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Abstract

Diabetes mellitus (DM) is a highly prevalent public health problem characterized by hyperglycemia that causes complications due
to the generation of reactive oxygen species and oxidative damage. Studies have shown that essential oils containing citral, such as
lemongrass, have various biological activities, including bactericidal, antiviral, antifungal, antioxidant, and hypoglycemic effects.
Therefore, this study aims to obtain a microemulsified formulation containing the essential oil of Cymbopogon flexuosus (EOCF)
and to evaluate its antioxidant and antidiabetic activity in diabetic rats. The microemulsion (ME) was obtained after consulting the

corresponding pseudoternary phase diagram and showed stability, isotropy, Newtonian behavior, nanometric size (15.2 nm), and
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pH 4.2. Both EOCF and the ME showed high antioxidant activity, but the ME resulted in greater antioxidant activity, potentiating
the activity of isolated EOCF. Finally, male Wistar rats (3 months old, 200-250 g) with streptozotocin-induced type-1 DM were
supplemented with EOCF and ME (32 mg/kg) for 21 days. Both EOCF and ME supplementation resulted in reduced blood glucose
levels and improved lipid profiles when compared to the control group. Additionally, the ME was able to provide additional bene-

fits, such as reduced liver damage, improved renal function, reduced systemic inflammation, and increased high-density lipoprotein

levels. Overall, the results show that EOCF was efficiently incorporated into the microemulsion, improving its antioxidant activity

and showing promising results for use in the treatment of DM via the oral route.

Introduction

Diabetes mellitus (DM) is one of the main public health prob-
lems. It affects around 463 million people worldwide, and it
could reach 700 million cases by 2045 [1]. The main causes of
DM are related to a deficit in insulin production due to a loss of
pancreatic B-cell function (type-1 DM) [1], or due to insulin
resistance and a partial deficit in the secretion of this hormone

by pancreatic -cells (type-2 DM).

Various therapies have been used in the treatment of patients
with DM including medication using hypoglycemic agents
alone or combined with the administration of exogenous
insulin, associated with dietary re-education and changes in
lifestyle habits, such as physical exercise [2]. Although hypo-
glycemic agents are widely prescribed in DM therapy, they can
result in limited efficacy and cause various adverse reactions
such as dyspepsia, abdominal pain, nausea, and lactic acidosis
[3], which vary according to the hypoglycemic agent used and

the patient’s individual response.

As an alternative to conventional DM treatments, natural
sources are being investigated, such as citral, the main com-
pound in the essential oil (EO) extracted from plants of the
Cymbopogon genus. Both citral and the essential oils of species
such as Cymbopogon flexuosus (EOCF) and Cymbopogon
citratus have shown antioxidant, antidiabetic, and antidyslipi-
demic properties in vivo [4-6]. EOs are volatile components that
are sensitive to temperature, light, oxygen, and humidity [7].
Therefore, it is recommended to use them in drug delivery
systems, such as nanostructured systems, which are able to
guarantee stability and a better therapeutic effect after in vivo
administration [8]. Among these systems, microemulsions
(MEs) stand out for their ability to increase the solubility,
absorption, and bioavailability of lipophilic compounds such as
EOs. MEs are transparent, thermodynamically stable, low-
viscosity systems containing oil and water stabilized by surfac-
tants, with a very small droplet size (<100 nm), which facili-
tates their permeation through membranes [9]. In addition, MEs
showed increased anti-inflammatory activity, reduced irritation,
and improved the stability of EOs in previous studies [10,11].

Thus, from an innovative perspective, the aim of this work is to

evaluate the antioxidant and antidiabetic activity of EOCF and a

ME containing EOCF. Glycemic and lipid parameters, oxida-
tive damage, and tissue injury in diabetic rats were evaluated.

Results and Discussion

Chemical composition of EOCF

The GC-MS analysis results of EOCF are similar to those
presented in our previous study [12] and are shown in Table S1
(Supporting Information File 1). In total, 13 compounds were
identified, the majority being a-citral (geranial, 53%), B-citral
(neral, 19%), and geraniol (12%). EOCF also contained smaller
percentages (0.07% to 4.90%) of constituents such as tricy-
clone, a-pinene, canphene, nonanone, linalool, isogeraniol,
isoneral, isocitral, caryophyllene, and geranyl acetate. A study
by Adukwu et al. [13] showed that citral (neral and geranial,
89%) and geraniol (8%) were the major constituents of EOCF,
followed by linalool (2.7%), corroborating the findings of the
present study. However, other minor components were not iden-
tified in this study, showing that the composition of the essen-
tial oil can change significantly when obtained from different
geographical origins.

Development of microemulsions considering
the pseudoternary phase diagram

Various surfactants in different combinations were tested to
obtain the ME. In general, non-ionic surfactants are most com-
monly used because they have a low critical micelle concentra-
tion, low toxicity, and greater stability to changes in pH and
charge when compared to other classes of surfactants [14].
Another important parameter is the hydrophilic-lipophilic
balance (HLB). Surfactants with low HLB values between 3
and 6 generally promote the formation of water/oil (W/O) emul-
sions, while high HLB values between 8 and 18 predominantly
result in O/W emulsions [14]. The HLB values of Eumulgin®
CO 40 (14.1) and Tween® 80 (15) are suitable for O/W formu-
lations.

Among various combinations of the components (Supporting
Information File 1, Table S2), the pseudoternary phase diagram
(PTPD) that best provided transparent liquid systems was ob-
tained with Eumulgin® C040/Tween® 80, in a ratio of 1:1
(v/v), containing distilled water as the aqueous phase and EOCF
as the oil phase, as shown in Figure 1. Although the PTPD with
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propylene glycol and Olivem® 300 (1:1, v/v) also showed
regions characterized as ME, these regions contained only a low
amount of EOCF (1%). Therefore, for the in vivo study, the re-
quired amount for oral administration would be high and could
be unfeasible. Hence, the pseudoternary phase containing
Eumulgin® CO40 and Tween® 80 was selected for the subse-
quent trials.

oil (%)

Figure 1: Pseudoternary phase diagram (PTPD) of EOCF, water, and
a mixture of the surfactants Eumulgin® CO40/Tween® 80, in a 1:1
ratio. The PTPD shows demarcated regions corresponding to trans-
parent liquid systems (TLS), transparent viscous systems (TVS) and
non-transparent systems (NTS). The PTPD also shows formulations
obtained with fixed oil phase concentrations (10%).

In the PTPD in Figure 1, a broad area of transparent systems is
observed, suggesting that the use of these components can facil-
itate the development of nanometer-scale systems such as MEs
and liquid crystals [15]. This region was divided into three
distinct regions, with a central region of transparent viscous
systems (TVS), which may be a region of lyotropic liquid crys-
tals [16,17], and two regions of transparent liquid systems
(TLS), which have low viscosity, suggesting the formation of
ME:s [18]. In general, the PTPD obtained with Eumulgin® CcO
40 and Tween® 80 is similar to the PTPDs obtained with other
similar surfactants such as shown in [8,19].

Considering the region of formation of transparent liquid
systems obtained in the PTPD above, the dilution line contain-
ing 10% EOCF was selected, and the spots were prepared indi-
vidually and monitored for five days (see below Table 1 and
Figure 1). After this time, five formulations were classified as
TLS suggesting that MEs were obtained. In addition, two SVT
and one NTS were also obtained. Among the TLS, point 7 (M7-
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EOCF) was selected for subsequent tests, as it had the lowest
amount of surfactants and the highest proportion of water in its

composition.

Physicochemical characterization of the

selected system

Some parameters are fundamental for characterizing nanostruc-
tured systems such as MEs, including droplet size, optical prop-
erties, and rheological profile. M7-EOCF therefore underwent
tests to investigate these parameters. First, the M7-EOCF sam-
ple was analyzed by dynamic light scattering, which showed
that the system had an average hydrodynamic radius of
15.24 £ 1.27 nm, which is in line with the definition of MEs,
having a hydrodynamic radius between 10 and 100 nm [18].
Furthermore, it was observed that the M7-EOCF formulation
had a polydispersity index (PDI) of 0.334 + 0.054, indicating
homogeneity (PDI < 0.5) in the droplet size distribution of this
system. The literature reports that a PDI below 0.5 also indi-
cates greater physical stability of the obtained formulation
[20,21].

The M7-EOCF sample was also examined using polarized light
microscopy to investigate its optical properties. Isotropic behav-
ior was observed (Supporting Information File 1, Figure S1)
through the visualization of a dark field. In general, microemul-
sions do not deflect the plane of polarized light since their

optical properties are constant in all directions [18].

Rheology is the science that studies the flow characteristics and
deformation of matter when exposed to different shear forces
[22,23]. The parameters of rheological properties are essential
in the classification and characterization of semisolids and
fluids, and in the greater understanding of drug release from
pharmaceutical forms [22]. Thus, the rheological behavior of
M7-EOCEF at two temperatures (25 and 37 °C) was analyzed.
The results were expressed in rheograms (Figure 2) and
represent the relationship between the shear stress and the shear
rate.

The data were analyzed using the power law (1 = k-y"), where T
is the shear rate, & is the consistency index (viscosity), y is the
shear stress, and 7 is the flow index. The flow curves showed a
linear correlation (n close to 1). For 25 °C, n was 1.08, while for
37 °C, it was 0.99 (i.e., Newtonian behavior). R was greater
than 0.996 for both tests, indicating that the data fit this model.
This is expected for a microemulsion system [18,23,24]. The
viscosity at 25 °C was 0.009 + 0.001 Pa/s. The low viscosity
can be justified considering the high water content present in
the M7-EOCF formulation [25]. And it can be seen that increas-
ing the temperature caused a decrease in viscosity to
0.006 = 0.001 Pa/s (at 37 °C).
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Figure 2: Rheological behavior (shear stress versus shear rate) of the
microemulsion M7-EOCF at 25 and 37 °C.

The low viscosity of MEs is advantageous when taken orally as
it facilitates oral application and dose adjustment; it also im-
proves absorption and bioavailability. Additionally, MEs can be
administered to humans as self-microemulsifying drug delivery
systems (SMEDDSs) delivered in soft gelatin capsules as they
are low-viscosity liquids. SMEDDSs are concentrated
microemulsions that contain only the oil phase and the surfac-
tant phase (without water). SMEDDSs can form MEs spontane-
ously through the addition of water and gentle agitation, such as
movement of the gastrointestinal tract, and can be formulated
into capsules [26,27], improving patient acceptance [28]. The
pH value is also capable of inducing changes in stability and
chemical phenomena, such as deterioration and oxidation of
compounds and bacterial growth, and is a precise and specific
measure for quality control of the formulation. The pH found
for M7-EOCF was 4.65 % 0.05. Orally tolerated pH values are
between 2 and 10 [29]. In this context, M7-EOCF has a pH
value compatible with oral use, thus demonstrating that the
formulation will not cause irritation to the mucous membranes.

Altogether, considering its composition (i.e., an oil phase, an
aqueous phase, and a surfactant phase), transparent appearance,
low viscosity, isotropy, Newtonian behavior, and droplet size
on a nanometric scale, it can be said that the M7-EOCF formu-
lation is a microemulsion system [30,31].

Antioxidant activity

The results of the antioxidant activities of S. Mix (i.e., surfac-
tants + water, without EOCF), EOCF, and M7-EOCF were
evaluated using the DPPH, ABTS, and FRAP methods
(Figure 3, see Experimental section for details). It can be seen
in Figure 3A that M7-EOCF, EOCF, and S. Mix showed higher

DPPH radical scavenging activities than the control. However,
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S. Mix showed significantly lower antioxidant activity (58.95%
+ 5.95%) than M7-EOCF (91.12% * 0.57%) and EOCF
(84.73% =+ 2.41%). Regarding antioxidant activity using the
ABTS method (Figure 3B), M7-EOCF, EOCF and S. Mix also
showed significant differences when compared to the control
(p < 0.0001). The antioxidant potential of M7-EOCF was
93.12% =+ 0.20%, that of EOCF was 76.28% =+ 0.86%, and that
of S. Mix was 21.60% =% 3.69%. Regarding the antioxidant ac-
tivity determined through the FRAP method (Figure 3C), signif-
icant differences (p < 0.0001) were also found between the ac-
tivities of M7-EOCF, EOCF, and S. Mix when compared to the
control. It is also important to highlight the antioxidant and Fe2*
chelating potential of EOCF, as observed in a previous study by

our research group [12].

Considering the results obtained, M7-EOCF showed the best
antioxidant activity. It should also be noted that there was a
statistical difference when compared to solely EOCF in the
ABTS and FRAP methods, but not with DPPH, showing that
the formulation potentiated the antioxidant activity of EOCF.
This effect is probably due to the synergistic action between the
chemical constituents present in the EO and the surfactants
[32,33].

This difference between the DPPH method and the others can
be explained by the different antioxidant mechanisms. DPPH is
more useful in apolar surroundings and mainly involves hydro-
gen donation. ABTS is a method that includes electron and
hydrogen donation, in addition to being useful for both non-
polar and polar surroundings, covering a wider spectrum of
compounds [34]. Finally, FRAP evaluates the interaction of the
compounds with a ferric complex (TPTZ-Fe3*), with hydrogen
donation and reduction effects (TPTZ-Fe?"). Another point to
be raised is the saturation of the system. In the DPPH test, the
antioxidant activity of M7-EOCEF is very close to the activity of
Trolox, that is, above 90%. Therefore, there was possibly satu-
ration at the concentration used.

A study by Alencar et al. [35], which aimed to analyze the anti-
oxidant activity of lemongrass (C. citratus) EO before and after
the development of spray-dried microcapsules, showed a reduc-
tion in the antioxidant activity of the formulation when com-
pared to the oil alone. However, the authors defend the idea that
the high temperature used in the process altered the compounds
in the oil and reduced the antioxidant activity. In the micro-
emulsion formulation in this study, room temperature was used,
which may also explain why the antioxidant action was main-
tained.

EOCEF, on E. coli and S. Aureus bacteria, showed antioxidant

activity and control in pathogenic species resistant to oxidative
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Figure 3: In vitro antioxidant activity of essential oil of Cymbopogon flexuosus (EOCF), its microemulsion (M7-EOCF), and S. Mix (surfactants +
water, without EOCF). The analysis was carried out using the (A) DPPH, (B) ABTS, and (C) FRAP methods. Trolox was used as the standard antioxi-

dant. The tests were carried out in quintuplicate, and the results represent the mean + standard deviation of the values;

5 < 0.001, ****p < 0.0001

versus system (no antioxidants); #p < 0.0001 versus M7-EOCF — (ANOVA followed by Tukey's test).

stress. The authors also emphasized that EOCF acted as a po-
tent attenuator of oxidative stress in in vivo models, as it has
indirect antioxidants such as terpenes and terpenoids [36]. In
another study using nanostructured systems containing lemon-
grass of the species C. citratus, improvements in the stability
and high antioxidant content of the EO were demonstrated [37].

Evaluation of cytotoxicity

The cytotoxicity of M7-EOCF, EOCF, and S. Mix was assessed
through cell viability measurements on L929 fibroblasts using
the MTT method [MTT = 3-(4,5-dimethylthiazol-2yl)-2,5-
diphenyltetrazoline bromide]. Figure 4 shows that EOCF was
considered cytotoxic at all concentrations tested (50, 100, and
200 pg/mL), with cell viability values of less than 70% when
compared to the control (100% viability). The cytotoxicity of
EOCF was confirmed in the study by Al-Ghanayem [38], who

showed viabilities in keratinocyte cells of 51.5% and 70.5% at
concentrations of 1.25 and 0.6 pL/mL of EOCEF, respectively.

In contrast, S. Mix and the microemulsion (M7-EOCF) were
considered non-cytotoxic at all concentrations tested, with cell
viability values greater than 70%. In the study of Sé et al. [39],
ME:s containing the cytotoxic essential oil of C. zeylanicum also
showed no cytotoxicity, even with a high concentration of sur-

factants present in the microemulsions.

In vivo results

Anti-hyperglycemic activity

The aim of this study was to evaluate M7-EOCF supplementa-
tion and its effects on recovery, glycemic control, muscle
damage, and reactive species markers in streptozotocin (STZ)-

induced type-1 diabetic rats. The use of STZ in animals causes
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Figure 4: Evaluation of the cytotoxicity of essential oil of Cymbopogon
flexuosus (EOCF), its microemulsion (M7-EOCF), and surfactant mix +
water, without EOCF (S. Mix) on L929 fibroblasts using the MTT test.
The results were presented as percentage of cell viability compared to
the control group (culture medium). The tests were carried out in tripli-
cate, and the results represent the mean + standard deviation of the
values; ****p < 0.0001 (ANOVA followed by Tukey's test).

conditions similar to that of some humans with type-1 diabetes
without glycemic control. STZ has been shown to significantly
increase blood glucose levels in Wistar rats. STZ’s mechanism
of action alters the DNA base sequences of pancreatic islet
B-cells and stimulates polynuclear (ADP-ribose) synthetase,
thus decreasing intracellular NAD and NADP levels. The deple-
tion of NAD by STZ inhibits the synthesis of proinsulin, thus
inducing experimental diabetes [40,41].
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A significant increase in blood glucose levels was observed in
diabetic rats in the control group (CONTROL = 452.78 mg/dL),
induced by STZ, compared to supplemented animals. Treat-
ment with the essential oil (EOCF = 234.71 mg/dL, p < 0.0001),
the microemulsion (M7-EOCF = 283.75 mg/dL, p < 0.001), and
metformin (MET = 300.86 mg/dL, p < 0.01) provided a signifi-
cant reduction in glucose by, respectively, 48.16%, 37.33%, and
33.55% when compared to the control group; but there were no
significant differences between EOCF, M7-EOCF, and MET.
Regarding glycated hemoglobin levels, diabetic rats treated with
EOCF, M7-EOCF, and MET showed no significant differences
compared to diabetic animals in the control group (Figure 5B).

Corroborating the results of this research, a study carried out by
Garba et al. [42], using Cymbopogon tea in diabetic rats, signifi-
cantly reduced the induced glycemic increase. However, the
data were comparable to those of the group treated with
metformin, and no significant differences were observed. Sena-
Junior et al. [12] evaluated the effect of citral and EOCF supple-
mentation using different doses (32 and 64 mg/kg) in diabetic
Wistar rats for 14 days. All treatments had a significant hypo-
glycemic effect, but with no significant differences between
citral and EOCF groups.

Effect of EOCF on liver function

Exposure of rats to STZ resulted in liver dysfunction, as indicat-
ed by alanine aminotransferase (ALT) and aspartate amino-
transferase (AST) activities (Figure 6). Treatments with EOCF
(32 mg/kg, gavage) and M7-EOCF (32 mg/kg, gavage) signifi-
cantly reduced liver dysfunction in ALT (EOCF = 97.76 U/L,

B

154

-
o
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HbA1lc (mg/dL)
T

T T
Control EOCF M7-EOCF MET
32 mg/kg

Figure 5: Glycemia (A) and glycated hemoglobin — HbA1c (B) levels of diabetic rats after 21 days of supplementation with EOCF (essential oil of
Cymbopogon flexuosus) (32 mg/kg) and M7-EOCF (Cymbopogon flexuosus essential oil microemulsion) (32 mg/kg). Tween® 80 (control) was used
as a negative control. Metformin (MET) was used as a positive control. The assay was carried out in quintuplicate, and the results represent the mean
+ standard deviation (SD) of the values; *p < 0.01, ***p < 0.001, ****p < 0.0001 versus control — (ANOVA followed by Tukey's post-test).
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post-test).

p < 0.05 and M7-EOCF = 106.72 U/L, p < 0.05) and AST
(EOCF = 105.61 U/L, p < 0.05 and M7-EOCF = 105.13 U/L,
p < 0.05) when compared to the negative control group
(CONTROL ALT = 165.98 U/L and AST = 172.10 U/L), as
shown in Figure 6A,B. The positive control group (MET) did
not significantly reduce ALT and AST liver dysfunction and
showed no significant difference when compared to the nega-
tive control. Considering the ALT/AST ratio in all groups, the
values remained below 1.5 at the end of treatment, with no sig-

nificant differences (Figure 6C).

Considering the inflammation marker C-reactive protein (CRP),

the M7-EOCF group (22.78 mg/dL) showed significant reduc-

tions when compared to the negative control group

(36.0 mg/dL, p < 0.0001), the EOCF group (32.0 mg/dL,

p < 0.01), and the positive control group (33.33 mg/dL,
p < 0.001) (Figure 6D).

The significant reductions in ALT, AST, and CRP suggest
attenuation of hepatic injury and systemic inflammation, which
are commonly exacerbated in diabetic states. These effects may
be attributed to the modulation of oxidative stress pathways,
particularly through the scavenging of free radicals and the
upregulation of endogenous antioxidant enzymes such as super-
oxide dismutase and catalase. The microemulsion likely
enhances the bioavailability of key phytoconstituents such as
citral, thereby potentiating their biological activity. To
strengthen this interpretation, we included comparisons with
prior studies involving lemongrass essential oil and phytocom-

pounds in similar diabetic models, which reported concordant
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findings in liver enzyme normalization and inflammatory
marker reduction.

In a study carried out by Falode et al. [43], the crude extract of
Cymbopogon showed similarities to the results obtained in this
work regarding the effect of EOCF on the liver functions of the
animals tested. In this study, there were no significant differ-
ences between the MET-positive control group and the nega-
tive control group. Furthermore, in the same study, the induc-
tion of diabetes with STZ resulted in a significant increase in
the serum and liver levels of AST, ALT, alkaline phosphatase,
and gamma-glutamyl transferase as shown in the diabetic
control groups compared to the normal control group.

In a study by Garba et al. [42], it was observed that liver
glycogen content and serum levels of AST and ALP decreased
significantly, while serum ALT, total proteins, and albumin
were elevated in the diabetic control group compared to the
normal control group. In addition, the group of diabetic rats
treated with lemongrass tea showed a modulation in liver altera-
tions, reverting the situation to almost normal, with a reduction

in the levels of liver enzymes and markers of kidney function.

More recently, Sena-Junior et al. [12] also evaluated the effect
of citral (32 mg/kg) and EOCF (32 and 64 mg/kg) supplementa-
tion for 14 days on STZ-induced diabetic rats and found that all
treatments protected against ALT liver dysfunction. However,
AST levels were only significantly reduced in the citral group
and in the group using the highest dose of EOCF (64 mg/kg). It
is likely that the present study, using the 32 mg/kg dose, found a
reduction in serum levels of both AST and ALP because of the

longer treatment time (21 days).

Effect of EOCF on metabolic lipid parameters

Figure 7 shows that exposure of rats to STZ induced significant
metabolic lipid disturbances. In the control group of diabetic
rats, there was a considerable increase in plasma concentrations
of total cholesterol (TC = 128.33 mg/dL), triglycerides (TG =
119.22 mg/dL), and low-density lipoprotein (LDL) cholesterol
(155.67 mg/dL), along with a decrease in high-density lipopro-
tein (HDL) cholesterol levels (34.67 mg/dL) and an increase in
Castelli-2 index (2.60 mg/dL). The positive control group
(MET) only showed a difference in TC levels (102.11 mg/dL),
with no significant change in the other metabolic parameters.
The EOCF group showed significant reductions in TC
(83.56 mg/dL), TG (69.00 mg/dL), very-low-density lipopro-
tein (VLDL) cholesterol (13.89 mg/dL), and Castelli-2 index
(1.13 £ 0.35 mg/dL). The M7-EOCF group showed reductions
in plasma concentrations of TC (95.22 mg/dL), TG
(80.44 mg/dL), LDL cholesterol (128.86 mg/dL), VLDL
cholesterol (13.78 mg/dL), and Castelli-2 index (1.14 mg/dL),
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as well as a significant 83.15% increase in HDL cholesterol
levels (63.50 mg/dL).

Garba et al. [42] demonstrated in their study that serum levels
of TC, TG, and LDL cholesterol were significantly reduced in
the diabetic group treated with lemongrass tea compared to the
control group. In addition, the tea further reduced HDL choles-
terol, although not statistically different compared to the
diabetic control. In comparison, the previous study of our group
[12] demonstrated that EOCF at a dose of 32 mg/kg supple-
mented for 14 days significantly reduced TG and increased
HDL cholesterol in diabetic rats.

In this study, oral administration of EOCF for 21 days also
promoted an increase in HDL cholesterol levels. However,
HDL cholesterol levels were higher for microemulsions than for
the free essential oil. It is known that microemulsions promote
greater bioavailability of hydrophobic molecules orally due to
the nanometric size of the droplets. Additionally, nonionic sur-
factants such as Tween® and Cremophor® inhibit CYP3A
metabolism or P-glycoprotein drug efflux, thus improving
intestinal drug absorption. Thus, the increase in HDL choles-
terol levels may be due to increased oral bioavailability [44].

Itankar et al. [45] also presented similar results to this study
where the induction of DM led to a marked increase in serum
levels of TG, TC, VLDL cholesterol, and LDL cholesterol, as
well as to a reduction in HDL cholesterol levels. After treat-
ment with an aqueous extract of Cymbopogon citratus from
organically grown plants, there was a significant reduction in
serum lipid levels in diabetic mice that had previously been
elevated due to the induction of diabetes.

Effect of EOCF on kidney function

Exposure of rats to STZ resulted in kidney disorders, as indicat-
ed by increased creatinine, urea, and uric acid levels (Figure 8).
Treatment with EOCF (32 mg/kg, gavage) and M7-EOCF sig-
nificantly protected against changes in renal markers. Treat-
ment with M7-EOCF (Figure 8B) showed significant differ-
ences in the urea level (M7-EOCF = 64.17 mg/dL), reducing it
by 66.61% when compared to the negative control group
(192.20 mg/dL, p < 0.0001) and by 46.07% when compared to
the positive control group (MET = 119.00 mg/dL, p < 0.01).
Regarding uric acid, treatment with EOCF (1.41 mg/dL) and
M7-EOCF (1.36 mg/dL) significantly reduced the values when
compared to the negative control group (2.76 mg/dL) and the
positive control group (2.85 mg/dL) (Figure 8C).

Regarding renal markers, Dobhal et al. [46] showed in their

study an increase in uric acid levels in rats after inducing diabe-

tes and a significant reduction in these levels in the groups
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Figure 7: Lipid levels of total cholesterol (A), triglycerides (B), HDL cholesterol (C), LDL cholesterol (D), VLDL cholesterol (E), and Castelli-2 index (F)
of diabetic rats after 21 days of treatment with EOCF (Cymbopogon flexuosus essential oil) (32 mg/kg) and M7-EOCF (Cymbopogon flexuosus essen-
tial oil microemulsion) (32 mg/kg). Tween® 80 (CONTROL) was used as a negative control and metformin (MET) as a positive control. The test was
carried out in quintuplicate, and the results represent the mean + standard deviation (SD) of the values; *p < 0.05, **p < 0.01, ***p < 0.001,

****5 < 0.0001 versus control, #p < 0.05 versus M7-EOCF (ANOVA followed by Tukey's post-test).

treated with aqueous extract of lemongrass (100 and 300 mg). Almdal and Vilstrup [47] and Mansour et al. [48]
200 mg/kg), ethanolic extract of lemongrass (125 and showed that induced diabetic hyperglycemia raised plasma

250 mg/kg), and the essential oil of lemongrass (150 and levels of the kidney markers urea and creatinine, but there was a
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Figure 8: Renal markers creatinine (A), urea (B), and uric acid (C) of diabetic rats after 21 days of treatment with EOCF (Cymbopogon flexuosus
essential oil) (32 mg/kg) and M7-EOCF (Cymbopogon flexuosus essential oil microemulsion) (32 mg/kg). Tween® 80 (CONTROL) was used as a
negative control and metformin (MET) as a positive control. The test was carried out in quintuplicate, and the results represent the mean * standard
deviation (SD) of the values; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 versus control (ANOVA followed by Tukey's post-test); #p < 0.01,

###p < 0.001 versus EOCF (ANOVA followed by Tukey's post-test).

decrease in these markers after administration of Cymbopogon
proximus suspension, made from ground seeds of the plant and
suspended in double-distilled water. Sena-Junior et al. [12]
found a reduction in uric acid levels in diabetic rats after
14 days of daily supplementation with EOCF (64 mg/kg), but
the difference was not significant.

The observed decreases in urea and uric acid levels in this study
indicate a nephroprotective effect. This may be due to a combi-
nation of improved glycemic control and antioxidant activity.
Chronic hyperglycemia is known to induce oxidative damage in
renal tissues via the formation of advanced glycation end prod-
ucts and increased reactive oxygen species (ROS) generation.
By mitigating hyperglycemia, as evidenced by reductions in
fasting glucose, both EOCF and M7-EOCF may indirectly
reduce renal stress. Simultaneously, the enhanced antioxidant
activity of the microemulsion, especially regarding ABTS and

FRAP, suggests a direct protective role against oxidative

damage. While our data suggest a dual mechanism, future
studies using molecular markers of oxidative stress in renal

tissue would further clarify the primary pathway involved.

Histological assessment

Histopathological examination revealed that the EOCF group of
mice exhibited extensive lesions in the liver and pancreas, with
significant structural and functional impairment of these organs.
Analysis of the liver sections, illustrated in Figure 9, showed
morphological alterations suggestive of an advanced patholog-
ical process. In the liver, coagulative necrosis was identified in
large areas of the parenchyma, characterized by the initial pres-
ervation of cell contours, but with intensely eosinophilic
cytoplasm and loss of nuclear integrity. Structural disorganiza-
tion was evident, with hepatocytes (H) arranged irregularly,
many of them showing vacuolized cytoplasm, indicating cell
degeneration, as well as pyknotic nuclei, reflecting large-scale
cell death.
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Figure 9: Histological sections of the liver from the experimental groups. The EOCF group shows extensive vacuolization and tissue disorganization.
The MET group shows characteristics of necrosis and inflammation with signs of regeneration. The CONTROL group shows moderate damage, with
less inflammation and necrosis. The M7-EOCF group is characterized by tissue preservation, less cell damage and regeneration.

