000054367.57978.4C
https://doi.org/10.1016/j.molliq.2021.117028
https://doi.org/10.1517/17425241003596337
https://doi.org/10.1155/2021/4946711
https://www.ncbi.nlm.nih.gov/pubmed/34336094
https://doi.org/10.3390/v15030647
https://www.ncbi.nlm.nih.gov/pubmed/36992356
https://doi.org/10.1002/aoc.6926
https://doi.org/10.30491/JABR.2020.114985
https://doi.org/10.1016/j.amjcard.2015.11.014

	Introduction 
	Results and Discussion 
	Formulation of Optimal Microemulsion Carrier 
	Physico-Chemical Characterizations 
	In Vitro and In Vivo Assays 

	Materials and Methods 
	Reagents and Materials 
	Preparation of O/W Microemulsion 
	Physicochemical Characterization 
	FT-IR Analysis 
	UV-VIS Spectroscopy 
	DLS and FE-SEM Analysis 
	Rheological Behavior 
	Hemo-Compatibility Assay 
	Cell Culture and Cell Viability Tests 
	In Vivo Experiments 
	LD50 Assay 
	Liver Function Tests 
	Statistical Analysis 

	Conclusions 
	References