The presence of a chronic inflammatory infiltrate was a striking  suggesting a persistent and progressive inflammatory process
finding, characterized by the accumulation of mononuclear (Figure 10). This infiltration may indicate an attempt by the
cells, mainly lymphocytes and macrophages, around the portal  body to repair the damaged tissue, although in severe cases such
spaces and areas of necrosis. In addition, the formation of cavi-  as the one observed, liver regeneration may be insufficient to
ties filled with new inflammatory cells was observed (C), restore the organ’s homeostasis.

Figure 10: Histological sections of liver from the EOCF group. The images show areas of coagulative necrosis, characterized by disorganized hepato-
cytes (H), with vacuolized cytoplasm and degenerated or absent nuclei, indicating severe tissue damage. In addition, chronic inflammatory infiltrates
(C) are observed, marked by cellular accumulations inside cavities, suggesting a persistent inflammatory response.

627



Another relevant aspect was the presence of vacuolar degenera-
tion of hepatocytes, characterized by the accumulation of cyto-
plasmic vesicles, indicating dysfunction in metabolization and
impaired cell metabolism. This finding, associated with necrosis
and inflammation, suggests an exacerbated cellular response to
an aggressive agent, leading to structural collapse of the liver
tissue. These histopathological changes indicate that the liver
has undergone a severe degenerative process, compromising
its function. The combination of extensive necrosis, per-
sistent inflammation, and tissue disruption reinforces the serious
nature of the injury, as evidenced by detailed histological analy-
sis.

Histopathological analysis also revealed significant lesions in
the pancreas, as illustrated in Figure 11, with emphasis on the
regions indicated by (J) and (I). One of the most obvious find-
ings was interstitial edema, characterized by excessive accumu-
lation of fluid in the extracellular space, which resulted in in-
creased spacing between cells and reinforced the presence of an
active inflammatory process, as well as indicating a diffuse
degenerative condition (J). The cellular disorganization associ-
ated with interstitial edema was particularly pronounced in
region (I), suggesting that pancreatic tissue damage was severe
and progressive. The structural alteration observed, marked by
the separation of cells and loss of cohesion between them,
compromised the integrity of the pancreatic parenchyma, which
may indicate dysfunction in enzyme production and secretion,
as well as an exacerbated inflammatory response.

In addition, cell destruction associated with necrosis and local
inflammation was seen in region (J). The loss of pancreatic cell
integrity may have contributed to worsening interstitial edema
and intensified tissue disorganization, favoring a cycle of
progressive damage. The presence of these histological find-
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ings suggests an extensive degenerative process throughout the
pancreatic tissue. However, the possibility should be consid-
ered that the pancreatic lesions observed in all groups were in-
duced by streptozotocin, a cytotoxic agent selective for the
B-cells of the pancreatic islets. This factor may have exacer-
bated the histopathological picture, intensifying cell degenera-
tion and the inflammatory response.

Histopathological analysis of the MET group (Figure 12)
revealed significant cell damage in the liver, including necrosis
and inflammation, but with signs of regeneration in certain
areas, suggesting a reparative response to the applied treatment.
Despite the considerable degree of damage, this group showed
signs of attempted tissue restoration and was classified as the
second most severe group in terms of the lesions observed. Im-
portant morphological changes were identified in the liver
tissue. Cell vacuolization (A) was one of the most obvious find-
ings, characterized by the accumulation of cytoplasmic vesicles,
a phenomenon often associated with degenerative and apop-
totic processes. This alteration reflects an impairment of cellu-
lar homeostasis and represents an important marker of liver

damage in various pathological conditions.

In addition, cell edema (B) was found, characterized by
swelling of the hepatocytes due to excessive accumulation of
intracellular fluid. This alteration may be associated with
dysfunctions in the permeability of the plasma membrane,
leading to an osmotic imbalance, which favors fluid retention
and compromises cell viability. Another relevant finding was
the presence of areas with an active inflammatory response.
Regions with inflammatory infiltrate (C) reinforce the persis-
tence of the inflammatory process, and the body attempts to
contain tissue damage. These histological findings indicate that,
despite the significant damage observed in the MET group,

Figure 11: Significant lesions in the pancreas, highlighting interstitial edema (1). Interstitial edema contributes to cell spacing and cell disorganization,
indicating a diffuse degenerative process. Presence of active inflammation (J) and destruction of pancreatic cells, suggesting local necrosis, with

worsening interstitial edema and tissue disorganization.
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Figure 12: Histological section of the liver from the MET group, showing significant morphological changes. In (A), there is cellular vacuolization, indi-
cating the presence of degenerative and apoptotic processes. In (B), there is the presence of cellular edema. In (C), there are areas of chronic inflam-

matory infiltrate, with cavities filled with inflammatory cells.

there are signs of tissue regeneration, showing a dynamic
balance between inflammatory aggression and the liver’s repar-
ative response.

Histopathological analysis of the CONTROL group (Figure 13)
revealed less inflammation and vascular congestion compared
to the MET group, as well as moderate interstitial edema. Liver
damage was less severe, with a lower incidence of necrosis and
cell degeneration, indicating a reduced level of tissue impair-
ment compared to the EOCF and MET groups. Histological
examination showed moderate damage to the liver tissue, char-
acterized by cellular vacuolization (A), an indication of cellular
stress and sublethal damage, without significant progression to
extensive necrosis. In addition, cellular edema was observed
(B), with a slight increase in intracellular volume and the pres-
ence of prominent capillary vessels, suggesting a slight distur-

bance in tissue homeostasis.

Another relevant finding was the presence of a chronic
inflammatory infiltrate (C), characterized by cavities
containing inflammatory cells, although to a lesser extent
when compared to the other experimental groups. The areas
surrounding the infiltrate showed signs of cell degeneration
(D), but to a limited extent, suggesting a controlled inflammato-
ry response and less aggression to the liver tissue. These
findings indicate that, despite the presence of moderate lesions,
the control group showed less histological impairment com-
pared to the other groups, with less inflammatory and degenera-
tive impact, reflecting better preservation of the liver architec-
ture.

The group treated with Cymbopogon flexuosus essential oil
microemulsion (M7-EOCF) showed the least signs of liver
damage of all the groups, with minimal or no histological alter-
ations (Figure 14). The results suggest a significant potential for

Figure 13: Histological section of the liver from the CONTROL group, showing moderate damage. In (A), cell vacuolization is observed, indicating
moderate to mild damage. In (B), there is cellular edema with angiogenesis and mild inflammation. In (C), there is a chronic inflammatory infiltrate,
with cavities filled with inflammatory cells. The areas adjacent to the infiltrate show signs of cellular degeneration (D), but to a lesser degree.
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Figure 14: Histological section of the liver from the M7-EOCF group, showing relevant features of tissue preservation and cell regeneration. In (E),
there is an attempt at cell regeneration, with proliferative and organized cells. In (F), there is vascular congestion and sinusoidal dilation, possibly due
to inflammation or local injury. In (G), there are areas with partially preserved tissue architecture.

tissue preservation, as evidenced by the absence of severe
necrosis and inflammation.

Histological analysis revealed relevant characteristics: In region
(E), there was an attempt at cell regeneration, with proliferating
and organized cells. Region (F) showed vascular congestion and
sinusoidal dilation, possibly secondary to inflammation or local
damage. In region (G), areas with partially preserved tissue
architecture were identified, where the cells had small,
condensed nuclei, indicating an attempt at regeneration, albeit
with a loss of cellular detail. These findings reflect a favorable
tissue response in the M7-EOCF group, suggesting an effective
regenerative process and significant preservation of liver
integrity.

Histological data indicate that treatment with M7-EOCF provi-
ded significant protection against liver damage and inflamma-
tion induced by DM. This microemulsion appears to be a prom-
ising therapeutic approach for mitigating liver complications
associated with inflammatory and oxidative conditions. The
literature associates DM with oxidative damage to tissues,
especially the liver, due to an increase in ROS, which cause
chronic inflammation. The liver, which is essential for glucose
and lipid metabolism, is particularly vulnerable to the meta-
bolic stress generated by prolonged hyperglycemia and insulin
resistance, resulting in inflammation, hepatic steatosis, and
fibrosis.

Based on the discussed findings, it was possible to establish a
classification of the severity of the lesions observed in the dif-
ferent groups. The EOCF group had the most severe injuries,
characterized by extensive necrosis and severe inflammation,
with no signs of regeneration. The MET group showed signifi-
cant lesions, but with some degree of regeneration, indicating

potential for recovery. The control group showed moderate
lesions, with less pronounced inflammation and necrosis com-
pared to the previous groups. Finally, the M7-EOCF group
showed the smallest lesions, with few alterations, suggesting a
state of normality. This classification provides a clearer under-
standing of the severity of the lesions in each group.

The essential oil of Cymbopogon flexuosus, especially its main
component, citral, has anti-inflammatory and antioxidant prop-
erties, acting to neutralize ROS and thus reduce oxidative stress
and liver inflammation. The microemulsion, as a nanoformula-
tion, improves the bioavailability of the bioactive compounds,
enhancing their therapeutic efficacy and facilitating the absorp-
tion and distribution of the essential oil.

The histological results corroborate these findings, showing a
significant reduction in liver damage in the group treated with
the microemulsion compared to the positive and negative
control groups, as well as the treatment with essential oil, which
showed more significant damage. This attenuating action of
ROS-mediated inflammation suggests a reduction in the risk of
liver complications associated with diabetes. In addition,
biochemical analysis of the rats’ blood samples showed an
improvement in liver and kidney parameters after treatment
with the microemulsion. The cytotoxicity data also corroborate
these observations, indicating that EOCF is cytotoxic, while
ME-EOCF showed no cytotoxicity.

In summary, the microemulsion containing Cymbopogon flexu-
osus essential oil has emerged as a promising innovative
therapy for the treatment of liver damage resulting from diabe-
tes mellitus. However, more studies, especially human clinical
trials, are needed to validate its long-term efficacy and better

understand the molecular mechanisms involved.
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Conclusion

The selected microemulsion containing the essential oil of
Cymbopogon flexuosus (M7-EOCF) was obtained using
Eumulgin® C040 and Tween® 80 as the surfactant phase; it
presented itself as a transparent, liquid, and isotropic system,
with nanometric droplet size, good stability, low polydispersity
index and pH suitable for oral administration. It was also ob-
served that M7-EOCF exhibited high antioxidant activity,
showing that the formulation acted by potentiating the bioac-
tive activity of EOCF. Finally, the in vivo results showed that
EOCF, M7-EOCF, and metformin reduced blood glucose, but
without significant differences between them. EOCF and
M7-EOCF improved liver parameters, unlike metformin.
M7-EOCEF also had a significant protective effect against liver
damage and inflammation induced by DM. In terms of lipid
profile, EOCF and M7-EOCF also improved the parameters
evaluated, reducing total cholesterol, triglycerides, and the
Castelli-2 index. However, M7-EOCF also reduced LDL
cholesterol and increased HDL cholesterol by 83.15%, showing
a better effect on lipid parameters compared to EOCF.
Regarding kidney function, both treatments, EOCF and
M7-EOCF, showed an improvement in the parameters assessed,
but M7-EOCF showed a more marked improvement in the urea
marker. Metformin, in contrast, was only able to reduce blood
glucose, promote a slight reduction in total cholesterol and

improve the renal parameters creatinine and urea.

Overall, EOCF and M7-EOCF showed significant beneficial
effects on various metabolic and renal parameters in diabetic
rats. However, the microemulsion was able to improve the anti-
oxidant activity of EOCF, maintain its antidiabetic activity, and
provide additional benefits, such as improved kidney function,
reduced systemic inflammation, increased HDL cholesterol

levels, and a hepatoprotective effect.

Experimental
Material

The EOCF was obtained commercially from local suppliers
(Engenharia das Esséncias, lot: 451 A225841), produced by
Yanih Cosmetics (ANVISA Notification 25351.25600/2017-
36). The citral was purchased from Sigma-Aldrich (Brazil) with
a purity content of 95%. DPPH, ABTS, and trolox were also
purchased from Sigma-Aldrich, Brazil. Streptozotocin (Cayman
Chemical, USA) was obtained from Induslab (Brazil).
Eumulgin® CO 40 (BASF®, Brazil) and Tween® 80 (NEON®,
Brazil) were purchased from local suppliers.

ldentification of the chemical constituents of
EOCF
To identify the chemical components, the EOCF was examined

in a Thermo Scientific gas chromatograph (GC), Bremen,
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Germany, model TRACE 1310 coupled to a mass spectrometer
(MS) model TSQ-9000, with TriPlus RSH automatic sampler.
A NA-5MS column (60 m X 0.25 mm DI, 0.25 um film thick-
ness) was used for compound separation, with helium as a
99.999% pure carrier gas (White Martins SA) at a flow rate of
1 mL/min and a split/splitless autoinjector. For the analysis, a
solution of EOCF was prepared at a concentration of approxi-
mately 10 mg/mL using hexane as a solvent, measured in a
1.5 mL glass vial. The sample then underwent chromatographic
analysis. The ramp was programmed as follows: 60 °C —
3 °C/min — 240 °C (15 min). The injection mode was split
(1:30), in SCAN mode, with a total analysis time of 75 min. For
MS, the conditions were as follows: injector temperature
220 °C, detector temperature 240 °C, solvent cut-off time
2 min, electron ionization (EI) mode at 70 eV with a mass-to-
charge ratio (m/z) range of 40 to 350 Da. The components of the
essential oil were identified using their retention indices (RI),
calculated for each constituent by injecting a series of linear
hydrocarbon standards (Cg—C,(), under the same sample condi-
tions, and compared with tabulated values, confirming the iden-
tification by comparing the compound spectra with the refer-
ence, presented by the NIST 107, 21 and Wiley 8 libraries [39]
as shown in Supporting Information File 1, Table S1.

Obtaining microemulsions from
pseudoternary phase diagrams and selecting

formulations

The components used to develop the MEs were Tween® 80 and
Eumulgin® C040 as the surfactant phase, EOCF as the oil
phase, and ultrapure water as the aqueous phase. The combina-
tion Tween 80/Eumulgin CO40 (1:1) was chosen based on a
previous paper from our research group [49]. The proportions of
the components were defined using the pseudoternary phase

diagram [50].

First, the surfactant phase was prepared from a mixture of
Tween® 80 and Eumulgin® CO40 in a ratio of 1:1 (w/w) by
magnetic homogenization for 24 h. The oil phase was then
added to the surfactant solution, still under magnetic stirring,
and homogenized for 30 min. The oil phase and surfactant solu-
tions were prepared in proportions of 1:9, 2:8, 3:7, 4:6, 5:5, 6:4,
7:3, 8:2, and 9:1. Each solution was titrated with pre-defined
volumes of water [51]. After each addition of water, the system
was left to stand for 5 min, and the macroscopic properties were
used to classify the systems into transparent liquid systems,
transparent viscous systems, and non-transparent systems and to

delimit the regions in the pseudoternary phase diagram.
Formulations containing 10% EOCF were then prepared indi-

vidually (Table 1), and the dispersions were evaluated macro-

scopically and characterized 48 h after they were obtained.
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Table 1: Centesimal composition of formulations M1-M8, containing
EOCF (essential oil of Cymbopogon flexuosus) and the surfactants
Eumulgin® CO40 and Tween® 80 (1:1 ratio).

Formulation EOCF (%) Surfactant (%) Water (%)
M1 10 85 10
M2 10 75 20
M3 10 65 30
M4 10 55 40
M5 10 45 50
M6 10 35 60
M7 10 25 70
M8 10 5 90

Physicochemical characterization of the

selected microemulsions

The polydispersity index and average hydrodynamic radius of
the droplets were determined by dynamic light scattering using
Zetasizer Nano ZS equipment (Malvern Instruments, UK). For
this purpose, about 1,000 pL of the sample, undiluted and at a
temperature of 25 °C, were inserted into a cuvette suitable for

carrying out the measurements [8].

The optical properties of the samples were investigated using a
polarized light microscope (Olympus model BX51) equipped
with a digital camera (Evolution LC Color). For analysis, a drop
of the sample, undiluted, was placed on a glass slide, covered
with a coverslip and analyzed under polarized light at 20,000%
magnification [24].

The rheological behavior of the formulations was assessed by
flow tests using the Modular Compact Rheometer (Anton Paar,
MRC 302). A cone-plate geometry was used (diameter
49.9 mm, angle 1°, and gap 96 um). The shear stress (y) was
evaluated as a function of the shear rate ranging from 0.1 to
200 s~!. The experiment was carried out in triplicate at room
temperature and at 37 °C.

The pH analyses were carried out after diluting the MEs (1:10).
A digital pH meter (model Analion PM 608) containing a glass
electrode and temperature sensor (Phtek PH 3B), previously
calibrated with buffer solution (pH 4.0 and 7.0), was used at
room temperature [52].

Determination of antioxidant activity

The in vitro antioxidant activities of the S. Mix. samples (sur-
factants + water, without EOCF), EOCF (10 mg/mL), and
selected microemulsions containing EOCF (10 mg/mL) were
evaluated using the 2,2-diphenyl-1-picrylhydrazyl (DPPH) free
radical scavenging, 2,2'-azinobis-3-ethylbenzothiazoline-6-

sulfonic acid (ABTS) radical capture, and ferric reduction anti-
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oxidant power (FRAP) methods. Trolox was used as a positive
control at a concentration of 50 ug/mL for ABTS and at a con-
centration of 100 pg/mL for the DPPH and FRAP assays.

The DPPH method was carried out using the methodology
adapted from Brand-Williams and colleagues [53]. An aliquot
of 50 uL of each sample was added to 150 uL of methanolic
DPPH solution (0.6 mM/L), and after 30 min, the absorbance
was read in a spectrophotometer at 515 nm. The DPPH radical
scavenging activity was expressed as a percentage calculated
from the absorbance values of the control and the sample.

For ABTS, the methodology from Brand-Williams and
colleagues was also adapted [53]. Initially, the ABTS solution
was activated 16 h before the experiment by mixing 1.25 mL of
ABTS stock solution and 22 uL of potassium persulfate solu-
tion. Then, 30 pL of each sample was pipetted and 300 puL of
ABTS solution was added. After 6 min, the ABTS radical scav-
enging activity was read on a spectrophotometer at a wave-
length of 734 nm and calculated from the absorbance of the

control and the sample.

Using the FRAP method modified by Oyaizu [54], 9 uL of each
sample, 27 pL of water, and 270 uL of FRAP reagent (a mix-
ture of ferric chloride, TPTZ (2,4,6-tris(2-pyridyl)-s-triazine),
and acetate buffer (0.3 M; pH 3.6) were pipetted in. The plate
was incubated at 37 °C for 30 min, and the absorbance was read
in a spectrophotometer at 595 nm. The results were expressed in
absorbance.

Evaluation of cytotoxicity on L929 fibroblasts
Cells of the L929 strain of mouse fibroblasts were inserted into
96-well plates (EasyPath®, EP-51-25244) with a final volume
of 200 puL. The fibroblasts (1 x 103 cells/mL cultured in
Dulbecco MEM medium supplemented with 10% SFB
(Gibco®, Thermo Fisher Scientific) and 1% antibiotic solution
(5,000 UI penicillin + 5 mg streptomycin/mL, Sigma-Aldrich)
were kept in an oven (5% CO, atmosphere at 37 °C for 24 h)
[55,56].

After this period, the adherent fibroblasts were treated with the
S. Mix. samples (surfactants + water, without EOCF), EOCF,
and the selected microemulsion containing EOCF (M7-EOCF),
at concentrations of 50, 100, and 200 pg/mL, and cultured
under the previous conditions for further 24 h. At the end of this
phase, the cell monolayer was washed twice with phosphate-
buffered saline, and then 200 pL of MTT (0.5 mg/mL, Sigma-
Aldrich) was added to each well.

The plate was incubated again under the same conditions for
3 h. After the incubation period, the MTT was aspirated, and the
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formazan crystals were solubilized in 200 uL of DMSO. After
placing the plate in the oven for 10 min to stabilize the color,
the optical density (OD) was measured at a wavelength of
570 nm in a microplate reader. The analysis was carried out in
quadruplicate, and 0.1% DMSO was considered the negative
control [55,56]. The results were expressed as the percentage of
viability according to the formula: %viability = (ODs7q treated
wells/ODs7q control wells) x 100.

In vivo study in Wistar rats using a DM1

model

Animals

The trials in this study were approved by the UFS Animal Use
Ethics Committee, under CEUA No. 8502100821. Male Wistar
rats, aged three months and weighing approximately 250 to
300 g, were used in the study. These rats were obtained from
the animal house of the Physiology Department of the Federal
University of Sergipe (UFS), Sdo Cristévdo, Sergipe, Brazil.
The animals (n = 40) were housed randomly in appropriate
cages under controlled temperature conditions (22 £ 3 °C) with
a 12 h light/dark cycle, providing 300 lux of light. They had
free access to specific rodent food (Labina®) and water
ad libitum and were kept in suitable conditions for 30 days of
the experiment, respecting the guidelines of CONCEA —
National Council for the Control of Animal Experimentation
(Normative Resolution No. 12, 20/09/2013) and the minimum
number of animals necessary to achieve the scientific objec-

tives.

Induction of diabetes mellitus
To induce DM, the animals were fasted for 12 h to improve the
sensitivity and diabetogenic action of the drug, with water

supplied ad libitum.

Experimental DM1 was induced as described by Wang et al.
[57], Barman and Srinivasan [58], and Sena-Junior et al. [12],
using the drug streptozotocin (STZ), at a dose of 40 mg/kg body

Beilstein J. Nanotechnol. 2025, 16, 617-636.

weight, dissolved in 0.01 M citrate buffer, pH 4.5, injected
intraperitoneally into 40 animals. STZ was administered, and all
groups were offered food 30 min later to avoid hypoglycemia.
Blood was collected by tail puncture to measure blood glucose
using an Accu-Chek Go glucometer (Roche Diagnostics GmbH,
D-68298, Mannheim, Germany) 72 and 96 h after induction.
Only animals with fasting glucose levels equal to or greater than
150 mg/dL were included in the study. After confirmation of di-
abetes induction, the animals were randomly assigned and treat-

ment was started.

Experimental groups

Treatment took place daily for 21 days. The animals received
the treatment intragastrically (by gavage) and were divided into
four groups, as described in Table 2 (10 animals/group), that is,
negative control group (NCG): diabetic animals treated with
vehicle (saline solution + 0.2% Tween® 80); EOCF group:
diabetic animals treated with the EOCF supplementation solu-
tion at a dose of 32 mg/kg body weight; M7-EOCF group:
diabetic animals treated with the EOCF microemulsion supple-
mentation solution at a dose of 32 mg/kg body weight; positive
control group (PCG): diabetic animals treated with metformin
supplementation at a dose of 150 mg/kg body weight.

Supplementation

Supplementation consisted of the administration of EOCF and
the selected microemulsion (M7-EOCF) at a dose of 32 mg/kg
[59,60], or metformin at a dose of 150 mg/kg, and was carried
out daily at the same time for 21 days.

Sample collection

After a period of 24 h from the last administration of treatment
on day 21, the animals fasted for 12 h and were anaesthetized
with an intraperitoneal injection of a mixture of ketamine
(100 mg/kg) and xylazine (10 mg/kg). Blood and tissues
(pancreas, spleen, liver, and kidneys) were collected, weighed,
and stored for later analysis.

Table 2: Distribution of the animals used in this study according to the test to be carried out. NCG — negative control group: diabetic animals treated
with saline solution + 0.2% Tween® 80; EOCF group: diabetic animals treated with Cymbopogon flexuosus essential oil; M7-EOCF group: diabetic
animals treated with the EOCF Microemulsion; PCG — positive control group: diabetic animals treated with metformin.

Experimental group ~ Species Number of groups

NCG Wistar rats 1
EOCF Wistar rats 1
M7-EOCF Wistar rats 1
PCG Wistar rats 1
Total

Initial number of animals/final number  Total number

of animals

10/10 10
10/10 10
10/10 10
10/10 10

40
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Determination of serum biochemical markers

The blood was centrifuged at 800g for 15 min at 4 °C, and the
serum was stored at —80 °C. Serum concentrations of triglyc-
erides (TG), total cholesterol (TC), HDL cholesterol, LDL
cholesterol, VLDL cholesterol, alanine aminotransferase (ALT),
aspartate aminotransferase (AST), ALT and AST ratio (ALT/
AST), C-reactive protein (CRP), Castelli-2 index, fasting blood
glucose (glycemia), glycated hemoglobin (HbAlc), urea, creati-
nine, and uric acid were determined according to the manufac-
turer's procedures (Labtest®, Lagoa Santa, Minas Gerais,
Brazil).

Histological evaluation

Samples of pancreas, spleen, liver, and kidneys were immersed
in paraffin, followed by sectioning using a microtome. The
paraffin was then removed from the samples using ethanol and
xylene. After washing, the samples were stained with hema-
toxylin and eosin. The histological sections were analyzed by
microscopy and photographed (OLYMPUS BX 45,
OLYMPUS).

Statistical analysis

All statistical analyses were conducted using Graph Pad Prism
version 5.0 and presented as mean + standard deviation. Data
was first assessed for normality using the Shapiro—Wilk test and
then statistically analyzed between groups using one-way analy-
sis of variance (ANOVA) and Tukey post-hoc tests. Statisti-
cally significant differences between the samples adopted were
considered when p < 0.05.

Supporting Information

Supporting Information File 1

Additional figures and tables.

[https://www beilstein-journals.org/bjnano/content/
supplementary/2190-4286-16-48-S1.pdf]
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Abstract

Climate change has intensified the proliferation of disease vectors, such as Aedes aegypti, the primary transmitter of dengue,
chikungunya, and zika viruses. Although the two recently licensed dengue vaccines represent a significant advancement, vector
management remains the primary strategy for preventing these urban arboviruses. In this context, the development of pesticides that
offer safer alternatives for the environment and human health has become urgent. In this study, a chitosan-based nanocomposite
was developed as a delivery system for rotenoids isolated from Clitoria fairchildiana seeds, leveraging their larvicidal activity
against third-instar larvae of Ae. aegypti. The nanocomposite was synthesized using a controlled ionic gelation method incorporat-
ing the TPP-B-CD inclusion complex, which resulted in nanoparticles with smaller size, improved polydispersity index, and en-
hanced stability, evidenced by a higher zeta potential. FTIR analysis confirmed rotenoid incorporation into the nanocomposite and

suggested hydrogen bonding or potential covalent interaction with chitosan functional groups. Bioassays demonstrated that the
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nanocomposite achieved an LCsq of 91.7 ppm, representing a 23.6% increase in larvicidal efficacy compared to the rotenoids in
their natural form. The nanocomposite also induced dose-dependent morphological and physiological alterations in the larvae, in-
cluding damage to the peritrophic matrix, evidenced by abnormal anal excretion, and tissue melanization and formation of melan-
otic pseudotumors. These responses may be associated with increased production of reactive oxygen species in the larval midgut,
consistent with previous findings for the nonencapsulated rotenoids. Importantly, empty nanoparticles exhibited no adverse effects
on larval survival, which is attributed to the biocompatibility and nontoxic nature of chitosan, a biodegradable polysaccharide struc-
turally related to the insect exoskeleton and widely recognized for its environmental safety. Additionally, neither rotenoids nor the
CS/TPP-B-CD-rot nanocomposite exerted cytotoxic effects, confirming their favorable safety profile. These findings highlight the

potential of nanotechnology to enhance the efficacy of bioactive compounds while minimizing environmental and human health

risks, offering a sustainable and innovative strategy for vector control.

Introduction

Climate change has significantly impacted public health, inten-
sifying the proliferation of disease vectors such as those trans-
mitted by the mosquito Aedes aegypti. Environmental condi-
tions exacerbated by global warming, including rising tempera-
tures, heavy rainfalls, and high humidity, have accelerated
mosquito reproduction and expanded its geographic spread. In
2023, dengue reached a record 5 million cases in 80 countries,
including historically non-endemic regions such as the United
States, Italy, France, and Spain. Recent studies indicate that the
risk of dengue transmission has increased by 11% in the past
decade due to the climate crisis [1]. From even more recent data
from Brazil for the year 2024, dengue cases increased by 297%,
and chikungunya cases by 65% compared to the same period in
2023. These figures include 5,696 deaths from dengue and
188 deaths from chikungunya. Additionally, while no Zika
cases were reported in 2023, 6,348 cases were recorded in 2024
[2]. All these alarming numbers underscore the urgent need for
sustainable and innovative strategies to manage Ae. aegypti
and mitigate the effects of this increasingly global and urgent
threat.

According to the World Health Organization (WHO), two
dengue vaccines have been licensed: Dengvaxia (CYD-TDV),
developed by Sanofi Pasteur, and Qdenga (TAK-003), de-
veloped by Takeda. CYD-TDYV is a live recombinant tetrava-
lent dengue vaccine approved for use in individuals aged
9-45 years or 9-60 years, depending on country-specific regu-
latory guidelines. Due to the requirement for pre-vaccination
screening, the widespread use of this vaccine has been limited.
The use of TAK-003 is recommended for children aged 6 to
16 years in regions with high dengue transmission intensity.
However, its use is not currently recommended for children
under 6 years of age or adults aged 60 years and older, due to
the lower effectiveness of the vaccine in these age groups [3].
While these vaccines represent significant advancements in
dengue prevention, Ae. aegypti vector management remains the
primary strategy for controlling dengue and other urban

arboviruses, such as chikungunya and zika.

While most places are increasingly investing in the application
of larger quantities of synthetic larvicides, such as the unprece-
dented investment of 16.9 million Brazilian reais in 2023 [4],
the development of resistance by this vector to regularly used
larvicides, which impact other organisms beneficial to the envi-
ronment while presenting risks of poisoning to humans who
handle them, is rampant. The adoption of new biotechnological
tools becomes crucial to overcome these obstacles in vector

control in a smarter way [5-8].

Bioactive compounds from plants have demonstrated great
potential as bioinsecticidal agents. Derived from renewable
sources, these compounds possess complex chemical composi-
tions, diverse modes of action, and selective toxicity to target
organisms, making them a viable alternative for developing new
insecticide formulations. Combining these attributes with nano-
particle encapsulation strategies, it is possible to considerably
increase the biocidal agent efficacy while reducing the environ-
mental and human health impacts associated with traditional

synthetic insecticides [9,10].

Chitosan nanoparticles, derived from a biodegradable and
nontoxic polysaccharide, have proven effective in reducing
post-harvest deterioration of fruits and vegetables, in addition to
exhibiting well-documented antimicrobial properties [11,12].
Furthermore, a chitosan nanocomposite with fungal metabolites
has been reported as a promising alternative for managing
insect pests of economic importance without affecting non-
target organisms [13].

In previous research by our group, two rotenoids were identi-
fied and characterized from Clitoria fairchildiana seeds with
larvicidal activity against third-instar Ae. aegypti larvae. These
studies revealed morphological and metabolic changes in the
larvae, suggesting that V-ATPase inhibition triggers oxidative
stress, resulting in high production of reactive oxygen species
(ROS) in the midgut. This process causes exoskeletal altera-

tions and ultimately leads to larval death [14].
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Building on this work and aiming to develop a biotechnological
product that could represent a novel tool for managing
Ae. aegypti, a chitosan (CS)-based nanocomposite was de-
veloped as a delivery system for the isolated rotenoids. The
nanocomposite represented a 23.6% increase in efficacy com-
pared to the previously described natural rotenoids. These
results highlight the potential of chitosan nanocomposites as an
innovative, effective, and environmentally sustainable solution
for managing the insect vector. By offering a promising alterna-
tive, this technology directly contributes to preventing diseases
such as dengue, zika, and chikungunya.

Results and Discussion

Two rotenoids, identified as 11a-O-B-p-glucopyranosyl-
rotenoid (CFD — RI) and 6-deoxyclitoriacetal O-f-p-gluco-
pyranoside (CFD — RII), were previously isolated and charac-
terized from C. fairchildiana seeds [14]. These compounds
exhibited larvicidal activity against third-instar Ae. aegypti
larvae, causing morphological changes and metabolic altera-
tions as a result of increased production of ROS in the insect
midgut [14]. It is already well-documented in the literature that
larvicidal bioassays are effective tests for identifying new insec-
ticides against this vector mosquito, as the larval stage is the
longest and most vulnerable immature phase of the insect. In
addition, this species is synanthropic, which means that it is
adapted to live close to humans who, in their life routine, create
spaces of easy access and conducive conditions for the estab-
lishment of the insect. The most frequent breeding sites are
containers with accumulated water, such as plant pots, PET
bottles, tires, buckets, clogged or uneven gutters, rarely used
drains, poorly sealed water tanks, air conditioner trays, and
other locations with stagnant and "clean" water containing

organic matter [15].

In this work, with the goal of obtaining a biotechnological prod-
uct that may represent a new tool for controlling Ae. aegypti and
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consequently preventing relevant arboviral diseases, we pro-

duced a chitosan nanocomposite with the isolated rotenoids.

Chitosan is an aminated polysaccharide derived from the de-
acetylation of chitin and is the main structural component of
insect and crustacean exoskeletons. It is widely recognized as
the second most abundant natural polymer, surpassed only by
cellulose. Its relevance as a biopolymer is due to its properties
such as biodegradability, biocompatibility, and nontoxicity to
humans, characteristics that make it widely used in various
scientific and technological fields [16,17]. Therefore, we used
chitosan as the coating material for the nanocomposite to reduce
potential environmental damage, such as those reported in the
literature for some metal-decorated nanomaterials and their de-
rivatives (silver, gold, copper, zinc, titanium, and silicon) that
can be highly toxic to non-target organisms in the environment
[18].

The encapsulation efficiency is estimated to be 299% within the
detection limits of high-performance liquid chromatography
(HPLC) and thin-layer chromatography (TLC) methods applied,
indicating a highly effective incorporation of the rotenoids into
the nanochitosan matrix. In addition to the high encapsulation
efficiency, the size analysis of the produced nanochitosan parti-
cles confirmed that both ion gelation methods produced nano-
structures smaller than 100 nm (Figure 1). However, in
Figure 1B, the peak area is narrower, indicating a higher unifor-
mity in particle size. Figure 2C and 2D also show that the con-
trolled ionic gelation method using the TPP-B-CD inclusion
complex resulted in smaller and more uniform nanoparticles
compared to the conventional ionic gelation method (CS/TPP),
illustrated in Figure 2A. This improvement can be attributed to
the ability of the TPP-B-CD inclusion complex to mitigate
excessive cross-linking by TPP, thereby reducing both nanopar-
ticle size and polydispersity [19]. Furthermore, the inclusion of
rotenoids in the nanocomposite seemingly improved its

20
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Figure 1: Size distribution and zeta potential of nanoparticles. A) Conventional ionic gelation of CS/TPP (control = empty particles; rot = rotenoid-
loaded particles). B) Controlled ionic gelation of CS with TPP-B-CD inclusion complex (control and rot).
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Figure 2: Transmission electron microscopy (TEM) of chitosan nanocomposites. A) Conventional ionic gelation of CS/TPP. B) Conventional ionic
gelation of CS/TPP containing rotenoids (CFD — Rl and RIl). C) Controlled ionic gelation of CS with TPP-B-CD inclusion complex. D) Controlled ionic
gelation of CS with TPP-B-CD inclusion complex containing rotenoids (CFD — RI and RII).

dispersibility (Figure 2B and 2D) compared to respective potential (§) in both ion gelation methods, which appears to in-
controls of empty nanoparticles (Figure 2A and 2C). The pres-  fluence the polydispersity index (PDI) of these nanocomposites,
ence of rotenoids in the nanostructures also increased the zeta  as the PDI values are significantly higher than those of their
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respective controls (Table 1). The zeta potential is an important
parameter for assessing nanoparticle stability and biodistribu-
tion. Typically, particles acquire an electric charge at the shear
plane when dispersed in a liquid, which is reflected by their zeta
potential, that is key to understanding dispersion and aggrega-
tion processes in nanoformulations.

Table 1: DLS analysis of chitosan nanocomposites. Average particle
diameter (d), polydispersity index, and average zeta potential (mV) ob-
tained by DLS.

Samples d(nm) PDI(%) Z(mV)
A - CS/TPP control 329 104 36.3
B- CS/TPP rot 41.5 21.2 571
C- CS/TPP - BCD control  35.1 2141 44.8
D- CS/TPP - BCD rot 29.5 27.0 51.7

Zeta potential values > £30 mV are indicative of nanoparticle
stability, as strong electrostatic repulsion prevents aggregation
and ensures colloidal stability [20,21]. While these measure-
ments provide important physicochemical insights, further evi-
dence of the chemical incorporation and potential interactions
between the rotenoids and the nanocomposite matrix was ob-
tained through Fourier-transform infrared (FTIR) spectroscopy.

Figure 3A shows the FTIR spectra of CS/TPP-$-CD, CS/TPP-
B-CD loaded with rotenoids (CS/TPP-B-CD-rot), and pure
rotenoids. All three spectra display a broad absorption band in
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the 3600-3000 cm™! region, corresponding to the stretching
vibrations of hydroxyl and amide groups. In the nanoparticle

spectra, characteristic bands are observed at 1640-1650 cm™!

and around 1550 cm™!

, associated with amide I (C=0
stretching) and amide II (N-H bending), respectively. Peaks in
the 1417-1403 cm™! range are attributed to the bending vibra-
tions of C—H in methyl and methylene groups [22-24]. The
spectrum of pure rotenoids displays a complex profile with
multiple peaks due to the presence of diverse functional groups
[14]. Notably, 6-aromatic C=C stretching appears in the
1600-1300 cm~! region, while glycosidic linkages and
methoxyl groups contribute bands in the 1300-1000 cm™! range
[25,26]. Figure 3B presents a spectral subtraction analysis be-
tween CS/TPP-B-CD and CS/TPP-B-CD-rot, clearly revealing
absorption features from the encapsulated rotenoids in the func-
tionalized nanocomposite. Additionally, a noticeable reduction
in the intensity of the amide-related bands in CS/TPP-B-CD-rot
suggests possible interactions — such as hydrogen bonding or
covalent bonding — between rotenoids and the chitosan matrix.
These spectral features confirm the successful incorporation of
rotenoids into the chitosan-based nanocomposite and suggest
molecular interactions that may contribute to the enhanced
stability and bioactivity of the formulation.

To complement the physicochemical characterization and
confirm the efficiency of rotenoid encapsulation within the
nanoparticles, a calibration curve was constructed for the raw
rotenoids by HPLC using linear regression (Figure 4), enabling
the quantification of rotenoids incorporated into the nanostruc-
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Figure 3: FTIR analysis of pure rotenoids and chitosan-based nanoparticles. A) FTIR spectra of pure rotenoids, empty nanoparticles (CS/TPP-B-CD),
and rotenoid-loaded nanoparticles (CS/TPP-B-CD-rot). B) Comparison between the spectrum of in natura rotenoids and the differential spectrum ob-
tained by subtracting the CS/TPP-B-CD spectrum from that of CS/TPP-B-CD-rot, highlighting the characteristic absorption bands of the incorporated

rotenoids.
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tures. Using this approach, the rotenoid concentration was de-
termined to be 0.469 mg/mL for the conventional ionic gelation
method and 0.531 mg/mL for the controlled ionic gelation
method.
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~ 20000000 - /
&
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) - //
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Figure 4: Calibration curve of rotenoids (CFD-RI and RIl) by HPLC.

The larvicidal bioassay of the nanocomposite produced by the
controlled ionic gelation method (CS/TPP-B-CD-rot,
Figure 5B) revealed a significant increase in larvicidal activity,
with an LCsg of 91.69 ppm and an LCgq of 149.06 ppm, indi-
cating higher larvicidal efficacy. In comparison, the in natura
rotenoids described earlier exhibited an LCsq of 120 ppm [14],
demonstrating that the nanocomposite improved the efficacy of
the rotenoids by 23.6%. These results were obtained using the
classical Probit method recommended by the World Health
Organization (WHO) for larvicidal bioassays, which applies the

cumulative normal distribution model.

Mortality proportion

50 100 150 200 250
Concentration (ppm)
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In contrast, the bioassay conducted with the nanocomposite pro-
duced by the conventional ionic gelation method (CS/TPP-rot,
Figure 5A) showed an LCsq of 157.02 ppm and an LCgyq of
246.52 ppm, a value notably higher than that observed for the in
natura rotenoids, indicating a lower potency compared to the
CS/TPP—B-CD-rot formulation. Control nanoparticles (CS/TPP
and CS/TPP—B-CD) exhibited no larval mortality, confirming
that the observed larvicidal activity is directly associated with

the rotenoids.

Previous studies have reported similar improvements in larvi-
cidal activity through nanocarrier systems based on botanical
insecticides. For instance, silver nanoparticles (AgNPs) synthe-
sized using aqueous leaf extract of Ambrasia arborescens
demonstrated markedly higher toxicity against Aedes aegypti
larvae (LCs5¢ = 0.28 ppm) compared to the crude aqueous
extract (LCsg = 1844.61 ppm) [27]. Similarly, silver nano-
particles synthesized with aqueous extracts of Solanum
mammosum (SmAgNPs) exhibited significantly greater toxicity
(LCs50 = 0.06 ppm) than the crude aqueous extract (LCsg =
1631.27 ppm) [28].

According to an established classification criterion, botanical
insecticides with an LCsg below 50 ug/mL (50 ppm) are consid-
ered highly active; those with an LCsy between 50 and
100 pg/mL (50-100 ppm) are classified as active; and those
with an LCsq above 100 pg/mL (100 ppm) are regarded as
weak or inactive [9]. Therefore, technically speaking, both

Ambrasia arborescens and Solanum mammosum crude extracts

Mortality proportion
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Figure 5: Mortality proportion of third-instar Aedes aegypti larvae as a function of concentration (ppm) of nanocomposites containing rotenoids. Nega-
tive control — vinegar (0.04% acetic acid) resulted in 0% mortality. A) Conventional ionic gelation (CS/TPP-rot) with LC5¢ = 157 ppm and LCqy =

247 ppm, calculated using Probit analysis performed in RStudio. B) Controlled ionic gelation (CS/TPP—B-CD-rot) with LC5¢ = 91.7 ppm and LCgy, =
149 ppm, calculated using Probit analysis performed in RStudio. The blue line represents the fitted Probit model. Red circles represent the observed
mortality proportion. The green dashed lines and green marker indicate LCsq, while the purple dashed lines and purple marker indicate LCgg. Each
treatment was performed with five larvae per concentration in triplicate (n = 15 per treatment).
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are classified as weak bioactive agents. However, when incor-
porated into nanostructures, they acquire substantially en-
hanced insecticidal potential. A similar pattern is observed in
this study, where the incorporation of rotenoids into the
CS/TPP—B-CD nanocomposite effectively improves their larvi-
cidal activity. Furthermore, nanostructured delivery systems not
only enhance the biological efficacy of botanical compounds
but also improve their stability under adverse environmental
conditions, such as temperature fluctuations and UV light expo-
sure, as widely documented in the literature [29].

The analysis of third-instar Ae. aegypti larvae exposed to the
nanocomposite CS/TPP—B-CD-rot (Figure 6) revealed notable
dose-dependent morphological alterations. From 50 ppm
onwards, the appearance of abnormal excretion in the anal
region was observed (Figure 6, white arrows), which progres-
sively intensified at higher concentrations (100 and 200 ppm).
This phenomenon may be indicative of physiological stress
related to the integrity of the peritrophic matrix (PM), a semi-
permeable structure that lines the midgut, playing essential roles
in protecting the epithelium, facilitating digestion, and acting as
a barrier against pathogens and toxic compounds [30,31].

Similar responses have been documented in previous studies,
where resistant Ae. aegypti strains exposed to dichlorodiphenyl-
trichloroethane (DDT) produced abundant PM filaments to aid
in the excretion of unabsorbed insecticides, unlike susceptible
strains that released little or no PM [32]. Additionally, amor-
phous feces were reported in larvae fed with Derris urucu

50 ppm

C1 C2
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extracts (rich in rotenoids), suggesting a potential link between
exposure to rotenoid-type phytochemicals and PM disruption
[33].

Notably, from 100 ppm onwards, larvae exhibited melanized
nodular structures interpreted as pseudotumors (Figure 6, white
arrow head), a typical outcome of the activation of the
phenoloxidase cascade. This immune response is frequently
triggered by gut damage, epithelial barrier disruption, or the
presence of damage-associated molecular patterns (DAMPs)
[34,35]. Melanization serves as a fundamental defense mecha-
nism in arthropods, contributing to the encapsulation of
damaged tissues and neutralization of harmful agents, includ-
ing ROS and foreign particles [36].

It is important to highlight that this tissue melanization ob-
served in the larval midgut aligns with our previous findings,
which reported the appearance of dark spots along the larval
body associated with oxidative stress induced by in natura
rotenoids [14]. In that study, the purified rotenoids triggered
significant ROS production, causing metabolic and morphologi-
cal damage particularly in the midgut, activating immune
responses such as melanization [37].

The morphological alterations observed here, including
abnormal excretion and tissue melanization, suggest that the
nanoencapsulated rotenoids maintain, and even amplify, their
ability to damage gut structures such as the PM. This damage
likely contributes to the triggering of immune responses, includ-

100 ppm 200 ppm

Figure 6: General morphological characteristics of 3rd instar Aedes aegypti larvae exposed to different concentrations (ppm) of nanocomposites
(CS/TPP-B-CD-rot) observed under a stereomicroscope. C1 — negative control with ultrapure water. C2 — negative control with vinegar (acetic acid
0.04%). White arrows indicate the presence of abnormal excretion in the anal region, suggesting possible damage to the peritrophic matrix. White
arrowheads point to melanized nodular structures (pseudotumors), indicative of immune activation through the phenoloxidase cascade. Scale bar =

1 mm.
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ing melanization and pseudotumor formation. These findings
are consistent with the hypothesis that the gut remains the pri-
mary target of rotenoid toxicity, even when delivered via nano-

composites.

The cytotoxicity analysis of natural rotenoids to HSF cells
revealed no statistically significant differences in cell viability
between the control group and the treatments with either in
natura rotenoids or the CS/TPP-B-CD-rot nanocomposite
(Figure 7; p > 0.05). Both treatments maintained cell viability at
levels comparable to the control, indicating the absence of cyto-
toxic effects. These findings demonstrate that the encapsulation
of rotenoids into the CS/TPP-B-CD system does not induce
cytotoxicity, similarly to the free compound, suggesting that the
delivery system is biocompatible with HSF cells. Therefore,
both free rotenoids and the CS/TPP-BCD rot formulation are
safe for use at the tested concentration. Previous studies re-
ported that synthetic insecticides, such as type II pyrethroids
(deltamethrin, cyphenothrin, A-cyhalothrin, cyfluthrin, esfen-
valerate, and a-cypermethrin) can affect cell viability by induc-
ing the production of nitric oxide and lipid peroxides in three
human cell models (SH-SYS5Y, HepG2, and Caco-2), even at
concentrations considered safe [38]. Nevertheless, human expo-
sure to multiple pyrethroids routinely occurs due to the limited
regulatory restrictions imposed on the use of these insecticides.
The development of pesticides that provide safer alternatives for
both the environment and human health is an urgent need [8].
Thus, the nanocomposite developed in this study holds promis-
ing potential for the formulation of new pesticides that could
serve as an alternative tool for controlling this vector insect.

150 a

125=

100 ab

(2]
o
1

Cell viability (%)
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(o In naturarot CS/TPP-B-CD rot

Figure 7: Cytotoxicity of in natura and nanoencapsulated rotenoids
(250 ppm) to HSF cells through the MTT assay (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide) for 24 hours at 37 °C with 5%
CO,. Statistical analysis was calculated according to ANOVA (Tukey's
multiple comparison) (P < 0.05).

Conclusion
In this study, a chitosan-based nanocomposite was developed as
a release system for isolated rotenoids, using the controlled

ionic gelation method with the TPP-B-CD inclusion complex.

Beilstein J. Nanotechnol. 2025, 16, 1197-1208.

This strategy resulted in the production of smaller, more
uniform nanoparticles, with better polydispersity indices and in-
creased stability, in comparison to conventional ionic gelation
method. FTIR analysis confirmed the incorporation of rotenoids
into the nanocomposite and revealed characteristic spectral fea-
tures that suggest the occurrence of hydrogen bonding or poten-
tial covalent interaction with functional groups of chitosan,
which may help explain the improved stability of the formula-
tion. The high efficacy of the nanocomposite was demonstrated
by bioassays which revealed an LCsq of 91.7 ppm, equivalent to
a 23.6% improvement in the larvicidal activity rate of the
rotenoids in their original forms. The nanocomposites caused
morphological and biochemical alterations to the larvae simi-
larly to those caused by in natura rotenoids, but with greater in-
tensity. Cytotoxicity MTT assays using human skin fibroblasts
demonstrated that neither rotenoids nor the CS/TPP—3-CD-rot
nanocomposite exerted cytotoxic effects, confirming their
favorable safety profile. The results obtained confirm that the
application of nanotechnology for encapsulating bioactive com-
pounds not only enhances larvicidal efficacy but also contrib-
utes to environmentally sustainable solutions by reducing the
reliance on synthetic chemical pesticides. By integrating renew-
able resources such as phytochemicals and chitosan, this work
reinforces the potential for the development of green technolo-
gies, offering an innovative and promising approach to the
management of disease vectors and the prevention of urban

arboviral diseases.

Materials and Methods

Biological material

Aedes aegypiti

The larvae of Ae. aegypti from the Rockefeller strain were ob-
tained from the insectary maintained at the Biotechnology Lab-
oratory (LBT), at the Center for Biosciences and Biotech-
nology (CBB) of the State University of North Fluminense
Darcy Ribeiro (UENF), where they were raised at room temper-
ature between 20 and 30 °C and fed with fish food.

Production and characterization of
nanocomposites

Method of production of chitosan nanocomposites
The nanocomposites for use as a vehicle of the previously iso-
lated and characterized rotenoids [14] were prepared using
chitosan (CS Sigma-Aldrich 419419) as the coating material.
For comparison purposes and identification of the best method,
both common ionic gelation (CS/TPP) and controlled ionic
gelation (CS/TPP-3-CD) methods were employed [19], with
adaptations in order to include the rotenoid.

In the common ionic gelation method, a 0.175% (w/v) chitosan

solution was prepared in 20 mL of 1% (v/v) acetic acid, con-
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taining 1 mg/mL of rotenoids. The mixture was maintained
under constant agitation at 300 rpm, at room temperature,
overnight. Subsequently, 15 mL of a 5 mM sodium tripolyphos-
phate (TPP) solution was prepared. The chitosan solution was
then added dropwise to the TPP solution, while the mixture was
continuously agitated on a magnetic stirrer at 1000 rpm,
overnight, at room temperature. The resulting solution was
centrifuged at 10,000g; the pellet was separated, lyophilized,
and the obtained powder was stored at —20 °C. To evaluate
whether any rotenoids remained unincorporated, the super-
natant was also lyophilized and subsequently analyzed by both
TLC and HPLC. No rotenoid signals were detected in the super-
natant by either method, suggesting that the rotenoids were fully
incorporated into the nanocomposites under the conditions em-
ployed. The same procedure was applied for the preparation of
empty nanoparticles, without the addition of rotenoids. Nano-
particles containing rotenoids were then called rot.

The chitosan nanocomposites were also prepared using the
TPP—B-cyclodextrin (TPP—B-CD) inclusion complex. For this,
equimolar amounts of TPP and B-CD (B-cyclodextrin) were
completely dissolved in ultrapure water at a molar ratio of 1:1.
The obtained solution was subjected to ultrasonic bath for 1 h at
room temperature. This TPP—B-CD inclusion complex replaced
the pure TPP in the controlled ionic gelation process of the
chitosan solution, following the same protocol previously de-

scribed.

In total, four samples were obtained, two for each method. One
consisted of empty nanoparticles containing only chitosan
(CS/TPP and CS/TPP-p-CD, controls), while the other corre-
sponded to nanocomposites containing rotenoids (CS/TPP rot
and CS/TPP-B-CD rot).

Size, polydispersity, and zeta potential

The average size (in nm) and PDI of the nanoparticles were
measured using dynamic light scattering (DLS) on the Litesizer
DLS 500 instrument (Anton Paar). The same equipment was
used to determine the zeta potential ({, in mV) of the nanoparti-
cles under the following conditions: 25 °C operating tempera-
ture, an applied voltage of 200 V, and a total of 1,000 processed

runs.

Fourier-transform infrared spectroscopy

The chemical structure of empty nanoparticles (CS/TPP-B-CD),
pure rotenoids, and rotenoid-loaded nanoparticles (CS/TPP-f-
CD-rot) was analyzed using a PerkinElmer Spectrum Two FTIR
spectrometer equipped with an Attenuated Total Reflectance
(ATR) accessory. Dried samples were scanned over a
wavenumber range of 800-4000 cm™!, with a resolution of

1 cm™! and an accumulation of 35 scans per spectrum. A
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compressive force of 15 N was applied to the samples during
measurement to ensure proper contact with the ATR crystal sur-

face.

Quantification of rotenoids by high-performance
liquid chromatography

The quantification of rotenoids was performed by HPLC using
a SHIMADZU CBM-20A system equipped with a LC-20AD
pump and SPD-M20A detector with a D2&W lamp. To
construct the analytical curve, stock solutions of rotenoids were
prepared in the concentration range of 5 to 750 ug/mL. Each
concentration was analyzed by HPLC under previously estab-
lished chromatographic conditions. An NST C18 column
(250 mm X 4.6 mm; 5 um) was used as the stationary phase,
while the mobile phase consisted of solution A (50% MeOH)
and solution B (100% MeOH) as eluents.

For each concentration, two HPLC runs were performed, and
the average peak areas obtained were used to construct the ana-
lytical curve by linear regression of the data. The wavelength
used for absorbance readings was 290 nm. As a result, a calibra-
tion curve was obtained with the equation 30875x + 108219
(r =0.99399). To determine the concentration of rotenoids in
the nanoparticles, a solution containing 1 mg/mL of nanocom-
posites in 50% MeOH was prepared. The solution was subject-
ed to ultrasonic bath for 10 min at room temperature. Then, the
samples were filtered with a 0.22 pm filter and injected into the
HPLC system. For each sample, two runs were performed, and
the average peak areas obtained were used for concentration
calculations.

Larvicidal activity assay

The larvicidal assay was conducted according to the standards
established by the World Health Organization [39] with adapta-
tions [14]. Starting from an initial stock solution (10 mg nano-
particles/mL in water-diluted vinegar [to reach a 0.08% acetic
acid concentration]), the nanoparticles were further diluted in
ultrapure water to prepare concentrations of 50, 100, and
200 ppm of rotenoids, based on calculations obtained by HPLC.
Vinegar, an easily accessible source of acetic acid, was em-
ployed because chitosan is a water-insoluble polysaccharide
that dissolves only in acidified solutions. Five third-instar larvae
were used for 5 mL of each solution, and the tests were per-
formed in triplicate. The negative control was prepared using
0.04% acetic acid vinegar. The larvae were incubated for 24 h
at 28 °C. After the incubation period, mortality was assessed by
the movement of the larvae, which were also observed under a
stereomicroscope. This assay was conducted following the
same standards for all four nanoparticle samples: CS/TPP
control, CS/TPP-3-CD control, CS/TPP rot, and CS/TPP-3-CD
rot.
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The mortality data were analyzed using Probit regression
performed in RStudio with the glm() function (binomial
family, probit link). The lethal concentrations (LCsq and
LCyg) were calculated based on the estimated model parame-
ters [40].

Cellular viability assessment by MTT assay

The cellular viability of human skin fibroblasts (HSF) exposed
to rotenoids and to the CS/TPP—B-CD-rot nanocomposite was
evaluated using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) assay. The cells were cultured in
96-well plates at a density of 3 x 107 cells/mL. After adherence,
the cells were treated with either in natura rotenoids, at
250 ppm, or the CS/TPP-B-CD-rot nanocomposite (equivalent
to 250 ppm of rotenoids), and incubated for 24 h at 37 °C in a
humidified atmosphere with 5% CO,. Subsequently, 10 uL of
MTT solution (5 mg/mL) were added to each well, and after
2 h of incubation, the supernatant was removed. The
resulting formazan crystals were solubilized with acidified
isopropanol, and the absorbance was measured at 570 nm
using a microplate reader (Thermo Labsystems Multiskan,
model 352). A positive control (2% Triton X-100) and a
negative control (culture medium without treatment)
were used. Cellular viability was expressed as a percentage
relative to the negative control. Statistical analysis was per-
formed using one-way ANOVA followed by Tukey’s multiple
comparison test (p < 0.05) with the GraphPad Prism 10 soft-

ware.
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Abstract

Photodynamic therapy (PDT) is a non-invasive treatment involving a photosensitizer (PS), light source, and tissue oxygen. Proto-
porphyrin IX (PpIX) is commonly used as a PS due to its tumor-targeting properties and phototoxicity. However, the physicochem-
ical properties of PpIX foster self-aggregation, which is a challenge for its incorporation into pharmaceutical formulations. This
study aimed to evaluate the solubility of PpIX in distinct solvent systems to support the development of novel pharmaceutical
formulations. The shake-flask method was employed, using purified water, 50% ethanol (EtOH50), 77% ethanol (EtOH77),
absolute ethanol (EtOHabs), and polymeric systems containing 10% (w/w) poloxamer 407 (P407) in water, in EtOH50 or in
EtOH77. Approximately 10 to 25 mg of PpIX was added to 25 mL of the solvent, and the solutions were stirred at 100 rpm, at
37 °C, for up to 96 h. The PpIX concentration was measured by using a validated method (R = 0.9973), with equilibrium reached
within 30 min. The dissolution profiles of the micellar systems were also evaluated using the Korsmeyer—Peppas model with lag
time (f1,¢), which indicated a Fickian diffusion mechanism, preceded by a thermodynamically driven accommodation stage of PpIX
into the micelles. The solubility of PpIX ranged from 0.138 mg/mL in water to 0.593 mg/mL in water containing 10% (w/w) P407.
The solubility of PpIX in EtOH50 and EtOH77 with 10% (w/w) P407 was 0.503 and 0.507 mg/mL, respectively, while EtOHabs
yielded the lowest solubility among ethanolic solvents (0.179 mg/mL). These results indicate that water and EtOHabs are unsuit-
able solvents for PpIX, whereas the nanostructured systems containing P407 showed the greatest potential for future pharmaceuti-

cal applications, mainly the aqueous one because of its low toxicity considering topical preparations.

Introduction
Photodynamic therapy (PDT) is a promising therapeutic non-invasive treatment combines a photosensitizer (PS), a suit-
modality that has raised keen interest in the treatment of various  able light source, and molecular oxygen, generating reactive

conditions including cancer and microbial infections [1,2]. This  oxygen species that induce cellular damage [3,4].
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Among the PSs used in PDT, protoporphyrin IX (PpIX)
stands out as a natural precursor of hemoglobin and por-
phyrins, exhibiting low toxicity in its monomeric form [5].
When exposed to light, at a specific wavelength, PpIX
absorbs energy and transfers it to molecular oxygen, gener-
ating reactive oxygen species (ROS). These ROS are highly
toxic to cells, inducing oxidative damage in various biomole-
cules such as lipids, proteins and DNA, leading to cell death
[6,7].

However, PpIX and other PSs have their hydrophobicity as
drawback, which can lead to the formation of aggregates in
aqueous solutions, compromising bioavailability and photody-
namic activity [5]. The aggregation of the PS decreases its
photoactive properties since, for its action, it must be in the
monomeric form, in which its bioavailability and light absorp-
tion capacity will be increased [5].

To overcome this problem, the development of drug delivery
systems, such as poloxamer-based ones, has played an
important role on the delivery of dyes for PDT [8-10].
Poloxamers are triblock copolymers with thermosensitive prop-
erties, capable of forming micelles that encapsulate PpIX, in-
creasing its solubility and facilitating its administration
[7,11,12].

In this context, poloxamer 407 (P407) is notable for its biocom-
patibility and ability to form stable nanometric micelles
[8,13,14]. Its amphiphilic nature allows for the self-assembly
of monomers into micelles with a hydrophobic core of
polypropylene oxide (PPO) and a hydrophilic corona of
polyethylene oxide (PEO), creating an environment suitable
for the encapsulation of hydrophobic drugs such as PpIX
[15]. These micelles enhance drug solubility, protect against
aggregation, and improve bioavailability in aqueous media
[5,16].

Additionally, at high concentrations, P407 can transition into
more complex nanostructured systems, such as hydrogels and
lyotropic liquid crystals, providing additional control over drug
release and stability. The thermosensitive and self-assembling
properties of P407 make it suitable for advanced nanostructures
drug delivery platforms, including polymeric microneedles and
hydrogels, ensuring enhanced drug retention and permeation
[15,17,18].

Therefore, the present study aimed to investigate the best sol-
vent system for PpIX, in order to optimize the development of
new drug delivery systems for PDT applications. Moreover, the
potential of P407 as a feasible system for PpIX delivery was
also evaluated in different media.

Beilstein J. Nanotechnol. 2025, 16, 1209-1215.

Experimental

Preparation of the systems

The systems were prepared at least 24 h before the test and used
for up to seven days. Hydroalcoholic and polymeric systems
were employed. Hydroalcoholic systems were prepared by
mixing water and absolute ethanol (EtOHabs). The polymeric
systems were developed by adding 10% (w/w) of P407 to each
solvent (water, ethanol 50% and 77% v/v), both previously
weighed. The polymeric systems were refrigerated for 24 h and

homogenized for 30 min prior to the addition of PpIX [19,20].

Equilibrium solubility

The solubility of PpIX disodium salt was determined using the
shake-flask method. Aliquots of 10 to 25 mg of PpIX were
added to 25 mL of aqueous, hydroalcoholic (EtOH50, EtOH77,
EtOHADbs), or polymeric systems. Experiments were conducted
in triplicate. The resulting systems exhibited concentrations of
0.4 mg/mL (EtOH50, EtOH77, and water) and 1 mg/mL
(EtOHADs). For the systems containing P407 in EtOHS50,
EtOH77, and water, a PpIX concentration of 0.4 mg/mL was
used. The flasks were sealed, protected from light, and main-
tained under agitation at 37 = 1 °C and 100 rpm. Aliquots of 50
to 500 uL were collected at time intervals up to 96 h, diluted in
77% ethanol (v/v), filtered through a 0.45 pum membrane, and
quantified by spectrophotometry at A = 400 nm. Quantification
was performed using a previously validated method, yielding a
correlation coefficient R = 0.9973 [20,21].

Transmission electron microscopy

Transmission electron microscopy (TEM) analysis was carried
out using a JEM-1400 microscope (JEOL, Tokyo, Japan) with
an accelerating voltage of 100 kV. The samples were diluted
50 times and negatively stained with a 2% (w/v) uranyl acetate
solution before imaging. To investigate micelle formation, the
samples were prepared at 37 °C. Micelle size measurements ob-
tained by TEM were reported as the mean (+ standard devia-
tion; SD), based on the analysis of 250 micelles per system

using ImageJ software [17].

Statistical analysis

Data are presented as mean + SD. Statistical analysis was per-
formed using Microsoft Office Excel®, version 2312, conduct-
ing Student’s t-test one-way analysis of variance (ANOVA),
followed by Tukey's post-hoc test. Results were considered
statistically significant when p < 0.05, with a 95% confidence

interval.

Results and Discussion
Systems containing water (0.4 mg/mL PpIX) and EtOHabs
(1 mg/mL) displayed persistent visible precipitates from 30 min

to 48 h, indicative of PpIX saturation in these solvents. As illus-
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trated in Figure 1, while EtOH50 and EtOH77 effectively solu-
bilized PpIX up to 0.4 mg/mL, water and EtOHabs rapidly
reached saturation, demonstrating instability. Solubility equilib-
rium was attained within approximately 4 h for EtOH50 and
EtOH77, whereas for water and EtOHabs, equilibrium was
established within 30 min, followed by subsequent degradation
or aggregation.

Figure 1: Macroscopic characteristics of solubilized systems: (A) water
(0.4 mg/mL), (B) absolute ethanol (1 mg/mL), (C) 50% (v/v) ethanol
(0.4 mg/mL), and (D) 50% (v/v) ethanol with 10% (w/w) P407

(0.4 mg/mL).

The addition of P407 significantly enhanced PpIX solubiliza-
tion, particularly in aqueous systems, with no significant differ-
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ences observed between water and ethanol at varying concentra-
tions in the presence of P407. Figure 1A and Figure 1B high-
light the turbidity observed in these samples, whereas samples
shown in Figure 1C and Figure 1D appear clear. The sample
displayed in Figure 1D was the most soluble and transparent,
demonstrating the improved system performance in the pres-
ence of P407.

Although Franco [5] reported high solubility of PpIX in
aqueous systems, the findings observed at 0.4 mg/mL PpIX are
not in line. While spectrophotometric readings indicated high
solubility, the visual inspection revealed turbidity, suggesting
incomplete dissolution of the photosensitizer. This discrepancy
may be attributed to the filtration step performed prior to
UV-vis analysis, which intended to mitigate the limitation of
the spectrophotometric techniques in the presence of aggre-
gated species. In good agreement, similar discrepancies have
been reported in the literature, such as in the study by da Silva
Gongalves and collaborators [22], where spectroscopic estima-
tions of solubility were later contradicted by particle size distri-

bution analysis.

Figure 2 shows the solubility behavior of PpIX in water and
EtOHabs, with mean concentrations of 0.497 + 0.054 mg/mL in
water, and 0.179 = 0.004 mg/mL in EtOHabs.

In contrast, the systems containing 0.4 mg/mL of PpIX in
EtOHS50 and EtOH77 remained clear and free of undissolved
solids for up to 96 h, confirming the complete solubilization
without saturation. Figure 3 illustrates PpIX concentration
during the solubilization period in EtOH50 and EtOH77. The

——EtOHabs

-—Water

0.000
16

24
Time (h)

32 40 48

Figure 2: Solubilization kinetic curve of PpIX in water and EtOHabs. Error bars represent one standard deviation (n = 3).

1211



Concentration (mg/mlL)

Beilstein J. Nanotechnol. 2025, 16, 1209-1215.

——EtOHS50
——EtOH77

o

8 16 24 32 40

48
Time (h)

56 64 72 80 88 96

Figure 3: Solubilization kinetic curve of PpIX in EtOH50 and EtOH77 solvents. Error bars represent one standard deviation (n = 3).

average concentration over the first 8 h of analysis (stabiliza-
tion period) was 0.450 = 0.103 mg/mL for EtOHS50 and
0.430 £ 0.010 mg/mL for EtOH77. These values align with
findings by da Silva Gongalves and collaborators [22], who dis-
cussed the modification of porphyrin derivatives to enhance
solubility, and Rossin and colleagues [2], who reported similar
solubility ranges for porphyrin-based compounds in hydroalco-
holic systems.

Overall, the results indicated that while EtOH50 and EtOH77
effectively dissolve PpIX at concentrations up to 0.4 mg/mL,

water and EtOHabs rapidly reach saturation and exhibit insta-

bility. The solubility equilibrium was achieved after approxi-
mately 4 h for EtOH50 and EtOH77, whereas for water and
EtOHabs, the equilibrium was established within 30 min, fol-
lowed by degradation or aggregation. These results support the
observations made by Tima and collaborators [11], who found
that ethanol-water mixtures offer an improved balance between
solubility and stability for hydrophobic compounds.

In systems containing 10% (w/w) P407 with 0.4 mg/mL PpIX
(EtOH50, EtOH77, and water), the complete solubilization was
achieved regardless of the solvent used. Figure 4 shows the sol-

ubilization kinetics in the polymeric systems. The average con-

f o

g 0.300 —~—Water + P407

(o]

© 0.200 ~=~EtOHS0 + P407
0.100 ~—EtOH77+ P407
0.000

0 8 16 24 32 40 48 5S6 64 72 80 8 96
Time (h)

Figure 4: Kinetic curves of PplX in polymeric systems. Error bars represent one standard deviation (n = 3).
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centrations after 8 h were 0.593 + 0.063 mg/mL for water-
based systems, 0.503 £ 0.043 mg/mL for EtOH50, and
0.507 + 0.104 mg/mL for EtOH77, which is consistent with
previous reports on micellar stabilization of hydrophobic drugs
[16].

These systems remained clear and free of precipitates for up to
96 h, suggesting the formation of a stable micellar solution. The
presence of P407 enhanced PpIX dissolution, even in water,
which otherwise exhibited some limitations. Mathematical
models were employed to better understand and simplify
the complex dissolution behavior of the micellar systems.
Several models, including zero-order, first-order, Higuchi,
and Korsmeyer—Peppas were evaluated for both conventional
and micellar systems. However, most of them could not
fit the results. The best fit was obtained by using the
Korsmeyer—Peppas model with lag time (f1,5), only for the
systems containing P407 (Table 1).

Table 1: Mathematical modeling of the solubilization curves of PpIX
dissolution in micellar systems using the Korsmeyer—Peppas model
with lag time (fjag)-

PpIX in polymeric
systems

Korsmeyer—Peppas with fj5g

k (h=") n R
water + P407 82.772 0.174 0.9007
EtOH50 + P407 124.062 0.042 0.5355
EtOH77 + P407 75.728 0.164 0.8935

The lag time parameter in the model reflects the initial phase of
micelle formation and the subsequent accommodation of PpIX
into the micellar core, which precedes the diffusion-driven
dissolution process [23]. Among the systems evaluated, water +
P407 and EtOH77 + P407 exhibited the highest correlation
coefficients (R = 0.9007 and 0.8935, respectively), indicating a
strong fit and supporting the hypothesis of micelle-mediated

stabilization of PpIX in these environments.

The release exponent (n) values obtained were all smaller than
0.45, which is characteristic of Fickian diffusion. This suggests
that the dissolution mechanism is mainly governed by simple
diffusion, without significant swelling or erosion of the poly-
meric matrix [8], which is commonly observed in hydrophilic
polymeric systems, as those produced by P407 [24]. In this
context, the drug molecules diffuse through the micellar
network driven by concentration gradients, while the micellar
structure remains intact throughout the dissolution process [25].
The kinetic constant (k) was elevated for all the systems, al-
though polymer, temperature, and the solvent properties may in-

fluence this parameter.

Beilstein J. Nanotechnol. 2025, 16, 1209-1215.

Overall, the water + P407 system demonstrated the most favor-
able behavior, as no micellar disintegration was observed,
unlike the systems containing ethanol. These findings are
consistent with other experimental results, reinforcing the
stability and solubilizing potential of aqueous micellar systems
for PpIX [8].

To improve the assessment of solubility, complementary
methods may be performed together, such as dynamic light
scattering [26] and turbidimetry [27]. Furthermore, TEM analy-
sis can provide a more accurate understanding of the incorpora-
tion of PpIX into the micellar systems, overcoming the limita-
tions associated with spectrophotometric estimations. These
limitations include potential overestimation of solubility due to
light scattering by aggregates, turbidity-related interference, and
the inability to distinguish between molecularly dissolved and
aggregated species [28].

Therefore, TEM micrographs of PpIX samples in different
media containing P407 (water, EtOHS50, and EtOH77) are
displayed in Figure 5. It was possible to observe significant
variations in micelle size and morphology. While in the
aqueous system well-defined circular micelles are observed
with an average diameter of 11.81 £ 1.71 nm, in EtOH50 and
EtOH77 the samples exhibited progressively large micelles
(13.56 £ 3.24 nm and 14.77 * 3.81 nm, respectively). This sug-
gests that ethanol, due to its dissolution properties, may
partially disrupt the micelles, resulting in larger and less homo-
geneous structures [29].

The disrupted micelles formed in alcoholic solution may exhib-
it limited effectiveness in encapsulating PpIX for drug delivery
in biological systems. Moreover, the small size of the micelles
observed in water tend to exhibit improved permeability, which
may present significant implications for the application of PpIX
in biological systems [17].

Conclusion

This study demonstrated that hydroalcoholic solutions and
P407-based systems effectively solubilized PpIX at 0.4 mg/mL
yielding clear and stable solutions, in contrast to the low solu-
bility and turbidity observed in aqueous and absolute ethanol
systems. P407 significantly enhanced PpIX solubility, with no
significant differences among water-based, 50% v/v ethanol,
and 77% v/v ethanol polymeric systems. Considering the poten-
tial toxicity and the challenges of hydroalcoholic formulations,
the aqueous P407 system, with its gelling and thermorespon-
sive properties, stands out as the most promising approach for
further pharmaceutical applications. TEM micrographs revealed
that PpIX micelles in water formed smaller and more uniform

structures, suggesting improved drug load ability and perme-
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Figure 5: TEM images of PplX in polymeric systems comprising 10%
(w/w) poloxamer 407 in purified water (A), EtOH50 (B) and EtOH77
(C). The images are at a scale of 200 nm.

ability compared to alcoholic solutions. Moreover, dissolution
kinetics, modeled using the Korsmeyer—Peppas equation with
lag time (f1,¢), indicated a Fickian diffusion mechanism
occuring after the initial phase of micelle formation and subse-
quent accommodation of PpIX within the micellar core of the

Beilstein J. Nanotechnol. 2025, 16, 1209—1215.

P407-based systems. These results reinforce the structural
stability and controlled-release potential of the micellar formu-
lations, particularly the aqueous one, strengthening their suit-
ability for topical drug delivery strategies.
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Abstract

The oil from the pulp of the bocaitva fruit may have several medical applications. However, little is known about its pharmacologi-
cal activity. Therefore, this study aimed to develop and evaluate the anti-inflammatory activity of a nanoemulsion loaded with the
oil extracted from the pulp of the fruit of Acrocomia aculeata. Griffin’s method determined the hydrophilic-lipophilic equilibrium
ratio of the nanoemulsion. It was shown to have an adequate droplet size (173.60 nm) with excellent homogeneity (polydispersity
index 0.200). The anti-inflammatory activity of the nanoemulsion was evaluated by the carrageenan-induced paw edema method.
Finally, the non-hemolytic and cytotoxic activity of the nanoformulation was determined to assess its safety. The nanoemulsion
loaded with Acrocomia aculeata fruit pulp oil was shown to have parameters suitable for its characterization, impressive anti-

inflammatory activity, and a safe profile.
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Introduction

Acrocomia aculeata Jacq is a palm of the Arecaceae family,
commonly known as bocaitva or macatba. It is widespread in
South America and is particularly abundant in Mato Grosso do
Sul, located in the Center-West region of Brazil. A. aculeata
stands out for its wide geographic distribution, being native to
tropical forests [1,2]. Its rounded fruits present sensory attrac-
tions, such as color, distinctive and intense flavor, and aroma.
They are traditionally consumed by the native population, occu-

pying an important place in the regional culture [3,4].

Bocaitiva oil contains several antioxidant compounds such as
phenols, terpenes, B-carotenes, and compounds that present
antioxidant properties [5,6]. It contains free fatty acids, mono-
glycerides, triglycerides, sterols [6-8], and saturated and unsatu-
rated fatty acids predominantly [9]. These compounds have the
potential to enhance immune response, reduce the risk of degen-
erative diseases, and contribute to anti-inflammatory activity
[10,11], reducing the indiscriminate use of non-steroidal anti-in-
flammatory drugs (NSAIDs) and corticosteroids in the popula-
tion [12,13]. There are several reports about the severe adverse
reactions in patients taking these drugs [14,15]. In addition, the
economic impact of these degenerative and inflammatory
diseases, such as rheumatoid arthritis, is significant, as demon-
strated by heightened healthcare resource utilization and sub-
stantially increased annual aggregate costs. This underscores the
need to find effective alternative treatments to prevent and treat
these pathologies [16-18].

On a global scale, vegetable oils play a fundamental role not
only in human nutrition but also as strategic inputs in the chem-
ical, pharmaceutical, and food industries. In recent decades,
there has been a growing imbalance between the demand and
supply of these oils, which has generated challenges in terms of
sustainability and supply. In this scenario, several oil palm
species have been identified as potentially efficient sources of
vegetable oil production, given their high yield rates per hectare
and their ability to adapt to different agroecological environ-
ments [19]. In the state of Mato Grosso do Sul, it is possible to
find virgin, refined, or conventional bocaidva oil in the market
for cosmetic, food, pharmaceutical, nutraceutical, and indus-
trial applications. However, due to the chemical and physico-
chemical characteristics as well as the solubility and stability of
this oil, it was decided to make a nanoemulsion to enhance its

already known therapeutic benefits.

Nanoemulsions are nanoemulsified systems, either oil-in-water
(O/W) or water-in-oil (W/O), which are isotropic, homoge-
neous, and thermodynamically unstable, with droplet sizes
ranging from 20 to 200 nm [20]. They present properties such

as high surface area per unit volume, robust kinetic stability,
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and tunable rheology [21]. It has been demonstrated that emul-
sified systems loaded with plant extracts have better pharmaco-
logical activity than extracts when used naturally [22]. For ex-
ample, plant oil-loaded nanoemulsions exhibit high water solu-
bility, improved permeability, and enhanced bioavailability
[23]. This contrasts with the limited solubility and poor
bioavailability of natural oil through different routes of adminis-
tration [24-27].

The possibility of developing nanotechnological products with
potent pharmacological activity was considered to add more
value to the oil obtained from bocaitva pulp, which contains
phenols and carotenoids. Therefore, the objective of this study
was to develop, characterize, and evaluate the anti-inflammato-
ry activity of the nanoemulsion loaded with Acrocomia aculeata
oil.

Results and Discussion

Vegetable oils are known for their high content of fatty acids,
which possess a diverse range of biological activities, including
hypoglycemic [28], cholesterol-lowering, anti-inflammatory,
and antioxidant effects [11,22-30]. Bocaidva oil is widely used
to treat cardiovascular, inflammatory, and renal diseases
[31,32].

In addition, one of the main characteristics of this oil is its
orange color due to the presence of phenols and carotenoids,
which were characterized in this study. These secondary
metabolites are considered to have high antioxidant activity and
provide high stability to the oil [S]. These metabolites have
been shown to possess anti-inflammatory and immunostimu-

lant properties [1,33].

Physicochemical characterization of

Acrocomia aculeata fruit pulp oil

The physicochemical parameters of bocaidva oil, such as
acidity index, iodine index, and refractive index, were analyzed.
The acidity index indicates the state of conservation of oils and
fats and is related to the oxidation process. Our results showed
an acid index of 0.92 + 0.10. The iodine index determines the
amount of unsaturation in fatty acids [28]. Our results showed
an iodine index of 74.50 £ 1.50 g I,/100 g, values that are
within the range allowed (58-75 g 1,/100 g) by OMS/FAO for
oils with high oleic acid content [34].

Also, quality indicators such as refractive index, solubility in
different organic solvents, and relative density showed that the
bocaitva oil used in that study had good purity [35]. Coimbra
and Jorge analyzed Acrocomia aculeata oil and found refrac-

tive index values similar to those in this study (1.46 = 0.01)
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[19]. These results were found within the reference values
established for oils rich in oleic acids, such as extra virgin olive
oil, palm oil, and almond oil [34]. The presence of polyphenols
and carotenoids was also identified in this oil (see Table 1).

Table 1: Physicochemical properties of Acrocomia aculeata fruit pulp
oil.
Property Value

relative density 0.9000 + 0.0001

iodine value (g 12/100 g) 74.50 £ 1.50
refractive index (30 °C) 1.456 + 0.001
peroxide value (mEg/kg oil) 4.50 £ 0.40
saponification index (mg KOH/g)  133.00 + 4.50
acidity 0.92 £ 0.10

266.00 + 12.00
12.60 + 0.30

total carotenoids (ug/g)
polyphenols (mg/g)

Table 2 shows the profile of fatty acids present in Acrocomia
aculeata fruit pulp oil. Oleic acid is the major component
(71.25%) among monounsaturated fatty acids (73.79%). There-

Table 2: Lipid profile of Acrocomia aculeata fruit pulp oil.

Beilstein J. Nanotechnol. 2025, 16, 1277—-1288.

fore, bocaitiva oil can be considered an oil with a cardioprotec-
tive effect due to its high oleic acid content [36,37]. In addition,
its levels of monounsaturated fatty acids are higher than those
found in extra virgin olive, soybean, corn, sunflower, and
flaxseed oils [37,38].

The bocaitdva oil utilized in this study demonstrated excellent
quality, as assessed by established parameters for evaluating
vegetable oils reported in the literature [11,39]. The results are
consistent with findings by Hiane and collaborators [40] and
Lieb and collaborators [7], who also observed a high concentra-
tion of monounsaturated fatty acids in the fruit pulp. Amaral et
al. further identified a notable oleic acid content of 69.07% in
Acrocomia aculeata pulp oil [41]. Minor discrepancies in com-
position may be attributed to variations in environmental condi-
tions, such as climatic conditions, temperature, and pulp drying
duration before oil extraction. Additionally, the specific extrac-
tion technique employed can influence lipid degradation and
promote the formation of free fatty acids [19]. Despite these
variations, the compositional profiles remain comparable,
underscoring the distinctive chemical characteristics of the oil
studied.

Fatty acid Content (%) RE Index LR Index
saturated
hexanoic acid 0.22 £0.02 974 975
octanoic acid 0.25+£0.02 1169 1170
decanoic acid 0.13 £0.01 1365 1365
dodecanoic acid 0.85 £ 0.01 1548 1547
tetradecanoic acid 0.70 £ 0.01 1747 1749
hexadecanoic acid 16.52 £ 0.15 1970 1969
octadecanoic acid 411 +0.15 2164 2165
docosanoic acid 0.06 £ 0.03 2562 2564
subtotal 22.84 £ 0.05 — —
monounsaturated
9-hexadecenoic acid 2.54 +0.01 1939 1938
9-octadecenoic acid 71.25+2.21 2241 2142
subtotal 73.79 +1.11 — —
polyunsaturated
9,12,15-octadecatrienoic acid 0.80 £ 0.04 2154 2155
9,12-octadecadienoic acid 2.20 £0.33 2176 2175
eicosanoic acid 0.20 £ 0.03 2369 2370
subtotal 3.20£0.13 — —
total fatty acids >99.00% — —

3L iterate retention rate (from NIST chemistry webbook, SRD 69).
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Preparation of nanoemulsions, required
hydrophilic—lipophilic balance, droplet size,
zeta potential, and shelf stability

The development of a nanoemulsion requires the determination
of key formulation parameters, including the required hydro-
philic-lipophilic balance (HLBr), droplet size, and polydisper-
sity index (PDI) [42-44]. In this study, the Acrocomia aculeata
oil nanoemulsion (AANE) exhibited a uniform droplet size dis-
tribution and a stable PDI upon formulation with the surfactant
system characterized by a hydrophilic-lipophilic balance (HLB)
value of 12. These physicochemical parameters are critical for
defining the kinetic stability and structural integrity of the
nanoemulsion system.

Surfactants or emulsifiers are characterized by their HLB
values, which reflect their affinity for either aqueous or lipid
phases. Hydrophilic emulsifiers typically exhibit a high HLB
value, while lipophilic emulsifiers possess lower values. The
HLB scale generally ranges from 1 to 20, with an approximate
midpoint of 10, distinguishing emulsifiers suited for oil-in-

water versus water-in-oil systems [43] (Figure 1).

A surfactant system characterized by an HLB value of 12
(Figure 1) was employed to formulate the bocaidva oil
nanoemulsion, resulting in a satisfactory polydispersity index of
0.200. The formulation exhibited excellent physical stability,
maintaining consistent zeta potential and droplet size parame-
ters over a 180-day storage period at 25 + 2 °C. Dynamic light
scattering analysis revealed a mean nanodroplet size (by intensi-
ty) of 173.6 £ 0.70 nm (Figure 2A). The nanoemulsion,
composed of 0.28 parts of Span 80® and 0.72 parts of Tween
80®, exhibited a zeta potential of —14.10 * 1.06 mV
(Figure 2B), indicative of sufficient electrostatic repulsion for

colloidal stability.
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Figure 1: Droplet size and polydispersity index of nanoemulsions
versus the hydrophilic-lipophilic balance of the surfactant system used
for the preparation. HLBr: required hydrophilic-lipophilic balance.

It should be noted that the phenolic compounds and carotenoids
contained in this oil are considered potent antioxidants, which
may contribute to the stability of the nanoemulsion [45,46].

Figure 3 shows the behavior of zeta potential and droplet size in
Bocaitva oil-loaded nanoemulsion over 180 days. The droplet
size remained stable at around 170 nm, and no statistical
differences were found at any point in time over 180 days
(Ftest = 0.18, pyajue = 0.0804). In contrast, the zeta potential
underwent a significant decrease from approximately —10 to
—20 mV within the first 45 days and then stabilized for the
remainder of the 180 days. The analysis of variance found
statistically significant differences among the zeta potential
values (Fiegq = 2.4258, pyalue = 0.0021). The Tukey test sug-
gests that the zeta potential values at zero and 15 days were not

statistically different, forming a homogenous group statistically

Zeta Potential Distribution B
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i 400000 x
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9 300000 | 1
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Figure 2: Droplet size distribution and zeta potential of the nanoemulsion prepared with 0.28 parts Span 80® and 0.72 parts Tween 80% (HLB = 12).

Droplet size: 173.6 = 0.70 nm. Zeta potential: 14.0 £ 1.06 mV.
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different from the rest of the time points (45, 90, and 180 days),

which formed another homogeneous group.
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Figure 3: Stability of bocaitva oil-loaded nanoemulsion prepared with
0.28 parts of Span 80% and 0.72 parts of Tween 80® (HLB = 12).

The progressive increase in the absolute value of zeta potential
over time suggests enhanced system stability, attributed to the
intensification of electrostatic repulsion among nanodroplets.
Although this phenomenon is atypical for systems stabilized by
nonionic surfactants (Span 80® and Tween 80®), it may result
from the presence of ionizable bioactive compounds such as
phenolics and carotenoids, which can associate with the droplet
interface. These compounds likely expand the diffuse electrical
double layer surrounding the nanodroplets, thereby increasing
the magnitude of the zeta potential, enhancing stability by
preventing droplet aggregation [47].

Figure 4 presents the impact of temperature (ranging from 10 to
80 °C) on the nanodroplet size of the AANE formulation over a
180-day period. Between 10 and 60 °C, the nanodroplet size
remained relatively stable, ranging from 171 to 181 nm. How-
ever, temperatures exceeding 60 °C led to a marked reduction in
droplet size, stabilizing between 110 and 120 nm across all time
points. This reduction can be attributed to several interrelated
physicochemical mechanisms. Primarily, the nonionic surfac-
tants Span 80® and Tween 80® reduce interfacial tension be-
tween oil and aqueous phases, a phenomenon that becomes
increasingly efficient at elevated temperatures, promoting the
formation of smaller droplets. Additionally, elevated tempera-
tures enhance molecular mobility and solubility, facilitating
droplet disruption and dispersion effects observed in bocaitiva
oil nanoemulsions above 60 °C [48]. Moreover, the surfactants
exhibit temperature-responsive behavior, reorganizing at higher
temperatures to stabilize finer dispersions. The concurrent
decline in oil phase viscosity with increasing temperature also

improves emulsification efficiency by promoting shear-induced

Beilstein J. Nanotechnol. 2025, 16, 1277—-1288.

droplet breakup, particularly under mechanical agitation [48].
Nevertheless, while these conditions favor the formation of
smaller nanodroplets, temperatures above 60 °C may compro-
mise emulsion stability, potentially triggering phase separation
or degradation of labile components. This highlights the neces-
sity for stringent temperature control during both formulation
and storage to ensure the long-term stability of the nanoemul-
sion [49].
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Figure 4: Effect of temperature on droplet size of nanoemulsion
loaded with bocaitva oil.

Hemolytic and cytotoxic activity of

Acrocomia aculeata oil-based nanoemulsion

The hemolytic and cytotoxic activities of the nanoemulsion
were assessed to evaluate its potential therapeutic use, with par-
ticular focus on its interaction with erythrocyte membranes. The
nanoemulsion demonstrated no hemolytic activity against
murine erythrocytes at concentrations of 1, 10, 100, and
1000 pg/mL. These findings were benchmarked against Triton
X-100, a well-established positive control known for its potent
hemolytic effect [SO]. As shown in Figure SA, AANE main-
tained erythrocyte membrane integrity across all tested concen-

trations, reinforcing its biocompatibility.

Furthermore, cytotoxicity evaluation showed that AANE did
not inhibit cell growth, as cellular viability remained at 100%
across all tested concentrations (1, 10, 100, and 1000 ug/mL,
Figure 5B). These findings underscore the nanoemulsion’s bio-
compatibility and support its potential for safe therapeutic appli-
cations. This is consistent with the traditional use of bocaitiva
oil, which is commonly taken in or applied topically by tradi-
tional populations for managing joint inflammation and some
infections [51]. Nevertheless, further comprehensive studies are
necessary to confirm the long-term safety and therapeutic

viability of the bocaitiva oil loaded nanoemulsions.
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Figure 5: Hemolytic effect (A) and cell viability assay (B) of nanoemulsion loaded with Acrocomia aculeata fruit oil.

Anti-inflammatory activity of Acrocomia
aculeata oil-based nanoemulsion

After confirmation of the nonhemolytic effect of the nanoemul-
sion, the anti-inflammatory effect was evaluated. In inflamma-
tory processes, therapeutic interventions aim primarily to atten-
uate the productive phase of inflammation, particularly by in-
hibiting leukocyte infiltration at the injury site [52].

In this study, acute inflammation was induced via subplantar

injection of carrageenan, a sulfated polysaccharide known to
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stimulate edema through the release of pro-inflammatory medi-
ators associated with hyperalgesia and vascular alterations
[53,54]. The paw edema model provides a reliable assessment
of two key inflammatory parameters, namely, leukocyte migra-
tion and protein extravasation [55].

The assay demonstrated that Acrocomia aculeata nanoemul-
sion at a dose of 50 mg/kg has a pharmacological effect approx-
imately two-fold greater than that of the pristine oil at

100 mg/kg (Figure 6). This finding reinforces the premise that
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Figure 6: Anti-inflammatory effect of Acrocomia aculeata fruit oil and oil-loaded nanoemulsion. Different letters indicate statistically significant differ-

ences atp < 0.05.
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the nanoformulation of drugs potentially enhances the biologi-
cal activity of natural drugs [22]. Similar outcomes were re-
ported by Silva et al., who observed enhanced anti-inflammato-
ry efficacy of a Copaifera spp. essential oil nanoemulsion com-
pared to its unformulated counterpart [47].

The superior pharmacological response of the nanoemulsion
may be attributed to the nanoscale droplet size, which increases
the surface area-to-volume ratio, enhances solubility and
stability, and promotes rapid absorption and cellular uptake
[56]. The nanometric scale facilitates more efficient interaction
with cellular receptors, contributing to its heightened bioac-
tivity [57]. Collectively, these findings suggest that bocaidva
oil-based nanoemulsions hold promising potential as anti-in-

flammatory agents.

Further analysis using the carrageenan-induced paw edema
model revealed that the oil at 100 mg/kg exerted a modest anti-
inflammatory effect up to 3 h post-treatment, which was consid-
erably lower than that of both diclofenac and the nanoemulsion
at 5, 10, 20, and 50 mg/kg body weight. Notably, at the 3 h time
point, the nanoemulsion at 20 and 50 mg/kg elicited a more po-
tent anti-inflammatory response than diclofenac. At 6 h post-
treatment, the nanoemulsion maintained a comparable effect to
diclofenac at the same dose levels (Figure 6). These results
further substantiate the enhanced efficacy of the oil in the form

of nanoemulsion in modulating acute inflammation in rats.

Conclusion

The Acrocomia aculeata oil-loaded nanoemulsion exhibited a
homogeneously distributed droplet size (173.60 nm) within the
nanometric range and demonstrated excellent physicochemical
stability, maintaining its structural integrity and key parameters
over a six-month period of shelf storage. Nanoemulsion showed
a markedly greater anti-inflammatory effect compared to unfor-
mulated bocaitdva oil with an efficacy comparable to that of
diclofenac. In addition, this nanoemulsion showed no cytotoxic-
ity or hemolytic activity, indicating a favorable safety profile.
These findings underscore the potential of the Acrocomia
aculeata oil-loaded nanoemulsion as a nanotechnological inno-
vative product that enhances the therapeutic value of
A. aculeata oil and supports its development as a promising
anti-inflammatory agent.

Experimental

Materials

Bocaitva oil was used as the lipid core (relative density 0.9000,
iodine value 74.50 g I,/100 g, refractive index (30 °C): 1.456,
peroxide value 4.50 mEq/kg, saponification index:
133.00 mg KOH/g + 4.50) characterized in this study. The

food-grade surfactant was Tween® 80 (nonionic polyoxyeth-
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ylene (20) sorbitan monooleate; Cgq4H12402¢; HLB = 15.0),
Span 80® (2R)-2-[(2R,3R 4S)-3,4-dihydroxyoxyoxolan-2-yl]-2-
hydroxyethyl (9Z)-octadec-9-enoate; Cp4Hy44Og HLB 4.3). De-
ionized water was used in the preparation of all experiments
throughout the study.

Plant material

The fruits of Acrocomia aculeata were collected in Campo
Grande, Mato Grosso do Sul, Brazil (20°50'00.1" S 54°36'45.7"
W) after the natural fall of the first ripe fruits. The fruit pulp
was manually separated from the seeds and preserved until oil
extraction.

Bocailva oil extraction

One kilogram of fresh fruit pulp was placed in an Erlenmeyer
flask and extracted with n-hexane (1000 mL) by mechanical
agitation for 24 h. The n-hexane solution was separated from
the pulp and preserved. Another 500 mL of n-hexane was added
to the pulp for a second extraction under the same conditions.
The two extractions were combined in a rotary evaporator
system (Ika Werke, Germany). It was subjected to a slow

stream of nitrogen for 24 h to obtain the solvent-free oil.

Physicochemical characterization of
Acrocomia aculeata oil

Relative density and refractive index of Acrocomia aculeata oil
(AAO) were evaluated according to the American Pharma-
copoeia [58]. lodine value, peroxide value, acid value, and
saponification index were also evaluated following the proto-
cols of the Brazilian Pharmacopoeia [58].

Determination of phenolic content of

Acrocomia aculeata oil

The total phenols present in AAO were evaluated using the
Folin—Ciocalteu spectrophotometric method. In this method,
3 mL of bocaitiva oil are mixed with 10 mL of a 75% ethanol
solution. The mixture was stirred on a mechanical shaker for 2 h
and allowed to stand in the dark for 24 h. The liquid was then
centrifuged at 5000 rpm (LKP, Brazil). Aliquots of 1 mL of the
ethanolic phase were used for analysis. The calibration curve
was constructed using the standard addition method and a stan-
dard reference material (Sigma, USA). The results were
expressed as gallic acid equivalent.

Determination of carotenoid content

Carotenoid content was evaluated spectrophotometrically
(Shimatsu, Japan) following the procedure described by
Rodriguez-Amaya. The molar extinction coefficient of
B-carotene (B-C) in n-hexane at 453 nm (2592 mol l-cm™!) was
used. The carotenoid content (CT), expressed as f-carotene,

was calculated by the formula:

1283



(A% ¥10000)

m)

where A is the absorbance of the sample, V is the volume of the

CTg/100) =

sample, ¢ is the molar absorbance of f-carotene in n-hexane at
453 nm, and m is the mass of the sample [59].

Lipid profile

A derivatization process was carried out to improve the stability
of bocaitiva samples. One gram of bocaidva oil was dissolved in
n-hexane and vortexed for 5 min. The hexane phase was
separated by centrifugation, transferred to a derivatization
tube, and dried under a stream of nitrogen for 24 h. Then,
3 mL of a 2% methanolic NaOH solution was added to the tube.
The tube was hermetically sealed and heated at 85 °C for 3 min.
After cooling to room temperature, 2 mL of a BF3/methanol
solution was added. The tube was resealed and heated for
25 min.

Once cooled, the solution was extracted with 5 mL of n-hexane
and centrifuged. 20 pL of supernatant (hexane phase) were
injected directly into the GC-MS system (Mega 2 series gas
chromatograph coupled to a SHIMADZU GC-MS-QP500 mass
spectrometer (GC-MS) (Japan)) [60]. A 30 m x 0.32 mm capil-
lary column with a 0.25 mm thick layer (66DB-5MS, Agilent
Technologies, USA) was used as the stationary phase. Helium
gas was used as carrier gas at a flow rate of 1.0 mL/min with a
split ratio of 1:10. The injector temperature was set to 250 °C.
The oven temperature was set to 130 °C for 10 min and then in-
creased to 250 °C at a rate of 5 K/min, maintaining the final
temperature for 10 min.

Mass spectra were acquired using a mass range of m/z 40-500,
an interface temperature of 250 °C, and an ion source tempera-
ture of 220 °C. The solvent cutoff time was 3 min, and the event
time was 0.20 min. The sweep speed was set at 2,500 mL/min.
The composition (in percent) was calculated using the peak

normalization method.

Preparation of nanoemulsions

Acrocomia aculeata oil nanoemulsions were prepared using the
phase inversion method [61,62]. The formulations comprised
5% w/w bocaidva oil, 5% surfactants (Span 80%: Tween 80®),
and 90% deionized water. The organic phase, composed of
bocaitiva oil and surfactants, was stirred at 400 rpm at 35 °C for
20 min. The aqueous phase (deionized water with conductivity
below 0.4 uS and pH 6.5) was added to the organic phase at
1 mL/min under continuous magnetic stirring (400 rpm). Stir-
ring was maintained for 20 min after adding the total volume of
water. Finally, the initial volume of the nanoemulsion (50 mL)

was restored with deionized water [42].
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Required hydrophilic-lipophilic balance
(HLBr)

Griffin's method determined the hydrophilic-lipophilic balance
(HLBr) necessary to emulsify bocaidva oil [63]. A set of
nanoemulsions was prepared using HLB values from 4.3 to 15,
obtained by mixing different proportions of Span 80® (HLB
4.3) and Tween 80® (HLB 15). The temperature was main-
tained at 25 + 1 °C. The surfactant mixture that produced the
stable nanoemulsion with the smallest droplet size was selected
as the (HLBr) to emulsify bocaidva oil [63].

Droplet size and zeta potential

Droplet size and polydispersity index (PDI) were measured by
dynamic light scattering (DLS) with a Zetasizer Nano-ZS
instrument (Malvern, UK). Zeta potential was determined by
electrophoretic light scattering with a Zetasizer Nano-ZS
instrument (Malvern, UK). AANE was diluted with Milli-Q
water (1:25, v/v). All measurements were performed in tripli-
cate, and results were presented as the mean + standard devia-
tion [42].

Shelf stability

The selected AANE was transferred to an amber vial and stored
at 25 = 2 °C for 180 days. Droplet size, polydispersity index,
and zeta potential were measured at 0, 15, 45, 90, and 180 days.
Measurements were performed in triplicate, and results were

presented as the mean * standard deviation.

The effect of temperature on droplet size was also evaluated,
from 10 to 70 °C, at the same time intervals mentioned above.
Measurements were performed with the Zetasizer instrument
(Malvern, UK). The nanoemulsion was equilibrated at tempera-
tures of 10, 20, 30 40, 40, 50, 60, and 70 °C for 5 min prior to
measurement [42].

Hemolytic activity

Hemolytic activity was assessed using a murine erythrocyte
suspension as described by Amado et al. Briefly, 190 pL
of erythrocyte suspension was added to the wells of a
96-well polycarbonate plate. Then, 10 uL. of nanoemulsion
solution at different concentrations in PBS buffer (0, 5, 10,
20, and 50 pg/mL) was added to each well [41]. The plates
were incubated for 1 h at 37 °C and were centrifuged at
3000 rpm at 5 °C for 15 min. After centrifugation, the
concentration was suspended in 50 mL of phosphate-
buffered saline (PBS, pH 7.4). The amount of hemoglobin
was determined at 540 nm using a docetaxel (DTX) 880
multi-mode detector (Beckman, UK). A solution of 10 ug/mL
Triton X-100 was used as a positive control, and 10 uL of PBS
was used as a negative control. The assay was performed in

triplicate.
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The hemolytic activity (% of Hemolysis) was calculated using:

% of hemolysis = AM-AS

——x100,
AC-AS

where AM is the absorbance of the sample; AS is the absor-
bance of the solvent, and AC is the absorbance of the positive
control [61,62].

Cytotoxic activity

The cytotoxic activity of AANE was evaluated in murine
macrophages of the J774 strain (ATCC USA) according to the
technique described by Nakayama and colleagues [64]. Stau-
rosporine (5 pg/mL) was used as a positive control, whereas
cells from the culture without the nanoemulsion served as a
negative control. Different concentrations of the nanoemulsion
(1.65, 3.30, 6.60, 12.5, 25, 50, and 100 pg/mL) were added to
the cultured cells and kept in contact for 24 h. Assays were per-
formed in triplicate, and cell viability was expressed as a per-
centage according to International Organization for Standard-
ization ISO 10993-5 guidelines [65].

Anti-inflammatory activity of Acrocomia

aculeata oil-based nanoemulsion

Animals

The anti-inflammatory effect was evaluated using carrageenan-
induced paw edema. Six- to eight-week-old female Swiss mice
weighing 22 to 28 g were used [66]. Animals were acclima-
tized under laboratory conditions (25 + 3 °C, 65 + 5% humidity)
with a 12/12 h light/dark cycle. Animals had free access to food
and water at all times and were deprived of food 6 h before the

experiment.

Formation of experimental groups and induction of
paw edema

Eight experimental groups were randomly formed, with five
animals per group (n = 5). 30 min before edema induction,
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groups 3, 4, 5, 6, 7, and 8 received the test substances
(diclofenac sodium, AAO, or AANE). Group 1 received a blank
(obtained under the same conditions, but without AAO) and

group 2 received only carrageenan as it is explained in Table 3.

Therefore, the experimental groups were organized as follows:

* Group 1 recieved a blank (i.e., no carrageenan) but
AANE treatment.

* Group 2 received only water before carrageenan admin-
istration.

* Group 3 received diclofenac sodium before carrageenan
administration.

* Group 4 received AAO before carrageenan administra-
tion.

* Groups 5, 6, 7, and 8 received AANE before carrageenan

administration.

Table 3 details how the experiment (Figure 7) was conducted

with the corresponding doses of each treatment.

Edema volume was measured by plethysmometry (NovalLab,
Brazil) at 3 and 6 h after carrageenan injection [67]. Inhibition
of paw edema was expressed (in percentage) as the difference
between the control value (paw volume of each animal before
carrageenan injection) and the volumes measured at each time

point after the treatments [63].

The expression of the results obtained, which is calculated using
the formula:

% of inhibition of paw edema = 100 {1 _(Z - xﬂ
-y

where @ = mean hind paw volume of test/standard group
animals after carageenan injection, b = mean hind paw volume

of positive control animals after carageenan injection, x = mean

Table 3: Experimental groups of the paw edema protocol induced by carrageenan.

Groups

Group 1 (blank) (mg/kg body weight) 50
Group 2 (D.W.b) (uL) 200
Group 3 (D.S.°) (mg/kg body weight) 50
Group 4 (AAOY (mg/kg body weight) 100
Group 5 (AANE®) (mg/kg body weight) 5
Group 6 (AANE®) (mg/kg body weight) 10
Group 7 (AANE®) (mg/kg body weight) 20
Group 8 (AANE®) (mg/kg body weight) 50

Treatment orally

Induction of edema

a

50 pL carrageenan
50 pL carrageenan
50 pL carrageenan
50 pL carrageenan
50 pL carrageenan
50 pL carrageenan
50 pL carrageenan

850 pL injected saline; bp.W. = distilled water; ¢D.S. = diclofenac sodium; 9AAO = Acrocomia aculeata oil; ©AANE: Acrocomia aculeata oil nanoemul-

sions.
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(D.W)
D.S)
(AAO)
(AANE)

€. 2

50 pl carrageenan

€2

Measurement of
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Figure 7: Representative scheme of the experimental protocol of paw edema induced by carrageenan. D.W. = distilled water; D.S. = diclofenac sodi-
um; AAO = Acrocomia aculeata oil; AANE = Acrocomia aculeata oil nanoemulsions.

hind paw volume of test/standard group animals before
carageenan injection, y = mean hind paw volume of positive
control animals before carageenan injection [51].

Statistical analysis

A one-way ANOVA followed by Tukey’s HSD test was per-
formed to determine statistical differences between experimen-
tal groups. A statistically significant difference was considered
at p < 0.05. StatGraphics® Centurion XV.1 software (StatEase,
USA) was used for the analyses.
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Abstract

Reported accidents involving scorpion poisoning by Tityus serrulatus are the most frequent in Brazil. The only specific treatment
for envenomation is the administration of antivenoms associated with traditional adjuvants. Novel adjuvants are studied to reduce or
avoid side effects and potentialize the efficacy of conventional serum. In this study, poly(lactic acid) nanoparticles were functionali-
zed with polyethylenimine for loading peptides and proteins of 7. serrulatus venom, and their use as a potential immunoadjuvant
was evaluated. The protein loading efficiency of about 100% and the polyacrylamide gel electrophoresis assay confirmed the
success of venom loading. Dynamic light scattering and zeta potential analysis supported small and narrow-sized cationic functio-
nalized nanoparticles. Atomic force microscopy and scanning electron microscopy images showed nanoparticles with a spherical
and smooth shape. The stability of tested formulations was accessed for six weeks, and the sustained release of proteins controlled
by diffusion mechanism was also measured. Finally, in vivo immunization in BALB/c mice showed superior efficacy of the
T. serrulatus venom protein-loaded nanoparticles compared to the traditional aluminum hydroxide immunoadjuvant. Thus, the
formulations shown are promising nanocarriers to be used as a biotechnological approach to immunotherapy against scorpion

envenomation.

Introduction
Accidents caused by scorpion envenoming are recognized as an  cially for children and elders, and difficulty of management by
important public health problem in tropical and subtropical public health services [1-4]. In Brazil, although 22 species of

regions, due to the high incidence and/or severity of cases, espe-  the scorpion genus Tityus have been described in the country,
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Tityus serrulatus is a Brazilian scorpion species with great
medical significance [2,5], responsible for the highest number

of accidents and also the most severe ones [6,7].

Scorpion toxins represent a vast collection (=#100,000) of phar-
macologically relevant peptide toxins that have provided an im-
portant foundation for advancing the studies in this field [8].
Tityus serrulatus venom is comprised of several compounds
such as mucus, salts, proteins with high molecular mass,
nucleotides, lipids, amino acids, hyaluronidase, hypotension
factors, metalloproteases, and neurotoxins [7,9]. However,
neurotoxins are considered the main responsible for the enven-
oming syndrome as well as the most studied [10].

With regard to treatment, in severe scorpion envenoming cases,
immunotherapy is the most common approach to protect popu-
lations from lethal effects [1,10,11]. Aluminum-based adju-
vants have been extensively used to induce long-lasting protec-
tive immunity through vaccination [12,13]. However, reported
incidences of toxicity and side effects of aluminum have raised
concerns regarding their safety in childhood vaccines [13].
Consequently, there is a growing need for alternative immu-
nization strategies that not only improve safety but also effec-
tively deliver complex venom proteins.

The bioactive proteins that compound the Tityus serrulatus
venom are complex molecules that should have the structural
integrity preserved for the specific biological activity. The poor
stability of these proteins, both in vivo and in vitro, creates a
challenge for drug delivery systems aiming to effectively target
affected tissues or cells [14,15]. Nanocarriers have been widely
studied for enabling prolonged circulation and sustained drug
release over time, depending on their structural properties
[16,17]. Therefore, protein delivery through nanoparticles is an
effective way to control drug release as well as to design an
efficient protein delivery system [16].

Among different materials used for nanocarriers, several poly-
mers have been investigated for producing cationic nanocar-
riers due to their ability to cross biological barriers, their bio-
compatibility, and low toxicity [18]. Their manipulation at the
nanoscale changes specific surface properties, possibly improv-
ing the ability to cross biological barriers targeting the affected
tissues [18,19].

In this context, nanoparticle controlled release based on
biodegradable polymers such as poly(lactic acid) (PLA) has
been investigated [13]. The nanoparticles produced using these
synthetic polyesters show neutral or negative zeta potential,
which limits the loading of negatively charged macromolecules

such as proteins, polypeptides, or DNA [14,20]. The surface of

Beilstein J. Nanotechnol. 2025, 16, 1633-1643.

nanoparticles can be modified to achieve high protein loading
or avoid a rapid cellular uptake. Using different strategies,
nanoparticles have been functionalized with a variety of ligands
such as small molecules, surfactants, polymers, and biomole-
cules [21,22].

The use of cationic molecules, as polyethylenimine (PEI), to
change the surface of nanoparticles to a positive potential, im-
proving the interaction with negatively charged biomolecules, is
one strategy successfully employed for gene delivery
[20,23,24]. These cationic nanoparticles have an absent or weak
electrostatic interaction with negatively charged peptides, pro-
teins, antigens, oligonucleotides, polypeptides, or DNA [18].

The PLA is well established to produce nanoparticles as carriers
for drugs or biomolecules from a biotechnology source due to
its natural metabolism pathway [25,26]. In a recent study, PLA
was successfully employed to detoxify, preserve antigenicity,
and enhance immune protection against scorpion toxins [11]. At
the same time, it has always been a constant effort and focus
to either search for alternative adjuvants or to reduce the quanti-
ty of aluminum in the vaccines. In this direction, controlled
release of micro- and nanoparticulate formulations based on
biodegradable polymers such as PLA have been investigated
[13,27-32].

A more detailed approach for use of a delivery system as a new
nontoxic and non-inflammatory immunoadjuvant is of great
importance to public health. The present study was designed
with the aim to evaluate the effectiveness of biodegradable PLA
polymeric nanoparticles functionalized with PEI as an adjuvant
and potential candidate for vaccine delivery against

T. serrulatus venom.

Results
Protein loading efficiency of the Tityus
serrulatus scorpion venom

The T. serrulatus venom protein-loaded PLA nanoparticles
were fabricated by nanoprecipitation methods. In this technique,
the PLA nanoparticles (NPs) were produced by low-energy sol-
vent displacement and functionalized with polyethylenimine
(cationic polymer) for the 7. serrulatus protein adsorption.

The NPs showed a mean diameter of 165 nm and a positive zeta
potential of 7.0 mV. After the addition of venom, the PLA
nanoparticles loaded with T. serrulatus venom proteins
remained with a narrow particle size distribution. Moreover, an
increase in size of the particles occurred after the addition of the
venom for both concentrations (*p < 0.05), without significant-

ly altering the zeta potential (Table 1). A polydispersity index
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(PDI) smaller than 0.3 was required for all the analyses. The
quantification of proteins by the bicinchoninic acid (BCA)
assay showed an encapsulation efficiency (EE) of 100% for all
samples containing 7. serrulatus venom (Table 1).

The high percentage of protein incorporation was confirmed by
the electrophoretic profiles in sodium dodecyl sulfate polyacryl-
amide gel (SDS-PAGE), after the gel was stained with
Coomassie brilliant blue R-250. In this methodology, the nano-
particles are retained in the wells and only the proteins that
were not incorporated in the nanoparticles will migrate through
the gel. The T. serrulatus venom (Tsv) protein presented a mo-
lecular mass range of approximately 2 to 66.4 kDa. Comparing
the electrophoretic profiles of T. serrulatus venom protein-
loaded PLA nanoparticles at 0.5% and 1.0% (w/w) with
T. serrulatus venom was possible to evidence that all proteins
of the venom were incorporated within the polymeric matrix,

Beilstein J. Nanotechnol. 2025, 16, 1633—1643.

since the protein bands were not evidenced in the gel. The PLA
nanoparticles and bovine serum albumin (BSA) were used as
controls (Figure 1). This assay corroborates the high encapsula-
tion efficiency obtained by the BCA assay.

Field emission gun scanning electron
microscopy and atomic force microscopy

analyses

Field emission gun scanning electron microscopy (FEGSEM)
and atomic force microscopy (AFM) analyses were realized to
access shape and surface features of NPs and T. serrulatus
venom protein-loaded PLA nanoparticles at 0.5% and 1.0%. For
both techniques, the particles showed uniform characteristics
with smooth surface, spherical shape, and great encapsulation
efficiency. The addition of T. serrulatus venom did not alter the
spherical shape, as well as the mean diameters of nanoparticles
(Figure 2).

Table 1: Encapsulation efficiency (EE), mean diameter and zeta potential of PLA nanoparticles (NPs), T. serrulatus venom protein-loaded PLA nano-
particles at 0.5% (NPs + Tsv 0.5%) and T. serrulatus venom protein-loaded PLA nanoparticles at 1.0% (NPs + Tsv 1.0%).

Samples EE (%) Mean diameter Zeta potential (mV)
NPs — 165.0 £ 25.3 7.00 £ 4.10
NPs + Tsv 0.5% 100.0 226.4 + 13.6* 3.58 + 1.56
NPs + Tsv 1.0% 100.0 230.9 + 15.59* 4.40+1.99

Values are the mean + standard deviation, n = 3; *p < 0.05 for the venom group compared to the NPs group.

MM Tsv

212kDa

66.4 kDa

555kDa

427 kDa

27kDa

143 kDa

6.5kDa

Figure 1: Electrophoretic profile of Tityus serrulatus venom (Tsv), bovine serum albumin (BSA), PLA nanoparticles (NPs), T. serrulatus venom pro-
tein-loaded PLA nanoparticles at 0.5% (NPs + Tsv 0.5%), and T. serrulatus venom protein-loaded PLA nanoparticles at 1.0% (NPs + Tsv 1.0%).
MM: molecular mass marker. Gel stained with Coomassie brilliant blue R-250.
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Figure 2: 2D and 3D atomic force microscopy and field emission gun scanning electron microscopy images, respectively, of formulations of Tityus
serrulatus venom-loaded PLA nanoparticles. (A) PLA nanoparticles, (B) T. serrulatus venom protein-loaded PLA nanoparticles at 0.5%, and

(C) T. serrulatus venom protein-loaded PLA nanoparticles at 1.0%.

Physical stability assay

Distinct NPs with venom-loaded formulations were analyzed
for particle size and PDI (Figure 3). The tracking was accom-
plished for 42 days (six weeks) and the formulations do not
show significant differences in particle size (=225 nm) and PDI
(<0.3).

In vitro protein release

The Figure 4 shows the release profile of 7. serrulatus venom
protein-loaded PLA cationic nanoparticles with two different
formulations containing 0.5% (Figure 4a) and 1.0% (Figure 4b)

(w/w) of Tsv in the nanoparticle suspension. The in vitro pro-

tein release studies showed that all samples exhibited a slight
initial burst effect, releasing 30-60% of the total protein mass,
followed by the subsequent slow release phase. After 144 h, the
Tityus serrulatus venom-loaded PLA nanoparticles have re-
leased about 88% and 50% of the initial loaded protein for the
samples containing 0.5% and 1.0% of T. serrulatus venom, re-

spectively.

The mechanism of release of venom protein-loaded PLA nano-
particles profile was studied by applying different mathemat-
ical models to the experimental data. The data were subject to

four different diffusion kinetic linear models: zero order, first
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Figure 3: Colloidal stability of T. serrulatus venom protein-loaded PLA
nanoparticles at 0.5% (NPs + Tsv 0.5%) and T. serrulatus venom pro-
tein-loaded PLA nanoparticles at 1.0% (NPs + Tsv 1.0%) in the period
of six weeks. The data are expressed as mean + standard deviation.

order, Korsmeyer—Peppas, and parabolic diffusion (Table 2).
The zero order, first order, and Korsmeyer—Peppas models ex-
hibiting determination coefficient (r2) values demonstrate that
the release mechanism cannot be explained by these models.
The parabolic diffusion model better fitted the venom release
from PLA cationic nanoparticles, providing a linear correlation
coefficient of 0.975 and 0.967 for 0.5% and 1.0% venom con-

centrations, respectively.

Serum antibody responses

The immunization protocol was based in subcutaneous adminis-
tration for six weeks with 100 pL of venom-loaded NPs or alu-
minum hydroxide (AH) at concentrations of 0.5% or 1.0%
(w/w). The blood samples were treated and subjected to serial
dilutions with a PBS/BSA 0.1% solution, and the antibody pro-
duction was evaluated by enzyme-linked immunosorbent assay
(ELISA). The antibody dilutions were detected in the serum of
mice immunized with NPs and AH, both venom loaded. At
first, NP formulations can produce more antibodies than AH
formulations when analyzed in the first dilution (1:25),

**p <(0.01. Venom-loaded nanoparticles at 1.0% showed higher
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Figure 4: Experimental in vitro release profile of T. serrulatus venom-
loaded PLA nanoparticles at 0.5, r2: 0.975 (A) and 1.0%, r2: 0.967 (B).
The release profile of each sample is represented by dots. The data
are expressed as mean * standard deviation.

effectiveness when compared to venom-loaded AH at 1.0%,
while the nanosystems at 0.5% demonstrated to be equipotent to
AH 0.5%. The NP formulation produced antibodies that were
detected until the 1:3,200 dilution, whereas the AH formulation
produced antibodies that were detected until the 1:1,600 dilu-
tion. The Figure 5 shows the antibody production results from

Table 2: Different kinetic mathematical models for the in vitro release T. serrulatus venom protein-loaded PLA nanoparticles at 0.5% (NPs + Tsv
0.5%) and T. serrulatus venom protein-loaded PLA nanoparticles at 1.0% (NPs + Tsv 1.0%).

Kinetic models

NPs + Tsv 0.5% (r?)

NPs + Tsv 1.0% (r?)

zero order 0.701 0.648
first order 0.412 0.401
Korsmeyer—Peppas 0.940 0.922
parabolic diffusion 0.975 0.967
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mice immunized with venom-loaded nanoparticles and alumi-
num hydroxide, demonstrating higher effectiveness of NPs at a
1.0% concentration compared to that of AH. Nanoparticle
results were statistically different to those of the AH immu-
nized groups, and demonstrated that the nanoparticles can stim-
ulate the immune system with low concentration of antigens/

venom.
- AH+ Tsv 0.5%
0.6- -+ AH+ Tsv 1.0%
’ ) -~ NPs + Tsv 0.5%
0.5 -~ NPs + Tsv 1.0%
€041
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§0 3
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Figure 5: Evaluation of antibody production from mice immunized
subcutaneously for six weeks with Tityus serrulatus venom-loaded
NPs or AH at concentrations of 0.5% or 1.0% determined by ELISA.
The data are expressed as mean * standard deviation. **p < 0.01 and
*p < 0.05 compared to NPs + Tsv 1.0% group with AH + Tsv 1.0%.
##p < 0.01 compared to NPs + Tsv 0.5% group with AH + Tsv 0.5%.

Discussion

Figure 1 shows the electrophoretic profiles in an SDS-PAGE
gel, which suggests high percentage of protein incorporation in
cationic nanoparticles and total encapsulation. It is possible to
observe the absence of any free protein migrate through the gel
for T. serrulatus venom protein-loaded PLA nanoparticles at
0.5% and 1.0% (w/w) compared with non-encapsulated pro-
teins. This achievement corroborates with encapsulation effi-
ciency experiments. In the present approach, PLA nanoparti-
cles loaded with Tityus serrulatus venom proteins were success-
fully obtained using parameters selected for the nanoprecipita-
tion method. This low-energy technique allowed the spontane-
ous self-assembling of PLA nanoparticles, which were functio-
nalized with polyethyleneimine (PEI) to enable the adsorption
of venom proteins. Experimental results demonstrated the
potential for use in therapeutic serum production against
T. serrulatus, one of the most dangerous scorpions in South
America.

Poly(lactic acid) nanoparticles show neutral or negative zeta
potential, which limits the loading of negatively charged species
[33]. For this, the surface of the PLA nanoparticles was functio-
nalized with PEI, a hydrophilic polymer that provides a posi-
tive surface charge. This modification enhances high macromol-

ecule loading or improves the cell interaction and cellular
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uptake [22,33,34]. The cationic character induces biomolecules
with negative charges, such as proteins, peptides, DNA, RNA,
antigens, and oligonucleotides to be efficiently incorporated
through electrostatic interactions [35,36]. Moreover, some
studies showed the interesting association of nanoparticles con-
taining PEI for incorporation of DNA in gene transfection and
BSA protein [14,37].

The physicochemical characterization of the nanoparticles
revealed mean diameters below 230 nm, positive zeta poten-
tials, and PDI below 0.3, corroborating other reports of
PLA-PEI systems [14,38]. In addition, the high encapsulation
efficiency can be attributed to the functionalizing agent (PEI),
which demonstrates a certain advantage over the polymer, and it
is responsible for the nanoparticle cationic character, ensuring
binding of venom proteins. Similar results were obtained using
the ionic affinity interaction to bind negatively charged pro-
teins of the T. serrulatus scorpion venom to the amine groups of
cationic nanoparticles prepared by ionic gelation with 100% en-
capsulation efficiency [1,2]. Additionally, PEI with high
branching density has been shown to enhance complexation and

transfection efficiency [23].

The morphology obtained by AFM and FEGSEM showed parti-
cles with a smooth surface, spherical shape, uniform aspects,
and sizes compatible with the results obtained by dynamic light
scattering. These morphological features are known to influ-
ence the biological activity of nanoparticles loaded with bioac-
tive molecules, directly affecting their release. The release
profile of a substance depends on the particle size; thus, small
particles have a larger surface area for dissolution, providing
faster release kinetics [39]. Uniformity of particle size is also
important for the stability of the formulation, as well as for the
choice of administration route. The intravenous and intramus-
cular routes are very common for the administration of proteins
with pharmacological activity and with particle sizes of around
200 nm [40].

Regarding stability, only minimal changes in physicochemical
parameters were observed, indicating colloidal stability of the
nanoparticle formulation. This is particularly relevant as nano-
particles have a natural tendency to agglomerate, often leading
to the formation of larger aggregates [41]. It is interesting to
report that the presence of electrostatic charges on the surface of
particles plays a crucial role in maintaining physical stability.
However, long-term colloidal stability observed in the formula-
tions with low zeta potential values can be attributed to steric
stabilization provided by poly(vinyl alcohol) (PVA) and an ad-
ditional electrostatic repulsion introduced by surface-bound
PEI. This behavior is consistent with previous reports on nano-

precipitation systems that utilize surfactants [26]. The stability
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of venom-loaded nanoparticles did not exhibit significant
changes in particle size, which can be explained by the com-
plex interplay of charges derived from the polycation (PEI) and
venom proteins. The net repulsive forces between particles offer
a barrier to aggregation and support long-term colloidal stability
[14,37].

The protein release study of venom-loaded PLA cationic nano-
particles occurred in two stages. In the first stage, a burst
release effect was due to surface-adsorbed proteins, followed by
the diffusion through the external swollen layer of particles, and
a slow release equilibrium state was demonstrated for distinct
formulations [1]. Successful protein-loaded PLA cationic nano-
particles, previously demonstrated, ensured the desired slow-
release protein profile effect for all tested formulations. As
shown in Figure 4A and Figure 4B, based on the analysis of the
determination coefficient (12), obtained from the application of
four mathematical models to experimental data, the model that
explains the release profile of the venom-loaded PLA nanoparti-
cles has been identified, and a more accurate adjustment was
observed for the parabolic diffusion model. This mathematical
model suggests that the release mechanism of venom-loaded
PLA nanoparticles was controlled by diffusion dependent on the
protein-loading level [18]. These results corroborate with
previous studies that used nanoparticles for venom protein
delivery [42,43].

During an immune response against poisoning, some toxins are
poorly immunogenic, and due to that, they are associated with
immunoadjuvants. Information about the efficiency of
immunoadjuvants can be accessed by immunization protocols
[44]. Venom-loaded NPs obtained better efficiency in the stim-
ulation to the immune system when compared to that of AH.
Similar results were found in experiments performed by Ayari-
Riabi (2016) using a PLA nanoparticle formulation to stimulate
immune response against the venom from Androctonus
australis hector and Buthus occitanus tunetanus scorpions.
However, PLA nanoparticles had the same response when com-
pared with that of AH standard formulation [11]. Cationic PLA
nanoparticles produced in this study demonstrated better
immune stimulation behavior. These results can be found in
other chitosan-based cationic nanoparticle formulations [1,45].
The cationic properties probably explain the immune response
improvement since different nanoparticle types generated
stronger Thl and Th2 immune responses compared to other

antigen types [45].

Although the present study provides physicochemical and
immunological data supporting the potential of PLA—PEI nano-
particles as antigen carriers, further investigation is required to

assess their safety profile. In vitro cytotoxicity assays on rele-
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vant cell lines, particularly immune or epithelial cells and long-
term biocompatibility studies, including histopathological anal-
ysis following repeated administration, will be essential to eval-
uate the potential of these nanosystems. These aspects are part
of our ongoing research and will be addressed in future studies,
aiming to support the translational advancement and industrial
applicability of this nanoplatform.

Conclusion

In conclusion, the enhanced immunoadjuvant effect by functio-
nalized cationic PLA nanoparticles adsorbed with negatively
charged proteins was successfully developed by low-energy sol-
vent diffusion method, producing effective and stable spherical
cationic nanoparticles. The positive surface charge enabled a
high protein incorporation into particles. The prolonged release
effect showed a slow release of venom-loaded nanoparticles.
Moreover, the biological efficacy of the nanosystems showed
that cationic nanoparticles can stimulate the immune system to
increase the immune response against 7. serrulatus venom
when compared to the most used immunoadjuvant, aluminum
hydroxide. Thus, all data demonstrate a good performance of
the nanoprecipitation method to generate small-sized protein-
loaded polymeric nanoparticles which can be used as a novel
immunoadjuvant.

Experimental

Material

Poly(D,L-lactic acid) (D,L-PLA) 50:50 (inherent viscosity
0.63 dL-g™! at 30 °C) was purchased from Birmingham Poly-
mers Inc. (Birmingham, United States of America). Poly(vinyl
alcohol) with molecular weight of 30 to 70 kDa and 86.5 to
89.5 kDa when hydrolyzed, hyper-branched PEI with average
molecular weight of 25 kDa, BSA, and aluminum hydroxide
were purchased from Sigma-Aldrich® (Saint Louis, Missouri,
United States of America). The BCA Protein Assay Kit was
purchased from Pierce Biotechnology (Woburn, Massachusetts,
United States of America) and mouse IgG total ELISA was pur-
chased from eBioscience (San Diego, California, United States
of America). Purified water (1.3 pS-cm™') was prepared from a
reverse osmosis purification equipment (model OS50 LX,
Gehaka, Sdo Paulo, Brazil). All other reagents were of analyti-
cal grade.

Venom

Lyophilized Tityus serrulatus scorpion venom was generously
supplied by the Instituto Butantan, Sao Paulo, Brazil. The scien-
tific use of the biological material was approved by the
Brazilian Access Authorization and Dispatch Component of
Genetic Patrimony (CGen) (Process 010844/2013-9, 25 October
2013). The venom was weighed and dissolved with PBS at
1 mg/mL, aliquoted, and stored at —20 °C until used.
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Preparation of cationic PLA nanopatrticles for
Tityus serrulatus venom delivery

In a manner similar to [14], PLA NPs) were prepared by nano-
precipitation, up to a 30:70 (%) ratio of organic and aqueous
phase (OP:AP). The organic phase was set up with 6 mL of ace-
tone solution containing PLA (0.1% w/v) and PEI (0.1% w/v) to
14 mL of the aqueous phase containing PVA (1.0% w/v), at an
output flux of 3.0 mL-min~!. After titrations, the acetone
organic solvent evaporation occurred under a 700 rpm of mag-
netic stirring overnight. After solvent evaporation, colloidal
dispersions were centrifuged at 22,000g for 5 minutes. The
T. serrulatus venom loading in the cationic nanoparticles was
tested at two different formulations containing 0.5% and 1.0%
(w/w) of Tsv in the nanoparticle suspension. The venom
aqueous solution was added to the colloidal dispersion contain-
ing the cationic-functionalized NPs at 22 °C, which remained
under magnetic stirring at 360 rpm for 5 h.

Physicochemical aspects of nanoparticles

The mean particle size, PDI, zeta potential, and stability of the
nanoparticles were assessed by using the cumulative analysis
method, according to the intensity of DLS with a particle size
analyzer (ZetaPlus, Brookhaven Instruments Corporation, New
York, United States of America), equipped with a 90 Plus/BI-
MAS apparatus, at a wavelength of 659 nm with a scattering
angle of 90°. For the analysis, 100 pL of the nanoparticle
suspension was diluted in 900 uL of deionized water (1:10 dilu-
tion) to ensure dispersions within a suitable experimental range
(100-500 keps). For the colloidal stability assay, the nanoparti-
cles were stored at a temperature of 4.0 = 2.0 °C, and every
seven days particle sizes were analyzed during six weeks. A
polydispersity index smaller than 0.5 was required for all the
experiments. All analyses were performed in triplicate and data

expressed as mean * standard deviation.

The shape and surface of nanoparticles were assessed by AFM
(SPM-9700 Shimadzu, Tokyo, Japan) and FEGSEM (Zeiss
Microscopy, Auriga, Jena, Germany) images. For the AFM
analyzes, a drop of dispersion was placed on a clean micro-
scope slide and dried under a desiccator for 24 h. The images
were obtained with a silicon tip, operating in the attractive
region of a cantilever in non-contact mode. For the FEGSEM
analyzes, a drop of dispersion was placed in a microscope slide
with carbon tapes and dried under a desiccator for 24 h [46].

Protein-loading efficiency

The different concentration samples of protein-loaded PLA
nanoparticles were carefully transferred to 1.5 mL centrifuge
tubes, and then centrifuged at 20,000g at 4 °C for 30 min. The
protein concentration of the supernatant was quantified using a
BCA Protein Assay Kit (Thermo Fisher Scientific) according to
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the manufacturer recommendations, and a microplate reader
(Epoch, BioTek®, Winooski, Vermont, United States of
America) at 562 nm [47] was used. The encapsulation effi-
ciency performed was calculated using Equation 1. All analyses
were performed in triplicates and data expressed in percentage.

total proteins — free proteins

EE% = -
total proteins

} x 100, (1)

where “total proteins” is the total protein amount added and
“free proteins” is the non-entrapped protein in the supernatant
after centrifugation.

Sodium dodecyl sulfate in polyacrylamide gel

electrophoresis

The electrophoretic profile of T. serrulatus venom, free-protein
nanoparticles, and different concentrations of protein-loaded
nanoparticles were recorded by SDS-PAGE electrophoresis
using a minigel system (Mini-Protean® II, BIO-RAD, Hercules,
California, United States of America). The molecular weight
markers were commercially obtained (Gibco-BRL Life Tech-
nologies, Gaithersburg, Maryland, United States of America).
The gel was stained with Coomassie Brilliant Blue R-250 solu-
tion and scanned [48].

In vitro protein release

To monitor the protein release profile, 1.5 mL of venom-loaded
nanoparticles (0.1% PLA w/v, 1% venom w/w) were suspended
in 1 mL of phosphate buffer solution (pH 7.4, KH,POy4
0.05 mol-L’l), in a thermostatic bath (SL-150/22; Solab, Piraci-
caba, Brazil) at 37 °C. At predetermined time intervals, 100 uL
of the suspension was collected and centrifuged at 16,000g for
30 min to sediment any residual particles. The supernatant was
carefully removed for analysis, and the total protein released
was quantified using the BCA Protein Assay Kit (Thermo
Fisher Scientific), following the manufacturer instructions.
After each collection, the same volume of fresh buffer was
added to the tube to maintain constant volume and sustain sink

conditions throughout the experiment [14].

Animals

BALB/c mice (about 30 g, 6-8 weeks old), from both sexes
were used for the studies. The animals were maintained at
22 +2°C and in a 12 h dark/12 h light cycle, with free access to
standard laboratory chow and water. Each experimental group
was composed of five animals (n = 5). After the experiments,
all animals were euthanized with an overdose of thiopental
(100 mg/kg) associated with an intraperitoneal injection of lido-
caine 2% (10 mg/kg) followed by cervical dislocation. The ex-

perimental protocol was approved by the Committee for Ethics
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in Animal Experimentation of the Federal University of Rio
Grande do Norte (UFRN), Brazil (Protocol No. 015/2015).

Immunization

Mice received 100 uL of PBS, free-cationic nanoparticles, alu-
minum hydroxide, Tityus serrulatus venom (0.5 or 1.0% w/w)
loaded nanoparticles or associated with AH. The immunization
was performed once per week for six times via subcutaneous

administration in the lumbar region [2].

Serum production

Blood samples in the absence of anticoagulants were incubated
at 37 °C. After 30 min, the samples were incubated at 4 °C for
2 h and then were centrifuged at 15,000g at 4 °C for 5 min. The

supernatant (serum) was then collected and stored at —20 °C.

Antibody titer evaluation

The antibody titers were determined according to Fernandes-
Pedrosa et al. 2002 [31]. The plate was sensitized with
100 puL/well of a venom solution in PBS (10 pg/mL w/v), fol-
lowed by incubation overnight at 4 °C. Afterward, the wells
were washed twice with 200 puL of washer buffer (PBS/Tween
0.05%) and a 100 pL of blocking solution (PBS/BSA 5%) was
added, followed by incubation at 37 °C for 2 h. The plate was
washed and 100 puL/well of each pre-diluted serum (PBS/BSA
0.1%) were added and then incubated at 37 °C for 1 h. Subse-
quently, 100 pL/well of conjugated antibodies were added and
the plate was incubated at 37 °C for 1 hour. The plate was
washed and 50 pL/well of diluted detection antibodies was
added and incubated for 3 h. The plate was then washed again,
the substrate was added, and the plate was incubated at room
temperature for 15 min. The reaction was stopped (H,SO4 4 M)

and the plate was read at 450 nm.

Statistical analysis

The results are expressed as mean + standard deviation. Statis-
tical analyses were realized using one-way analysis of variance
(ANOVA) with Tukey’s test using GraphPad Prism version
5.00 (San Diego, CA, USA). Differences in the mean values
with % or ##, < 0,001, ** or #p < 0.01, or * or #p < 0.05
were considered statistically significant.
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Nanotechnology is revolutionizing pharmaceutical industry and drug development by providing significant advantages in control-

ling drug release, enhancing stability, and reducing adverse effects. Concurrently, natural products are being extensively researched

for their anticancer and immunomodulatory properties. This patent review aims to analyze publications that integrate nanotechnolo-

gy with natural products to develop cancer treatments and immunotherapies. In this context, 17 patents were identified through the

free online databases of the European Patent Office (EPO) and the World Intellectual Property Organization (WIPO). The review

discusses various types of nanotechnology, including nanoparticles, nanocarriers, and nanocapsules, as well as bioactive com-

pounds primarily extracted from plants. Among the most frequently identified natural products were ursolic acid, hyaluronic acid,

and catechins. These bioactive compounds have been shown to promote cell cycle arrest, reduce tumor size, and exhibit synergistic

effects with other anticancer agents. Consequently, the combination of natural products with nanotechnology holds significant ther-

apeutic potential.

Introduction
Cancer is a disease characterized by the uncontrolled prolifera-
tion of abnormal cells, which have the ability to invade neigh-

boring tissues and to metastasize to distant organs [1]

(Figure 1). This pathology results from accumulated genetic al-
terations in proto-oncogenes, tumor suppressor genes, and DNA

repair-related genes [2]. According to the International Agency
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for Research on Cancer (IARC), approximately 20 million new
cancer cases were reported in 2022, with lung cancer being the
leading cause of death, resulting in an estimated 1.8 million
deaths (18.7%) during the same period [3]. The unequal distri-
bution of incidence and mortality across different regions
reflects the influence of genetic and environmental factors,
while common cancer types, such as lung, breast, and prostate
cancer, present significant therapeutic challenges due to their bi-
ological heterogeneity and resistance to conventional treat-
ments [4].

The immune system is crucial for identifying and eliminating
tumor cells. This highly specialized network includes cells such
as T lymphocytes, dendritic cells, macrophages, and natural
killer (NK) cells, as well as soluble mediators like cytokines
and chemokines, which regulate inflammatory and adaptive
responses [5,6]. However, cancer often employs strategies to
evade the immune system, such as expressing immunosuppres-

sive molecules and creating a hostile tumor microenvironment

that suppresses antitumor activity [7]. One of the most exploited
mechanisms by tumors involves immune checkpoints, such as
PD-L1 (programmed death-ligand 1) and CTLA-4 (cytotoxic
T-lymphocyte associated protein 4), which inhibit T-cell activa-
tion, allowing cancer cells to escape immune-mediated destruc-
tion [8].

Immunotherapy shows promise as a cancer treatment approach,
encompassing strategies such as monoclonal antibodies,
immune checkpoint inhibitors, antitumor vaccines, and cell-
based therapies, including chimeric antigen receptor T (CAR-T)
cells [9]. However, these therapies face limitations, including
systemic toxicity, high cost, variable clinical responses, and
tumor resistance, often associated with the genetic and pheno-
typic heterogeneity of tumors [10-12]. Given this scenario, bio-
active compounds from natural products, such as alkaloids,
flavonoids, and terpenoids, have garnered interest due to their
anticancer and immunomodulatory properties [13,14]. Deriva-

tives from plants, fungi, and microorganisms offer diverse
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mechanisms of action, including immune system activation and
tumor growth inhibition [14]. Nevertheless, challenges like low
bioavailability, chemical instability, and difficulty in targeting

specific tissues hinder their effective clinical application [15].

Nanotechnology has emerged as an innovative solution to over-
come the limitations of traditional therapies. Advances in
cancer nanotechnology include the development of smart
nanocarriers capable of responding to internal stimuli (such as
pH, redox potential, and enzymes) and external stimuli (such as
magnetic fields, heat, or ultrasound), enabling precise and con-
trolled drug release [16,17]. Additionally, the use of biomimetic
nanoparticles, including exosome-based delivery systems and
cell membrane-coated nanoparticles, has shown promise in im-
proving targeting efficiency and immune evasion [18,19].
Despite these advances, significant challenges remain, includ-
ing nanoparticle stability in biological environments, potential
immunogenicity, scalability of manufacturing processes, and
the need for comprehensive long-term toxicity studies [20,21].
Overcoming biological barriers, such as penetration through the
dense tumor extracellular matrix, also remains a major hurdle
[19].

Nevertheless, nanotechnology opens up unprecedented opportu-
nities in cancer immunotherapy by facilitating the co-delivery
of chemotherapeutic agents, immunomodulators, and gene
editing tools [22]. These multifunctional platforms can modu-
late the tumor microenvironment, enhance antigen presentation,
reverse local immunosuppression, and improve the efficacy of
cell-based therapies such as CAR-T and NK cells [23]. In this
scenario, combining natural bioactive compounds with
nanotechnological platforms represents a promising strategy.
This approach enhances the therapeutic potential of natural mol-
ecules by improving their pharmacokinetic properties, increas-
ing bioavailability, protecting them from degradation, and
allowing for site-specific delivery [24]. Consequently, this com-
bination addresses both the limitations of natural products and
the complex challenges of cancer therapy [25].

Unlike conventional literature reviews, this study employs a
technology foresight approach based on patent analysis to
provide a strategic overview of emerging trends in the applica-
tion of nanotechnology to natural products for cancer treatment
and immunotherapy. This method allows for the identification
of innovation gaps, technological barriers, and commercial op-
portunities, generating insights that are often overlooked in aca-
demic publications. The study systematically maps and analyzes
recent patents focused on the integration of nanotechnology
platforms with natural bioactive compounds in oncology and
immunotherapy, highlighting technological progress and, at the

same time, revealing current limitations, future directions, and

Beilstein J. Nanotechnol. 2025, 16, 1644—1667.

perspectives for the development of effective and scalable ther-

apeutic strategies.

Methods

In this patent review, the free online databases of the European
Patent Office (EPO) and the World Intellectual Property Orga-
nization (WIPO) were used to carry out the search using the
descriptors “nano* AND cancer AND natural product” for
research associated with cancer treatment, while the descriptors
“nano* AND immun* AND natural product” was implemented
to analyze patents related to immunotherapy. Furthermore, a
time filter was applied to both surveys, with patents collected
from 2016 to 2024. Given that both databases are well estab-
lished and widely recognized in the field of intellectual prop-
erty, and to avoid significant data duplication, we considered
their inclusion sufficient for the scope of this review. In view of
the subject matter addressed, the IPC classification was not
used, since the search criteria implemented provided patents
from different IPCs that were related to the topic addressed in
the review. Also, PCT (Patent Cooperation Treaty) applications
were considered, as can be seen in the inclusion of patent
WO02016178224. This initial search identified 240 preliminary
patents, of which 90 were excluded as duplicates. After reading
the title and abstract, 106 documents were excluded due to their
content being different from the focus of the review (nanotech-
nology formulations containing natural products for cancer
treatment and immunotherapy). Subsequently, four were
excluded for not having full text available. Additionally,
23 patents were eliminated for being outside the scope of the
review. Finally, 17 patents were selected for critical analysis ac-
cording to the objective of the study. Figure 2 shows the guide-
lines used for searching and screening the patents in this review,
based on the PRISMA methodology.

Results and Discussion
Researching and screening of selected
patents

Based on the review criteria, the 17 selected patents were
initially classified by their year of publication, covering the
period from 2016 to 2024. In the first year, one document was
published, a figure that remained consistent until 2021, when
there was a decline, with no documents published that year.
This decline can be attributed to the global impact of the
COVID-19 pandemic, which began in 2020 and redirected
research activities toward combating the virus. The pandemic
particularly affected countries such as the United States of
America and China, two major contributors to immunotherapy,
related cancer research and patent production, potentially
delaying research progress and patent filings. A strong recovery
is evident in 2022 and 2023, with five patents published each
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Figure 2: Guidelines of screening and search used in this review.

year, suggesting a resumption of research efforts and innova-
tion following the pandemic-induced slowdown. In 2024, the
number of patents dropped again to one, although it is impor-
tant to consider that data for this year may be incomplete or still
in progress, especially considering the waiting time until a
patent is published in the databases [26] (Figure 3A).

These results may be related to the necessity of improving treat-
ments for health issues such as cancer. Conventional treatments
like chemotherapy and radiotherapy are highly cytotoxic and
nonspecific, affecting both cancerous and healthy cells. Conse-
quently, the scientific community is seeking alternatives, one of
which is the use of nanotechnology in combination with other
treatments. The advent of nanotechnology has revolutionized
both diagnosis and treatment, enhancing factors such as

bioavailability and stability, while also reducing toxicity [27].

China (CN) leads the ranking of published inventions with 14
documents, followed by the World Intellectual Property Organi-
zation (WO), the Republic of Korea (KR), and the United States
of America (USA), each with one patent (Figure 3B). The

oldest selected patent was published by WO in November 2016,
while the most recent was published by CN in 2024. China’s
leadership in global patent activity is strongly supported by ex-
tensive public investment in research and innovation at both
national and regional levels. The government offers reimburse-
ment for patent filing and maintenance fees, along with substan-
tial fiscal incentives, including reduced corporate income tax
rates and generous super deductions for enterprises recognized
as high-tech. Notably, China allocates approximately USD
1 billion annually to support scientific publications. These
policy measures collectively reduce the financial barriers asso-
ciated with securing patent protection, particularly in strategic
sectors such as biotechnology and cancer immunotherapy,
thereby reinforcing China’s prominent position in the global
landscape of patent filings [28,29].

US and the Republic of Korea also have economic incentives
for biotechnology research and innovation, with the US
investing over 3% of its GDP in research and development and
Korea allocating approximately 4.5% of its GDP to research
and development [30]. Although most patents were published
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Figure 3: (A) Distribution of patents by publication year. (B) Distribu-
tion of patents by application country (CN: China; KR: Korea of
Republic; US: United States of America; WO: World Intellectual Prop-
erty Organization); (C) Distribution of patents by type of applicants.
Figure 3B was created with https://www.mapchart.net/ and is distribut-
ed under the terms of the Creative Commons Attribution-ShareAlike
4.0 International License (https://creativecommons.org/licenses/by-sa/
4.0/). This content is not subject to CC BY 4.0.

by the US and China, patents from other countries were also
found by searching the EPO database, such as the patent
KR20220169108 from South Korea, and patent
WO02016178224, which is a PCT (Patent Cooperation Treaty)

application.

In terms of protecting their inventions, various entities, includ-
ing universities, industries, and research institutes, file for the
publication of their patents. The results indicate eleven patents
registered by universities such as Fuzhou University (CN),
South China University of Technology (CN), Sun Yat-sen
University (CN), Kyung Hee University (KR), King Abdulaziz
University (US), Guizhou University of Traditional Chinese
Medicine (CN), Hebei University of Technology (CN), China
Three Gorges University (CN), China Pharmaceutical Univer-
sity (CN), South China Normal University (CN), and Sichuan
University (CN). Additionally, research institutes such as

Beilstein J. Nanotechnol. 2025, 16, 1644—1667.

Harbin Institute of Technology (CN) and The Institute of Me-
dicinal Plant Development (CN) have published around three
patents; the industry is represented by a single patent from BG
Negev Technologies & Applications Ltd (WO) (Figure 3C).

The predominance of patents filed by universities in cancer
research based on natural products certainly reflects the
industry’s insecurity in investing in early-stage projects involv-
ing extraction, isolation, characterization, and reproducibility,
as they are technically complex and costly, with little initial
commercial appeal. Consequently, pharmaceutical companies
tend to avoid these high-risk ventures and prefer to enter later,
when the therapeutic application has already been proven, often
through partnerships with universities. This trend also explains
the two patents between universities and industry observed and

why the industry filed only one patent [31-33].

Figure 4 shows that the patents analyzed primarily focused on
carrier-free self-assembly nanoparticle technology, which was
present in eight inventions. Other types of nanotechnology, in-
cluding nanovaccine, polymeric nanocapsules, and nanodrug
complexes, were each identified in a single publication. The
14 inventions based on nanoparticles can be subdivided into
five groups according to the type used in the product. Patents
WO02016178224 and CN117534780 utilized polysaccharide
nanoparticles, while patent KR20220169108 used gold nano-
particles, CN427216811 implemented quantum dot nanoparti-
cles, CN367902299 and CN115887415 employed polymeric
nanoparticles, and the remaining inventions used carrier-free

self-assembly nanoparticles.

Carrier-free self—assembly I 5
nanoparticles
Gold nanoparticles [ 1
Polymeric nanoparticles NN 2
Polysacharide nanoparticles NN 2
Quantum dot nanoparticles [l 1
Nanovaccine [l 1
Polymeric nanocapsule [l 1
Nano-drug complex [ 1

Patent Numbers

Figure 4: Type of technology present in the selected publications.

The greater number of inventions based on nanoparticles can be
attributed to the longer period over which this carrier system
has been studied and utilized. Indeed, the scientific literature
contains reports dating back to the early 2000s that describe the

application of nanoparticles in cancer treatment [34]. In

1648


https://www.mapchart.net/
https://creativecommons.org/licenses/by-sa/4.0/
https://creativecommons.org/licenses/by-sa/4.0/

contrast, other technologies such as nanovaccines and nanocap-
sules are relatively recent developments, which may account for

their lower representation in the current patent landscape [35].

Following this analysis, polysaccharide nanoparticles have high
biocompatibility and the ability to encapsulate therapeutic mole-
cules, representing an alternative to the use of natural products
[36]. However, although polysaccharides are often studied in
pharmaceutical systems, this has not been reflected in patent
searches, as only two publications were found. Self-assembled
nanoparticles are structures with adapted particle interactions to
achieve desired purposes [37]. In the pharmaceutical field, these
nanoparticles have potential as vehicles for anticancer drugs due
to their biocompatibility, cellular absorption, and slow release
of drugs [38]. Polymeric nanoparticles are colloidal polymer
systems used as drug carriers for targeted therapies and diag-
nostics [39]. Gold nanoparticles have properties such as chemi-
cal reactivity, anti-inflammatory effects, and protein-binding
abilities, while quantum dot nanoparticles are fluorescent semi-

conductor compounds that can act as drug carriers [40,41].

Nanotechnology, natural products, cancer,

and immunotherapy

Natural products are chemicals produced by living organisms
such as microbes, marine organisms, animals, fungi, and plants.
They are widely used as therapeutic agents to treat diseases and
maintain health and wellness [42]. In recent years, treatments
involving natural products have seen significant growth in acad-
emia. Historically, natural products have made up 23.5% of ap-
proved medicines over the past 40 years. However, current
technological development and an interdisciplinary approach
have led to the more widespread implementation of these
natural products in pharmaceutical research, as they are
preferred for their favorable therapeutic efficacy, low adverse
effects, and cost-effectiveness compared to synthetic products
[43-45].

The use of natural products in cancer treatment and
immunotherapy is mainly represented by the use of certain
classes of compounds. Among them are saponins, which can
remodel the tumor microenvironment, polysaccharides, such as
lentinan, which increase immune cell activity, and polyphenols
that can modulate immune checkpoints, such as curcumin seen
in patents CN111202719 and US240447339, and terpenoids
with direct anticancer activity, such as paclitaxel, observed in
patent CN111202719 [46-50].

Moreover, natural products play a promising role in cancer
treatment and immunotherapy. Their potential effects include
tumor cell death, inhibition of proliferation, increased

autophagy, and enhanced immune system response [51].
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Furthermore, natural products can also promote the regulation
of immune cells and cytokines, increasing immunogenic cancer
cell death, natural killer cell activity, and dendritic cell activity.
Other effects include the immunomodulatory function of natural
products, which enhances their benefits as immune checkpoint
inhibitors [52].

Based on this, analyzing the bioactive compounds responsible
for these effects, such as saponins, polysaccharides, flavonoids,
and natural products from traditional Chinese medicine like
baicalin and wogonin, which reverse the immunosuppressive
environment of tumors [48,50]. In addition to their active
effects, natural products can be used as adjuvants and aids to
conventional treatments, helping to boost antitumor capacity
and reduce adverse effects [53,54].

Therefore, the use of natural products for cancer treatment and
immunotherapy formulation presents a promising option for the
pharmaceutical industry. One of the main technologies imple-
mented in pharmaceutical development for incorporating
natural products in cancer and immunotherapy is nanotechnolo-
gy, as it presents physicochemical benefits for drugs. Among
the advantages, nanotechnology can eliminate the limitations of
using bioactive compounds in cancer treatment formulations,
leading to increased bioavailability and pharmacokinetics [55].
The mechanisms behind the improvement in bioavailability and
pharmacokinetics are based on increased solubility, observed,
for example, by Chittasupho et al., improved permeation
through biological barriers, as seen in the work of Huang et al.,
and protection against premetabolism and early elimination, as
analyzed by Miguel et al. [56-58]. Additionally, the controlled
release of the drug provided by pharmaceutical technologies can
help reduce the toxicity and adverse effects of cancer treat-
ments [59]. Consequently, the implementation of nanotechnolo-
gy is seen as fundamental to the production of antineoplastic
and immunomodulatory drugs from natural products. Table 1
shows the main information extracted from the patents, while
Figure 5 shows the chemical structures of the active com-
pounds used [60-76]. Some patents lack information about their
preclinical formulation evaluation tests, such as data on the
species, strains, and doses used. This reduces the reliability of
the results, as it limits access to the reliability, reproducibility,
and predictive value of the findings. Especially in the field of
oncology, it is essential to have information about the proce-
dures and results, as this allows researchers to analyze whether
the study models represent human biology, whether the results
are biased, and whether the research can enable the prediction
of clinical outcomes [77-79].

By analyzing the chemical structures of the natural compounds

illustrated in Figure 5, it is possible to identify their relation-
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Table 1: Selected patents that use nanotechnology and natural products for cancer treatment and immunotherapy.

Patent number

nanotechnology/physico-
chemical properties?

W02016178224 [60]

polyssacharide
nanoparticle

PZ: 300 nm

ZP: Negative surface
charge at physiological
pH (7.2-7.5)

US240447339 [61]

polymeric nanocapsule
PZ:100-500 nm PDI:
<15% (monodisperse)
ZP: +5to +30 mV or -30
to -5 mV EE: Not
specified DL: Not
specified RP: Controlled
release via shell
properties (pore size:
0.01-2 nm, viscosity: 3-6
mPa-s)

CN222367609 [62]

carrier-free self-assembly
nanoparticle
PZ:115 nm

CN225561345 [63]

nanodrug complex
N.S.

CN109846857 [64]

carrier-free self-assembly
nanoparticle

PZ: 273 nm (B-sitosterol),
154 (ergosterol), 585 nm
(stigmasterol) PDI: — ZP:
— EE: - DL: 3.4%, 2.4%
and 4.3%

RP: —

natural product

hyaluronanic acid
and alginate

diindolylmethane
and ellagic acid

epicatechin
gallate,
gallocatechin,
epicatechin and
procyanidin

tannic acid,
catechin,
epigallocatechin
or procyanidin

sterol natural
products like
B-sitosterol,

ergosterol or
stigmasterol

Country/year of publication

biological activity

WO/2016

targeting and uptake by
certain tumor cells,
peptides, integrin
receptors, growth factor
receptors and antibodies

usS/2017

anticancer efficacy

CN/2017

epicatechin gallate,
gallocatechin and
epicatechin: inhibitory
activity on telomerase;
procyanidin: inhibition
effects on cancer cells
and induced apoptosis
mechanism

CN/2018

remotion of free radicals
in the body, resistance of
oxidation, inflammation
and cardiovascular
diseases, preventing and
treating cancers.

CN/2019

anticancer, and
synergistic effects with
photosensitizers

in vitro and in vivo tests

in vitro cytotoxicity and
antitumor efficacy were
assessed using CT26 and
MDA-MB-231 cancer
cells; in vivo antitumor
activity was evaluated in
female athymic nude
mice with MDA-MB-231
cells

in vitro CAM model was
used for pancreatic
cancer cell implantation;
additional in vitro tests
were conducted with
SUIT-2, colon, breast,
ovarian, and bladder
cancer cells

in vitro cytotoxicity test,
staining of dead living
cells, cell migration
detection and targeting
test with MCF-7 cell
strains

in vitro survival rate test of
MBA-MD-231 cells; in
vivo test with mice
inoculated with
MBA-MD-231 tumors and
with bone tumors

in vivo effect with Balb-c
female mice with 4T1
tumor cells; in vitro
anticancer activity with
murine 4T1 and human
MCF-7 breast cancer
cells

outcomes

significantly reduced cell
viability, reduced tumor
size, low cardiotoxic effect
and lower IC5q values
compared to the free drug

Encapsulated forms
inhibited cell viability by
50-70%, showing a
significantly higher effect
than unencapsulated
forms. They also reduced
tumor size and
angiogenesis.

better killing effect on
breast cancer cells
MCF-7 compared with the
individual nanoparticles,
effectively targeting
breast cancer cells effect
and inhibition of migration
of breast cancer cells
MCF-7

significant inhibitory effect
on cancer cells in vitro,
tumor tracing effect,
reduction of the tumor
size, with inhibition of the
growth of tumor cells,
inhibitory effect on bone
tumors

increased phototoxicity
compared to the single
drug, and synergistic
anticancer effects, with
reduction of the tumor
volume higher than the
drugs alone
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Table 1: Selected patents that use nanotechnology and natural products for cancer treatment and immunotherapy. (continued)

CN111202719 [65]

carrier-free self-assembly
nanoparticle
PZ:150-190 nm EE:
94.41 + 4.28% (UA-PTX
NPs), 58.76 + 2.54%
(OA-PTX NPs) DL: 23.12
+1.07% (UA-PTX NPs),
12.95 + 0.51% (OA-PTX
NPs) RP: =40% (pH 7.3),
~30% (pH 5.5) (UA-PTX
NPs); =18% (pH 7.3),
=~10% (pH 5.5) (OA-PTX
NPs)

CN114129571 [66]

carrier-free self-assembly
nanoparticle
PZ: 80-120 nm

KR20220169108 [67]

gold nanoparticle
N.S.

CN367902299 [68]

polymeric nanoparticle
N.S.

CN114470229 [69]

carrier-free self-assembly
nanoparticle
N.S.

CN115252560 [70]

carrier-free self-assembly
nanoparticle

PZ: 100-300 nm PDI:
0.05-0.28 RP: Slow and
prolonged release at pH
7.4 and pH 6.5

ursolic acid and
oleanolic acid

ursolic acid

ginseng and
black cumin
extract

procyanidin

ursolic acid

berberine,
lonidamine and
gambogic acid

CN/2020

effects in blocking cell
cycles and in reducing
tissue damage by
chemotherapy

CN/2022

low toxicity, high
efficiency, and multi-link
regulated antitumor
properties

KR/2022

black cumin: anticancer
and antiproliferative
activities

CN/2022

inhibiting TMEM16A ion
channels effect,
promoting the inhibition of
cancer

CN/2022

increase of sensitivity of
tumor cells to
chemotherapy and
synergistic effect

CN/2022

inhibition of respiratory
chain complex,
hexokinase 2, glycolysis,
mitochondrial targeting,
cytotoxicity and glutamine
metabolism

in vitro release
experiment: measured at
37 °C and pH 7.3 and
5.5; in vitro cell
experiments with MCF-7
cells; in vivo antitumor
with 4T1 tumor-bearing
mice

in vitro flow cytometry
with HepG2 cells; in vivo
mouse H22 liver cancer
transplant tumor model

in vitro test with AGS
human gastric cancer
cells and toxicity test
with macrophage
RAW264.7 and HaCaT
cells

in vivo test with L795 lung
adenocarcinoma tumor
model in BALB/c mice

in vitro cytotoxicity
experiment with HepG2
cells, and in vitro cellular
uptake experiment with
LO2 cells and HepG2
cells

in vitro cytotoxicity and
antitumor effect test with
breast cancer cells 4T1
and normal human liver
cells, hexokinase activity
assay, determination of
glutamine content,
mitochondrial respiratory
chain activity assay, and
mitochondrial targeting
ability

ursolic acid and paclitaxel
achieved a synergistic
effect by inhibiting MCF-7
cells growth, with a
significantly higher effect
than that of the single
drug group and the single
carrier group

synergistic anticancer
effect superior to any
single therapy, with
increase of the water
solubility and
bioavailability of the drug

no serious toxic effects
and increased inhibitory
activity against AGS cells
compared to black cumin
alone

Good drug targeting and
significantly reduced the
tumor volumes compared
to free drugs.

A synergistic effect with
sorafenib inhibited HepG2
cell proliferation and
growth more effectively
than individual drugs. It
also improved targeting
capability

The treatment exhibited
low cytotoxicity, high
biocompatibility, and
selectivity, enhancing
anticancer activity. It
inhibited glycolysis,
reduced glutamine levels,
and decreased
mitochondrial respiratory
chain activity.
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Table 1: Selected patents that use nanotechnology and natural products for cancer treatment and immunotherapy. (continued)

CN117064865 [71]

carrier-free self-assembly ursolic acid
nanoparticle

PZ: 150 nm

CN426774477 [72]

polymeric nanoparticle
PZ: 100 nm

astragalus
polysaccharide

CN115671277 [73]

nanovaccine

PZ: 170-300 nm

RP: sustained release
with acid sensitivity

astragalus
polysaccharide

CN427216811 [74]

quantum dot nanoparticle berberine
PZ:2.68 + 0.54 nm

PDI: 14.68 + 0.99 mV

EE: 95.8%

RP: 18.23% (pH 7.4,

laser), 21% (pH 5.0,

laser)

CN115887415 [75]

polymeric nanoparticle
PZ: <100 nm

PDI: 0.012

ZP: >20mV

EE: 53.28%
DL:10.23%

RP: Continuous release

dehydro-
curvularin

CN117534780 [76]

chitin and
B-1,3-p-glucan

nanopolysaccharide
nanoparticle
PZ:125-300 nm

CN/2023

inhibition of the
differentiation of tumor
cells, and
immune-activating effect,
with stimulation of
cytokines

CN/2023

antiviral, antitumor,
anti-aging, anti-radiation,
anti-stress, and
antioxidant effects

CN/2023

antiviral, antitumor,
anti-aging, anti-radiation,
anti-stress, and
antioxidant effects

CN/2023

anti-inflammatiory,
protection of the liver,
improvement of immunity
and antitumor activity

CN/2023

inhibition of the growth,
reproduction migration,
transformation and
cloning of tumor cells

CN/2024

stimulate immune cells
and improve its
interaction with cell
receptors in the body

in vitro antitumor HepG2
cells and flow cytometry
293T cells experiment; in
vivo effect with Balb-c
female mice with 4T1
tumor cells; in vitro
anticancer activity with
Mouse 4T1 and human
MCF-7 breast cancer
cells

in vitro immune
checkpoint inhibitor
testing, NF-kB pathway
blocking effect and
cytotoxicity test with
B16F10 tumor cells

flow cytometry with
antibodies; in vitro BMDC
maturation effect test;
immunotherapeutic in vivo
effect on mouse B16F10
melanoma model and
mouse Lewis lung cancer
model

in vitro cytotoxicity test
with L929 cells and in
vitro photothermal
antitumor effect on LLC
cells

in vitro cytotoxicity and
cellular uptake test with
MCF-7 cells and MM-231
cells; in vivo tumor
inhibition effect in female
Balb/c mice with a breast
cancer tumor (4T1 cell)
model

in vitro antitumor HepG2
cells experiment,
immunoassay with RAW
264.7 macrophages

targeting gene knockout
effect and killing effect on
tumor cells

promotes delivery of
PD-L1 antibodies, great
immune checkpoint target
effect, toxic and side
effects reduced, immune
activation effect improved,
and synergistic effect
achieved

upregulation effect on the
expression of
co-stimulatory molecules,
lower tumor size
compared to the control
group, treating tumor
effect, activation of
immune responses

photothermal therapy
effect and a
chemotherapy effect
under laser irradiation,
efficiently killing LLC cells,
having synergistic effect

tumor cell growth
inhibition effect better
than that of free drugs,
good targeting, promotion
of release of the drug
inside the cells, and
slowing effect of the
growth of tumor volume

significantly increased cell
inhibition rate and
immune-promoting effects
on cells by increasing
cytokines levels

2Abbreviations: DL, drug load; EE, encapsulation efficiency; N.S., not specified; NPs, nanoparticles; OA, oleanolic acid; PDI, poly dispersion index;
PTX, paclitaxel; PZ, particle size; RP, release profile; UA, ursolic acid; ZP, zeta potential.
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Figure 5: Chemical structures of selected compounds. Source: Made by the authors using ChemDraw Professional 16.0.
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ships with cancer control and immunotherapy. For instance,
terpenoids such as ursolic acid, oleanollonidamine, exhibit vari-
ations in selectivity and potency against cancer cells, depending
on the presence of methoxylations at positions 3 and 20 [80-82].
In phenolic compounds such as catechins, procyanidin, tannic
acid, and thymoquinone, the arrangement and presence of the
aromatic ring, along with hydroxy, methoxy, and carboxyl
groups, directly influence the antioxidant activity of these
substances and their ability to induce apoptosis [83-85].
Furthermore, in polysaccharides such as chitin, hyaluronic acid,
and alginate, factors such as molecular weight, degree of
branching, monosaccharide composition, and processes like
sulfation or phosphorylation significantly influence their ability
to modulate the tumor microenvironment and activate the
immune system [86-88]. Finally, alkaloids and their derivatives,
such as lonidamine, exhibit variations in selectivity and poten-
cy against cancer cells, depending on the presence and position
of hydroxy, methoxy, or alkyl groups, as well as modifications
to the nitrogen atom [89-91].

Patents WO2016178224 and US240447339 show robust results,
with solid data both in vitro and in vivo, suggesting high effi-
cacy compared to the free drug and lower toxicity. Patents
CN222367609 and CN225561345, although their results are
limited to specific cell lines, also show good results in terms of

targeting and tumor inhibition.

Following this perspective, patents CN111202719,
CN114470229, and CN115252560 represent advances in tumor
therapy, since they combine cell cycle blockade and inhibition
of metabolic pathways, which are considered complex cellular
mechanisms. Nevertheless, patent CN109846857 stands out for
combining the natural compound with photosensitizers,
presenting a synergistic effect that is better than the isolated
effect of the substances, with a methodology not seen in the
others formulations. Finally, patents CN117064865,
CN426774477, and CN115671277 combine immunotherapies
containing immunomodulators and checkpoint inhibitors to
achieve a synergistic effect and consequently expand the
clinical potential of nanotechnology containing natural prod-
ucts.

Patent KR20220169108 was discussed in the article published
by Dhandapani et al., which addresses the synthesis, physico-
chemical characterization, and therapeutic evaluation of nano-
technology [92]. The formulation of patent CN114470229 was
discussed in an article by Guo et al., which showed that the
nanoparticle, as in the patent, achieved better solubility,
synergistic effect, and better targeting [93]. In addition, the
article published by Li et al. discussed patent CN115671277
[94].

Beilstein J. Nanotechnol. 2025, 16, 1644—1667.

Nanoparticles

Nanoparticles are materials with at least one dimension ranging
from 1 to 999 nm [95]. This technology possesses a high con-
tact surface, a high concentration of surface-active centers, and
low toxicity due to promoting a reduction in the dose of its
active ingredients [96]. These characteristics have made nano-
particles widely used in medicines, medical applications, and
the food industry, as they provide increased shelf life, im-
proved drug delivery, and enhanced therapeutic efficacy [97].
Various methods, such as chemical reduction, microemulsion
and inverse microemulsion, hydrothermal method, seeding,
sonoelectrodeposition, and coprecipitation can be implemented
for the synthesis of nanoparticles [98].

In the context of cancer treatment, nanoparticles promote en-
hanced biocompatibility, reduced toxicity, and increased
stability and permeability, which can help overcome challenges
like multidrug resistance [23]. Moreover, this technology
enables better encapsulation of active pharmaceutical ingredi-
ents (APIs), contributing to improved drug delivery to the tumor
region and promoting new therapeutic approaches for cancer
treatment [99]. In the field of immunotherapy, nanoparticles can
increase antitumor immunity, reduce immune system evasion,
suppress tumor growth, and diminish metastasis by amelio-
rating the tumor microenvironment [100]. Additionally, this
technology promotes the activation of cytotoxic T cells,
enhances antigen presentation, facilitates immune cell traf-
ficking, and reduces toxic side effects on non-target cells
[101,102]. However, nanoparticles have disadvantages, such as
lack of routes of administration, concerns about crossing bio-
logical barriers, and tempering biodistribution. In addition, they
can cause inflammatory and oxidative effects, posing a risk to

the lungs, liver, and kidneys [27].

Regarding the use of natural products, nanoparticles can
increase the bioavailability, pharmacokinetics, and selectivity of
compounds toward cancer cells, thereby improving their solu-
bility and delivery [103]. Moreover, nanoparticles can be
subdivided into various structures, such as carrier-free self-
assembly nanoparticles, polymeric nanoparticles, polysaccha-
ride nanoparticles, gold nanoparticles, and quantum dot nano-
particles.

Carrier-free self-assembly nanoparticles

Carrier-free self-assembly nanoparticles are formed spontane-
ously from the organization of active or natural compounds,
without the presence of a carrier material or excipients. Their
stability is due to the presence of intermolecular interactions,
such as electrostatic forces, hydrogen bonding, m—m stacking,
and hydrophobic interactions [104,105]. Among the benefits of

this technology are reduced toxicity and immunogenicity, as
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well as less complexity, since they do not implement synthetic

carriers in their composition.

However, carrier-free self-assembly nanoparticles may have
some limitations, such as the limitation of natural products
used, since the compounds must have properties that contribute
to a stable formulation, difficulty in controlling physicochemi-
cal characteristics, such as particle size, which can affect repro-
ducibility and scalability, and problems related to rapid clear-
ance and interaction with non-target tissues, mainly due to the
absence of a carrier substance [104,106,107]. In short, this tech-
nology reduces adverse effects and environmental risks, mainly
due to the greater use of natural products over synthetic ones,
and promotes increased stability and drug load efficiency
[104,108].

For example, patent CN114129571 (2022) describes the forma-
tion of metal-organic co-assembly nanoparticles without a
carrier. The formulation contains sorafenib, a molecularly
targeted anticancer drug, ursolic acid as an API, and iron ions.
Ursolic acid, a naturally occurring pentacyclic triterpenoid, ex-
hibits a variety of biological activities and potential health bene-
fits, and it can be found in herbs, fruits, and traditional Chinese
medicinal plants [109]. The compound can be extracted through
various methods, such as maceration, heat reflux, and Soxhlet
and ultrasonic extraction, with dichloromethane considered the
most efficient and selective solvent [110]. Ursolic acid exhibits
anti-inflammatory, antimicrobial, antiviral, antioxidant, and
antiproliferative properties, making it a potential antitumor
agent [111]. It inhibits tumor cell proliferation, prevents metas-
tasis and angiogenesis, and induces cell death [112]. The thera-
peutic mechanisms involve inhibiting cell proliferation by
disrupting the lysosomal system, increasing pH, and altering the
lipid profile of cancer cells [113]. Additionally, ursolic acid can
inhibit the differentiation of Th17 cells from the STAT3/RORft
pathway and the migration of these cells by down-regulating
CXCL9/10 expression in Schwann cells [114]. Particle size and
stability of the formulation in the patent were characterized
using scanning electron microscopy (SEM). The nanoparticles
demonstrated enhanced uptake in HepG2 cells, as confirmed by
flow cytometry and confocal microscopy, and achieved a tumor
inhibition rate of 75.9% in 15 days, significantly higher than
ursolic acid and sorafenib alone [66].

Patent CN117064865 (2023) claims a nano bionic CRISPR/
Cas9 drug co-assembly system to treat liver cancer. The tech-
nology is composed of ursolic acid as an API, a Cas9 ribonucle-
oprotein (RNP) complex that targets the PD-L1 gene, a cell-
penetrating peptide, and a tumor cell membrane derived from
HepG2 cells. Characterization of the nanoparticles showed that

the nanocomplex was stabilized by hydrogen bonds, van der
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Waals forces, and hydrophobic forces. In addition, confocal
microscopy, gene editing efficiency, MTT assay, and flow
cytometry tests were carried out to observe the therapeutic ac-
tivity of the technology. The results demonstrated that the nano-
particles increased targeting and internalization, had a knockout
rate of 80%, and exhibited better inhibition of HepG2 cell
proliferation compared to the individual components, revealing

a synergistic activity for cancer treatment [71].

Patent CN114470229 (2022) describes carrier-free double-drug
self-assembled nanoparticles for treating liver cancer. This tech-
nology contains indocyanine green, a cell-penetrating peptide, a
nucleic acid aptamer, sorafenib, and ursolic acid as an API at
4 mg-mL~! in methanol. Physicochemical tests showed that the
nanoparticles have a spherical shape, confirmed by atomic force
microscopy (AFM), and are stable in ultrapure water and
Dulbecco’s modified eagle medium (DMEM) with 10% FBS.
Procedures to evaluate the nanoparticles’ antitumor activity
included fluorescence intensity and combination index to deter-
mine drug synergy. The results indicate the nanoparticles exhib-
it a synergistic effect, effectively target HepG2 cells as ob-
served by fluorescence, and show a higher inhibition of cell
proliferation than the free drugs, demonstrating superior thera-
peutic potential [69,115-117].

Furthermore, nanoparticles containing antineoplastic drugs have
demonstrated the ability to act against cancer. They do so by in-
hibiting the cell cycle, blocking the depolymerization of micro-
tubules, and stimulating the development of reactive oxygen
species (ROS) [118]. Hyaluronic acid can inhibit local recur-
rence and distant tumor growth when used in immunotherapy
scenarios in conjuction with CAR-T cells and anti-PDL1-conju-
gated platelets [119]. Transmission electron microscopy (TEM)
and dynamic light scattering (DLS), and UV-visible (UV-vis)
spectroscopy were used for characterization. The nanoparticles
showed increased cellular uptake compared to free PD-L1,
suppression of the NF-kB pathway as indicated by reduced
PHO-P65 protein expression, and enhanced tumor inhibition

due to immune activation and targeted delivery [72].

Patent CN222367609 (2017) describes targeted amphiphilic
nanoparticles composed lecithin, procyanidine, and doxoru-
bicin condensated with epigallocatechin gallate in N-hydroxy-
succinimide solution, which were developed to inhibit breast
cancer. The procyanidine and epigallocatechin gallate act as
APIs, while lecithin is an excipient. Catechins and their deriva-
tives are natural polyphenolic compounds that are found in
foods such as chocolate, red grapes, wine, and apples, as well as
especially in green tea from Camellia sinensis (C. sinensis) and
C. assumica [120,121]. These compounds present remarkable

properties in treating and preventing cancer, including antioxi-
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dant, anti-inflammatory, and antiangiogenic effects, as well as
inhibitory effects on protein kinases. This results in cancer cell
apoptosis, suppression of proteinases, strong inhibition of telo-
merase, and inhibition of cancer cell migration, invasion, and
metastasis [122,123]. The patent characterizes the NPs through
DLS and TEM, confirming a uniform size distribution. Addi-
tionally, in vitro studies using MCF-7 breast cancer cells
demonstrated inhibition of cell proliferation, with the NP induc-

ing apoptosis through their targeted mechanism [62].

Patent CN115252560 (2022) describes self-assembled nanopar-
ticles composed of berberine, lonidamine, and gambogic acid in
a 3:1:4 ratio, all acting as APIs, encapsulated with vitamin E
polyethylene glycol succinate (VE-TPGS), an excipient, for
stability. Berberis vulgaris and B. aquifolium are some of the
main sources of berberine, a quaternary isoquinoline alkaloid
compound with a range of pharmacological properties, includ-
ing antioxidant, anti-inflammatory, antimicrobial, and, most im-
portantly, antitumor effects [124,125]. The drug’s potential for
cancer treatment lies especially in its activation of the apoptotic

pathway and the blocking of HIF-1a expression [126].

This combination of drugs in the formulation yields multiple
mechanisms against cancer. Berberine provides mitochondrial
targeting, lonidamine inhibits hexokinase, and gambogic acid
offers cytotoxicity. The nanoparticles showed inhibition of the
proliferation of breast cancer cells, with lower cytotoxicity to
normal liver cells compared to standard drug and free drug.
This is due to the nanoparticles’ enhanced permeability and
retention, which improves tumor-specific targeting. Mitochon-
drial membrane potential investigation using 2 ug-mL~! of NPs
for 12 h determined that the formulation induced early apopto-

sis in the targeted cells [70].

Patent CN111202719 (2020) utilized a nanosystem containing
ursolic acid and oleanolic acid, paclitaxel, curcumin, camp-
tothecin, and polyvinyl alcohol as APIs and drug carriers, and
methanol, ethanol, and acetone as solvents. Both nanoparticle
systems exhibited high biocompatibility and low cytotoxicity to
normal cells. Additionally, the results demonstrated the technol-
ogy had a tumor inhibition greater than 70% in mice with a
synergistic antitumor effect, significantly improved blood indi-
cators compared to paclitaxel injection (p < 0.01), extended
circulation, improved targeting to tumor sites, and reduced toxic
side effects [65].

CN109846857 (2019) describes the development of a natural
photosensitizer derived from chlorophyllin e6 (Ce6). Self-
assembled nanoparticles containing sterol compounds, such as
B-sitosterol, ergosterol, or stigmasterol, were employed to en-

hance the stability and bioavailability of the active ingredient.
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Ce6 has the ability to selectively accumulate in cancer cells, at-
tributed to the increased metabolic activity and permeable
vasculature of these cells compared to healthy ones. Upon
absorption of light during photodynamic therapy, Ce6 gener-
ates ROS, causing damage to the cell membrane, proteins, and
DNA of the cancer cells, ultimately leading to their destruction.
Additionally, the ROS produced by Ce6 destroys the vascular
layer surrounding the tumor, thereby inhibiting its continued
growth and stimulating immune cells to recognize and target the
mutated cells [127,128]. Regarding the natural compounds
mentioned in the patent, sitosterol is particularly noteworthy.
Preclinical studies have demonstrated that sitosterol can induce
cell cycle arrest, regulate oxidative stress, enhance metabolic
reprogramming, inhibit invasion and metastasis, and modulate
immunity and inflammation [129]. The developed nanoparti-
cles underwent physicochemical characterization by SEM,
UV-vis spectroscopy, and encapsulation testing, in which the
nanoparticles demonstrated stability, spherical shape, and ho-
mogeneous size distribution. The use of nanoparticles with
sterol compounds associated with Ce6 yielded higher tumor
inhibition rates compared to the isolated compounds, especially
the nanocarrier with ergosterol, which reached a rate of 86.4%
[27,64,130-133].

Polymeric nanoparticles

Polymeric nanoparticles are solid colloidal systems of synthetic
or natural polymers, which can be organized in hollow,
occluded, multilobed, and core—shell structures, depending on
their thermodynamic and kinetic characteristics [130]. Poly-
meric nanoparticles can be synthesized using methods such as
direct polymerization of monomers, nanoprecipitation, solvent
evaporation emulsification, dispersion of preformed polymers,
or salting-out [27]. For cancer and immunotherapy, polymeric
nanoparticles offer advantages such as biocompatibility, stimu-
lation of T cells, controllable size, and protection of the tumor
environment [131]. They also help by reducing adverse effects,
increasing antitumor response, as well as increasing solubility
and precision in drug delivery [132,133].

Seeking a new pharmaceutical application for procyanidines
(PCs) as APIs, the patent CN367902299 (2022) describes
photo-thermally responsive PC-loaded polymeric nanoparticles
designed to prevent and/or treat lung adenocarcinoma by inhib-
iting TMEM16A. TMEM16A is a calcium-activated chloride
ion channel that appears to be a suitable biomarker and target
for lung cancer treatment. PCs, also known as proantho-
cyanidin, are phenolic compounds of the flavonoid family and
are a class of natural polymers formed by catechins and epicate-
chins [134]. They exhibit a variety of bioactive properties, in-
cluding anti-inflammatory, antimicrobial, cardioprotective, and

neuroprotective effects, which could contribute to cancer
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prevention and treatment [135]. In cancer therapy, PCs show
potential for inhibiting cancer cell proliferation, inducing apo-
ptosis, modulating oxidative stress, suppressing angiogenesis,
and interfering with signaling pathways involved in tumor
progression [136]. The formulation includes temperature-
responsive and non-temperature-responsive amphiphilic mole-
cules (weight ratio of 7:3). UV-vis spectroscopy, TEM, and
DLS experiments demonstrated that administration of
14.37 mg-kg™! of the nanoparticles inhibited lung adenocarci-

noma proliferation and migration after 24 h [68].

Similarly, patent CN426774477 (2023) developed an immune
checkpoint inhibitor nano-delivery system using natural
polyphenols. The formulation contained sulfhydrylated
hyaluronic acid (HA-SH), which acts as an adjuvant carrier, and
epigallocatechin gallate (EGCG) as an API to form HA-EGCG,
as well as manganin, FeCl;, and the PD-L1 antibody.
Hyaluronic acid is a non-sulfated glycosaminoglycan compo-
nent of the extracellular matrix and has diverse biomedical ap-
plications [115]. It can be obtained through the fermentation of
bacteria and yeasts, as well as animal sources, using chemical,

enzymatic, and combined extraction methods [116,117].

CN115887415 (2023) describes a methoxypoly(ethylene-
glycol)-poly(lactic-co-glycolic acid) (mPEG-PLGA) nanocar-
rier containing dehydrocurvularin; the latter is the API of the
formulation and exhibits sustained release. Dehydrocurvularin
is a natural benzenediol produced by many fungi as a second-
ary metabolite. Its therapeutic activity is focused on antitumor
capacity through its synergistic activity with drugs, increasing
efficacy and tumor targeting capacity [127,137]. The formula-
tion combines mPEG-PLGA, acetonitrile, and Tween-80. The
nanoparticles were obtained by precipitation and freeze-drying
and were analyzed by HPLC and DLS. Additionally, the in vivo
studies performed in a mice model with breast cancer tumor
(4T1 cell) showed that the drug exhibits a level of biosafety
while reaching 44% tumor inhibition [75].

Polysaccharide nanoparticles

Polysaccharides are a class of polar polymers frequently em-
ployed in polymeric systems and nanotechnologies, including
the creation of polysaccharide nanoparticles [28]. Substances
such as chitosan, hyaluronic acid, alginate, starch, and their de-
rivatives are most commonly used in nanoparticles for thera-
peutic applications [138]. Organic solvents, ionic liquids, inor-
ganic strong alkalis and acids, enzymes, and hydrothermal treat-
ment are used to obtain polysaccharide nanoparticles [139].
Consequently, polysaccharide-containing nanoparticles offer an
alternative for cancer treatment, promoting antitumor immune
responses with reduced toxicity and fewer side effects [140].

Moreover, this technology can be applied to various cancer
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therapies, such as chemotherapy, photothermal therapy, photo-
dynamic therapy, gene therapy, and immunotherapy [141].

For instance, patent WO2016178224 (2016) describes the de-
velopment of anionic polysaccharide nanoparticles designed for
the delivery of anionic small-molecule anticancer drugs. The
formulation consists of anionic polymers, such as hyaluronic
acid (HA), alginate (Alg), HA-sulfate, and Alg-sulfate, which
acts as adjuvants for drug delivery, as well as anionic small-
molecule drugs, including methotrexate (MTX) and doxoru-
bicin (DOX), and divalent cations like calcium (CaZ™). Algi-
nate is a cross-linked polymeric network derived from algae and
shows potential for cancer treatment due to its improved
bioavailability, sustained release, and environmentally benign
properties [142,143]. The tests showed that the nanoparticles
containing MTX and DOX were around 400 times more effec-
tive and yielded higher cytotoxicity in CT26, MDA-MB-231,
and NAR cancer cells, compared to the free drugs [60].

CN117534780 (2024) uses chitosan—glucan nanopolysaccha-
ride complexes (CGCs) obtained from fungi to prepare anti-
tumor and immunomodulatory drugs, with chitosan—glucan
being an API. Chitosan—glucan is a biopolymer complex
composed of chitosan, a deacetylated derivative of chitin, and
glucan, a polysaccharide commonly found in fungal cell walls,
cereals, and seaweed. Chitosan possesses a combination of
properties that include antioxidant and antitumor effect, giving
it potential to prevent and/or treat cancer by stimulating apopto-
sis [144]. Meanwhile, glucan presents potential in cancer
therapy due to its immunomodulatory influence, which can
increase the recruitment of neutrophils or infiltration of CD4* T
cells to destroy tumors [145]. The process of nanosizing the
CGCs in the patent involves shearing at high speed and ultra-
sonic cycles followed by freeze-drying. This resulted in a yield
of 12.73% and a purity of 96.32%. The increased surface area
due to the reduction in particle size, along with improved
interaction with cellular receptors, enables a significantly
increase of the cell inhibitory effect (tumor cells were HepG2
and MCF-7), with the complex exhibiting an increased amount
of cytokine secretion when used at a concentration of
10 mg-mL~! [76].

Gold nanoparticles

Gold nanoparticles are nanometer-scale structures composed of
a gold core with surface ligands, which can be structured into
nanospheres, nanocages, nanorods, and nanoshells [146,147].
There are various manufacturing processes such as vacuum
sputtering, biosynthesis, methods based on ultraviolet light, syn-
thesis in reverse micelles, and condensation processes [148].
Gold nanoparticles have great benefits for cancer and

immunotherapy, providing increased efficiency and effective-
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ness by acting as immune regulators, enhancing the delivery of
antitumor drugs, and improving biocompatibility, durability,
and innate immune responses [149,150]. In addition, gold nano-
particles lead to more selective oncological treatments with bio-
compatibility and low toxicity and their use in association with
natural products is promising [151,152].

The patent KR20220169108 (2022) claims that gold nanoparti-
cles were developed using membrane vesicles from a Curtobac-
terium proimmune K3 strain, isolated from ginseng, and black
cumin seed extract, which are presented in the formulation in
the form of stabilizing adjuvants. The use of ginseng is based on
the fact that its components may have anticancer effects, espe-
cially on apoptosis, cell cycle regulation and the PI3K/AKT and
MAPK pathways, while black cumin extract is used because its
main components, such as thymoquinone, show anti-inflamma-
tory, antioxidant, and immune system stimulating potential
[89,90]. The compound was characterized using UV—-vis spec-
troscopy, TEM, DLS, X-ray diffraction (XRD), and Fourier-
transform infrared (FTIR) spectroscopy, revealing a polygonal
or oval morphology. To evaluate the antitumor effects, cytotox-
icity assays, cellular uptake assays, apoptosis detection, ROS
production, qRT-PCR, and Western blotting for gene and pro-
tein expression, and autophagy inhibition studies were applied.
The results showed that gold nanoparticles promoted an
increase in apoptosis markers, such as stimulation of p53, Bax,
cytochrome c, caspase-9, and caspase-3, as well as a decrease in
Bcl2, a greater production of ROS in CC-AuNP-treated cells
compared to black cumin alone, and synergistic anticancer
effects when combined with rapamycin [67]. Therefore, nano-
particles containing natural products are a promising technolo-
gy for cancer and immunotherapy with synergistic effects and

reduced side effects.

Quantum dot nanoparticles

Quantum dot nanoparticles are semiconductor structures smaller
than typical nanoparticles, ranging from 2 to 10 nm in size.
They are composed of heavy metal or inorganic material and
exhibit fluorescent activity, making them commonly used for
pharmaceutical applications [153,154]. The technology’s com-
position is characterized by two free functional groups responsi-
ble for drug binding, while a semiconductor shell helps reduce
toxicity [106]. Quantum dot nanoparticle synthesis processes
involve colloidal and plasma systems, which allow for the
utilization of bioactive compounds such as fructose, chitosan,
citric acid, lignin, cellulose, and starch [155,156]. Furthermore,
quantum nanoparticles offer advantages for cancer treatment.
They can manipulate emission properties near the infrared
region, improving drug targeting and solubility, enhancing
tumor detection, and reducing adverse effects on adjacent
healthy tissues [157,158]. Regarding the use of natural prod-
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ucts, carbon quantum dots, the main type of nanoparticles
derived from bioactive compounds, show promising activity for
cancer treatment due to their biocompatibility, photostability,

and fluorescent characteristics [159].

Bergenin (BER) is a natural compound extracted from cinnabar
root. It has been combined with carbon quantum dots to treat
lung cancer in the patent CN427216811 (2023). BER is a glyco-
sidic derivative of hydroxybenzoic acid found in various plant
families and species worldwide, with Bergenia purpurascens
and Ardisia japonica being its primarily natural sources [160].
The compound and its derivatives have shown antimalarial,
trypanocidal, antibacterial, antileishmanial, anti-inflammatory,
antioxidant, analgesic, and anticancer activities [161]. BER acts
against cancer by inhibiting cell proliferation, inducing apopto-
sis, suppressing glycolysis, reducing angiogenesis, and
promoting the degradation of oncogenic proteins [162,163]. The
invention proposes the use of carbon dots (CDs) loaded with
BER as an API, with a sustained drug release that increases
upon contact with the acidic conditions surrounding tumors.
Both non-loaded CDs and free BER exhibited antitumor effects
on Lewis lung carcinoma (LLC) cells, which were further im-
proved with CDs—BER. This combination was able to enhance
the inhibitory effect on the cells subjected to photothermal
therapy, reducing the cell survival rate to 34.5%, while being
biocompatible with a survival rate of 80% for normal L929 cells
[64,65,74,75,127-129,137,164-175].

Polymeric nanocapsules

Polymeric nanocapsules (PNCs) are vesicular systems between
1 and 999 nm in size, composed of an internal oily reservoir
surrounded by polymeric membranes, non-ionic surfactants,
macromolecules, and phospholipids [176,177]. The properties
of the pharmaceutical form are governed by size, shape, core
structure, and ligands, which can alter factors such as solubility,
charge density, hydrophobicity, stability, and binding affinity
[178]. The methods for developing PNCs involve appropriate
materials and various production techniques, including emul-
sion polymerization, layer-by-layer self-assembly, interface po-
lymerization, nanoprecipitation, spray-drying, and supercritical
fluids [179,180]. This technology offers the ability to encapsu-
late hydrophilic or lipophilic pharmaceutical drugs, as well as
surface modification, making PNCs advantageous for con-
trolled drug delivery systems [132]. PNCs hold potential appli-
cations for cancer treatment and immunotherapy. They can
provide sustained drug release while decreasing cytotoxicity
and modifying tumor retention for tumor treatment. They can
also serve as formulations that encapsulate synergistic combina-
tions of drugs and other substances, such as natural products
[181,182]. In the field of immunotherapy, PNCs good biocom-

patibility and the ability to present antigens and activate the

1658



T-cell response, while being efficiently distributed in the
lymphatic vessels, contributing to the local and systemic anti-

tumor effects of small molecules [183].

However, PNCs face some challenges for therapeutic use, espe-
cially regarding the lack of methods for characterizing the shell,
which is important for drug release, toxicity due to the use of
organic solvents, the tendency to aggregate in aqueous media,
and difficulties in sterilizing the formulation [184]. Further-
more, the technology has advantages when associated with
natural products, as phytochemicals show antioxidant and anti-
inflammatory activity against cancer. For polyphenols, the use
of PNCs enhances pro-apoptotic activity, especially against
breast, lung, prostate, cervical, and colorectal tumors [185,186].
Therefore, PNCs are a powerful alternative for the use of
natural products in cancer and immunotherapy due to their
properties such as controlled drug release.

The patent US240447339 (2017) involves the creation of PNCs.
These PNCs utilized a range of bioactive compounds, such as
diindolylmethane (DIM) and ellagic acid (EA), both as APIs,
curcumin, green tea polyphenols, resveratrol, sulforaphane, and
tocopherols. DIM is one of the main metabolites of indole-3-
carbinol, found in cruciferous vegetables like broccoli, cauli-
flower, and cabbage; it exhibits antineoplastic properties such
as suppression of cell proliferation, migration, and growth
[187,188]. Additionally, EA is a phenolic bioactive compound
found in fruits, nuts, and herbs, which can help cancer treat-
ment by targeting mitochondrial metabolism and inducing apo-
ptosis through the inhibition of cyclin-dependent kinase 6 [189-
191]. Following the development of the patent, the inventors
also incorporated biocompatible polymers, such as PLGA and
polyethylene glycol, optionally combined with chitosan or
polyvinyl alcohol, and an anticancer agent such as cisplatin,
doxorubicin, or temozolomide. The characterization of this
technology involved analyses of size distribution, surface
charge, morphology by TEM, and monodispersity. The data
showed that the PNCs promoted a reduction in pancreatic
cancer cell proliferation of 50% and in colon cell proliferation
of 50-60%, anti-angiogenic effects with suppression of the
vascular pattern. Also, a greater suppression with encapsulated
drugs compared to free drugs, sustained delivery profiles, im-
proved bioavailability, and reduced rapid clearance were ob-
served [61].

Nanovaccines

Nanovaccines (NVs) are composed of nanoparticles whose
structure contains substances responsible for stimulating the
host’s immune system [131]. NVs can be lipid or non-lipid
formulations. Although they vary according to the personaliza-

tion for each patient, they mainly feature micrometer-sized
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tumor cells and diverse antigens inside and on their surface to
promote the stimulation of the immune system [192,193].
Mechanisms such as covalent conjugation of antigen peptides
and flash nanocomplexation can be implemented [194,195].
The use of NVs offers advantages like improved target delivery,
antigen presentation, strong T cell response, and safety to
combat infectious diseases and cancers [196]. Additionally, the
NVs can induce tumor cell death, relieve immune suppression,
increase antitumor immune activity, and inhibit metastasis
[197]. Nevertheless, NVs have technical and biological limita-
tions. Examples include tumor heterogeneity, which reduces the
effectiveness of immune responses, problems with antigen
delivery, rapid degradation of molecules, tumor evasion pro-
cesses, and low persistence in the blood. In addition, NVs face
challenges related to treatment complexity, high cost, and
complications regarding effective cytotoxicity, requiring a com-
bination of different therapeutic approaches [198].

Patent CN115671277 (2023) describes a nanovaccine with the
aim of offering an oncological treatment using astragalus poly-
saccharides as an adjuvant immune response stimulator and
drug release promoter. This natural product has potential for
anticancer activity, as it can be applied as an immune adjuvant,
responsible for inhibiting tumor growth and increasing immune
function [199]. The NV was composed of astragalus polysac-
charides as delivery vehicles, ovalbumin as a tumor antigen,
and microfluidics, which allows for the formation of nanoparti-
cles, size control, and morphology. SEM, TEM, and in vitro
release tests were implemented. In order to evaluate the
immunomodulatory activity, the researchers carried out migra-
tion tests to lymph nodes, activation of dendritic cells, antigen
uptake capacity, and antitumor efficacy in C57 mice and nude
mice inoculated with B16F10 melanoma and Lewis lung carci-
noma model. The outcomes showed that the NV inhibited tumor
growth better than vaccines with conventional adjuvants, such
as aluminum, and increased the expression of CD80/CD86
co-stimulators in C57 mice [73]. In addition to reducing tumor
progression in the Lewis lung carcinoma model, the vaccine had
no effect in nude mice lacking adaptative immunity, confirming
that its efficacy depends on specific activation of the immune
system. Therefore, it can be inferred that the NV containing
astragalus polysaccharide showed better efficacy than conven-
tional adjuvants [54].

Nanodrug complexes

Nanodrug complexes are nanometer-scale assemblies composed
of two or more biomolecules, such as active compounds, anti-
bodies, polymers, and polysaccharides, which exhibit unique bi-
ological properties [200]. Polysaccharides and proteins are par-
ticularly promising vehicles for delivering active compounds as

they can protect these molecules and enhance encapsulation,
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delivery, and release [201]. In the context of cancer therapy,
nanocomplexes containing molecules like anti-HER2 antibody,
tamoxifen, cisplatin, polyphenols, and DNA have demonstrated
increased cellular uptake, improved anticancer efficiency, en-
hanced tumor penetration, reduced tumor hypoxia, and tumor
suppression, while minimizing adverse effects [202-204].
Nonetheless, nanocomplexes face disadvantages regarding their
implementation, as they may present low stability, cause accu-
mulation in tissues, and difficulties in controlling drug release
[205].

CN225561345 (2018) combines natural polyphenols that act as
APIs (tannic acid, catechin, epigallocatechin, or procyanidine),
bortezomib, and iron ions to form a traceable boric acid
nanodrug complex for tumor tracing and treatment. Tannic acid,
a polyphenolic compound consisting of gallic acid esterified to
a glucose core, can be found in various plant sources such as
grapes, Sicilian sumac leaves, tea, nuts, and oak bark [206].
Tannic acid demonstrates diverse bioactive properties, includ-
ing antimicrobial, anti-inflammatory, and antioxidant effects,
which could play an important role in cancer prevention and
therapy [207]. When tested for its pharmacological use in
cancer therapy, this compound demonstrated antitumor and mo-
lecular targeting capabilities with the capacity to inhibit cell
proliferation, induce apoptosis, modulate oxidative stress,
suppress angiogenesis, and interfere with signaling pathways
associated with tumor growth [208]. The iron ions stabilize the

formulation and improve the tracing effect.

The nanodrug complex responds differently to human breast
cancer cell lines (MBA-MD-231) based on the pH value, exhib-
iting stable release in the tumor microenvironment, which has a
pH close to 6.5 (ensuring site-specific activation) and a signifi-
cant inhibitory effect of up to 26.7%. When tested against
mouse bone tumors, the BTZ/Ta Iron complex showed an
obvious inhibitory effect without causing mice death, which can
occur using high concentrations of bortezomib, and avoided

damage caused by tumors on healthy bone tissue [63].

Obstacles to using nanotechnology
containing natural products in cancer

treatment

Between the idea of a new treatment and its commercialization,
there are many obstacles to overcome. When it comes to com-
plex diseases like cancer and technologies such as nanomedi-
cine, there are even more challenges. Cancer is not a simple
condition, it is a multifaceted combination involving genetic,
molecular, and clinical profiles that vary for each patient. This
instance alone can compromise the search for patients to partici-
pate in clinical trials. Patient recruitment for an ideal trial with

significant results would require a large-scale random selection
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of people with identical disease parameters, necessitating an
adapted clinical trial [209]. This, along with ethical considera-

tions, makes clinical trials a tough process [210].

The commercialization of a medicine also requires scale-up of
production to an industrial level and sufficient stability for
transportation and storage, which are not easily achieved with
all nanotechnologies. This emerging field of therapeutic prod-
ucts still misses robust and well-developed regulatory guide-
lines from policy-making agencies [211]. There are no stan-
dardized guidelines to follow or minimum parameters to meet,
as these types of drugs have unique properties and are not
equivalent to other categories already consolidated in the
market. Bioaccumulation of nanomaterials is a concerning
aspect of this category of medicine to be considered. The regu-
latory guidelines provided by the European Medicines Agency,
whatsoever, lack to mention clear reference figures for such
accumulation in terms of risk for the environment and leave that
assessment of risk-benefit ratio up to the inventors [212]. More-
over, traditional methods of environmental risk assessment may
not be sensitive enough to detect the specific impacts of nano-
materials, making this an urgent issue to be addressed in the
process of developing nanotechnology medicine [213]. The
absence of these guidelines means a lack of criteria for quality
control, safety, and efficacy [214]. Therefore, the field of
natural products within nanotechnology for cancer treatment is
still poorly explored, and those who have developed a product
in this area face high costs and uncertainties in regulatory
approvals.

Despite US$24.5 billion being invested in research about cancer
throughout the years of 2016-2020, its treatment remains at a
high cost in development, production, and acquisition, which
compromises patient care [215,216]. High expenses are associ-
ated with not only the complexity of cancer, but also of nano-
technology and natural product acquisition. Isolation and
assuring purity of natural compounds demand a variety of sol-
vents and specialized resources, which results in an increase in
value of the final product but also production of waste. Extrac-
tion and purification processes involve multiple steps, such as
liquid—solid and partition chromatography and high-perfor-
mance liquid chromatography (HPLC), each demanding specif-
ic solvents and materials to achieve the desired selectivity and
purity of the compound [217,218]. Traditional nanoparticle syn-
thesis methods often rely on dangerous chemicals, leading to
the release of toxic byproducts and environmental pollution
[219]. Additionally, these processes typically require substan-
tial energy input for extraction, purification, and nanoparticle
formation, further increasing their environmental footprint
[220]. Advanced techniques such as ultrasonication, spray

drying, and freeze-drying are energy-intensive processes
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frequently used to create nanoformulations and are not easily
substituted as they determine stability and particle size [221].

Abraxane® is an albumin bonded with nanoparticles of pacli-
taxel, an alkaloid extracted and isolated from Taxus brevifolia
bark, that is, a drug based on nanotechnology with a natural
product indicated for breast cancer treatment [222,223]. One of
the main challenges in using natural products in cancer nano-
medicine is poor water solubility, which limits bioavailability
and therapeutic efficacy [103]. Traditional paclitaxel formula-
tions required organic solvents to solubilize the compound,
leading to significant toxicity and hypersensitivity reactions
[224]. Abraxane overcomes this by binding the nanoparticles
with albumin, therefore changing the delivery system of the
drug rather than the structure of it. Additionally, it indicates a
success story in the application of nanotechnology of natural
based products for cancer therapy.

Conclusion

In recent years, the demand for innovations that offer improved
safety, fewer adverse effects, and greater efficacy in cancer
treatments and immunotherapy has increased. In this way, the
use of natural products has shown itself to be growing, associat-
ed with the implementation of nanotechnologies that seek to en-
hance the physicochemical properties of formulations. This
review analyzed 17 patents for antineoplastic drugs where nano-
particles were the main technology utilized. The formulations
developed were observed to promote tumor cell cycle blockage,
inhibit metastasis and tumor growth, stimulate the immune
system, and exhibit a synergistic effect with anticancer com-
pounds. These formulations also demonstrated enhanced solu-
bility, stability, and controlled drug release while reducing treat-
ment risks. In conclusion, the combination of natural products
and nanotechnology has great potential and offers substantial
benefits for cancer treatment and immunotherapy. However,
issues like high cost, environmental impacts, complex clinical
trials, and unclear or inexistent regulations are obstacles for the
successful development and commercialization of these thera-

pies.
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Abstract

The treatment of dry eye disease (DED) often requires frequent use of artificial tear products. Because of their low permeability and
limited ocular bioavailability, repeated applications are required for therapeutic effectiveness. In contrast to traditional drug
delivery systems (DDS), a functional ophthalmic nanoemulsion was specifically designed to alleviate symptoms of DED by lever-
aging its antioxidant and osmoprotective properties. The study evaluated the optimal concentration of lecithin required to produce
nanoemulsions with a uniform particle size and incorporated a co-surfactant to enhance the stability of the nanoformulation. A
straightforward method was proposed, involving the dilution of the preformulation in an ophthalmic vehicle, followed by homoge-
nization through ultrasonication, resulting in OphtNE-3.70% with a droplet diameter of 173 nm and a zeta potential of —44.7 mV.
The addition of Kolliphor® HS15 in OphtNE-3.66%(K1%) initially reduced the droplet size to 70.8 nm and enhanced the antioxi-
dant effect. Although the droplet size and polydispersity index increased after more than 60 days, the formulation remained physi-
cally quite stable without phase separation. Both nanoformulations contained 2.6% (w/v) linseed oil, providing a bioactive concen-
tration compatible with ocular administration volumes (~50 pL). At a final concentration of 1.30 mg-mL ™!, OphtNE-3.66%(K1%)
showed >75% cell viability in 1929 cells and ~10% 2,2-diphenyl-1-picrylhydrazyl (DPPH) antioxidant effect. These findings
support the multifunctional potential (cytocompatibility and antioxidant) of sterile OphtNE-3.66%(K1%) for the treatment of DED,
emphasizing the need for in vivo studies to ensure its efficacy and safety for ocular administration.

Introduction
Dry eye disease (DED) is a multifactorial condition affecting can cause ocular discomfort, impair visual function, and
the ocular surface, characterized by changes in tear fluid com- promote inflammatory processes on the ocular surface, which

position and/or insufficient tear production [1]. This condition  could result in chronic complications and vision loss [2,3]. DED
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affects approximately 11.6% of the global population [4], with
this prevalence partly increasing due to the widespread use of

screens and computers [5].

Systemic administration of medications for treating ocular
diseases requires high doses to achieve therapeutic effects,
which can increase the risk of toxicity [6]. Several barriers limit
the penetration of ocular medications, such as rapid elimination
by the precorneal layer and low retention of the ocular surface
[7]. As a result, topical administration remains the primary
treatment method despite its drawbacks, such as low bioavail-
ability and the need for frequent applications [8,9]. Studies
show that only a tiny fraction (approximately 5% or 1.5 uL) of
the administered dose reaches the ocular chamber after topical
application to the inferior conjunctival sac [10,11]. The topical
use of artificial tears is the standard treatment for symptomatic
relief from DED [12], while topical anti-inflammatory therapy
is used in chronic disease cases [13]. Advances in nanomedi-
cine have provided effective solutions, particularly for treating
DED [1].

To address challenges in topical ocular drug delivery and to
develop products that mimic tear film composition, ocular
nanosystems (ONSs) with diameters ranging from 50 to 300 nm
are being investigated as potential drug delivery technologies
[14,15]. However, our formulation is not a drug delivery system
(DDS) since it lacks pharmacological agents. Instead, it is a
functional nanoemulsion designed to mimic the tear film’s
properties and provide antioxidant and osmoprotective benefits,
aiming to reduce DED symptoms. ONSs include nanoparticles
such as nanoemulsions, liposomes, nanomicelles, and
dendrimers, which can serve as carriers for both lipophilic
and hydrophilic drugs. This allows for smaller doses
and more precise drug targeting [16]. Nanoemulsions (NEs)
show promise in improving drug bioavailability after
topical ocular instillation, offering several benefits such as
reducing the administration frequency, optimizing phar-
macokinetic parameters, protecting against enzymatic degrada-
tion, and enhancing the stability of bioactive molecules [14,17-
19].

Currently, three ophthalmic products based on NEs, Restasis®
(Allergan), Lacrinmune® (Bausch & Lomb), and Ikervis®
(Santen). have been approved by regulatory agencies such as
the FDA and EMA and are commercially available for treating
DED [1]. These products are formulated with synthetic poly-
mers and contain cyclosporine as the active ingredient [1]. NEs
are designed as droplets that can potentially replenish the lipid
layer in DED patients, mimicking the trilayered structure of the
tear film, consisting of lipid, aqueous, and mucin layers
[13,15,18,20]. According to the literature, the tear film

Beilstein J. Nanotechnol. 2025, 16, 1711-1733.

compromises the stability of NE components. When NE is
instilled, the oil nanodroplets merge with the lipid layer, the
water in the formulation interacts with the aqueous layer of the
tear film, and the surfactant interacts with the mucin layer [21-
23].

The literature cites various lipids as components of the oily
phase in nanoformulations of eye drops for treating DED
[12,20,21,24-27]. These include mineral oil (found in Systane®
Complete eye drops) [28], castor oil, phospholipids (phos-
phatidylcholine and/or hydrogenated phospholipids), polyunsat-
urated fatty acids (PFAs), and medium-chain triglycerides.
Among these, PFAs such as the omega—3 fatty acid alpha-
linolenic acid, the omega—6 fatty acid linoleic acid, and the
omega—9 fatty acid oleic acid are recognized for their potent
antioxidant and anti-inflammatory properties [29,30]. These
fatty acids are predominantly found in linseed oil (Linum
usitatissimum, LO), making it a promising ingredient for NE
formulations [31-33]. Clinical studies have demonstrated that
fatty acids derived from linseed oil are effective in alleviating
DED, primarily by modulating inflammatory responses and
downregulating key molecular markers, such as interleukin-1
beta, matrix metalloproteinase-9, intercellular adhesion mole-
cule 1, and tumor necrosis factor [34-36]. Downie et al. re-
ported strong clinical evidence supporting the efficacy of nano-
lipid carrier eye drops infused with omega-3 fatty acids in
stabilizing the tear film in patients with meibomian gland

dysfunction [31].

In addition to PFAs, phospholipids are notable for their struc-
ture, which includes a hydrophilic part (phosphate groups) and a
hydrophobic part (fatty acid chains). This unique configuration
allows phospholipids to interact at the interface between the
lipid and aqueous layers of the tear film, increasing its thick-
ness and improving its stability [1,37]. This leads to immediate
relief for patients with DED [28,38]. Recently, promising clini-
cal results have been observed using liposomal spray (Tears
Again®) for DED treatment [39]. This product primarily
contains phosphatidylcholine, making it an effective thera-

peutic option for this ocular condition.

Artificial tear products commonly used to alleviate symptoms
of DED contain various ingredients that promote osmoprotec-
tive and antioxidant effects. In this context, this study proposes
the development of an ophthalmic nanoemulsion with
multifunctional action, formulated from linseed oil (rich in
PFAs) and lecithin (rich in phosphatidylcholine). The focus
is on developing a functional ophthalmic nanoemulsion
with antioxidant and osmoprotective effects by optimizing
physical properties and stability for potential use in DED treat-
ment.
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Experimental

Materials and reagents

Linseed oil (code 430021), egg lecithin or egg L-a-phos-
phatidylcholine (surfactant, ~60% TLC, code 61755),
Kolliphor® HS15 (co-surfactant, code 42966), benzalkonium
chloride (cationic detergent, code B4136), disodium EDTA
(C1pH14N,NayOg, code 114), DPPH (2,2-diphenyl-1-picrylhy-
drazyl, code D9132), triton-X100 (code T8787), phosphate
buffered saline (PBS, code P4417), and F.A.M.E. Mix (Cg—Cp4
unsaturated, code 18918) were purchased from Merck®/Sigma-
Aldrich® (Brazil). Hydrochloric acid (HCI, code
R0101811000), sodium chloride (NaCl, code C1003460500),
ethyl acetate (CH3;COOCH,CHj3, code R2800491000), and
ethanol (CoHsOH, code R0401701000) were purchased from
CRQ Produtos Quimicos. Disodium phosphate
(NapHPO4-2H,0, code P.10.0513.012.00.27), petroleum ether
(code P.10.0450.000.04.81), sodium dodecyl sulfate
(C12H»5S04Na, code P.10.0645.000.00.27) were purchased
from Dinamica Quimica Contemporanea LTDA (Brazil). Potas-
sium hydroxide (KOH, code HP09874RA), trypan blue (code
AT0639850), and methanol (CH30H, code AM07445RA)
were purchased from Exodo Cientifica® LTDA (Brazil).
Monosodium phosphate (NaH;POy, code 01414), phenolph-
thalein (CpgH 404, code 317415), and citric acid
(CgHgO7-H,0, code 19228) were obtained from Neon LTDA
(Brazil), Nuclear LTDA (Brazil), and AlphaQuimica LTDA
(Brazil), respectively. Ascorbic acid (C¢HgOg, product batch
032121-CF) was purchased from CMS Impex LTDA (Brazil).
Thiazolyl blue tetrazolium bromide (MTT, code 976360) was
purchased from Ludwig Biotec (Brazil). All analytical grade
reagents were used as received from the supplier without further

purification.

Ultrapure water was obtained from a Milli-Q® (Merck
Millipore) direct water purification system (18.2 MQ-cm)
and used for all aqueous solutions. L-929 cells (code
0188) were obtained from the Banco de Células do
Rio de Janeiro (BCRIJ)/ATCC (Brazil). RPMI Medium
1640 (code 31800022), fetal bovine serum (FBS, code
12657029), GlutaMAX (code 35050061), and penicillin—strep-
tomycin (code 15140122) were purchased from GIBCO™
(Brazil).

Methodological basis: lecithin structure and

emulsification process

Droplet size, homogeneity, and stability in colloidal systems are
influenced by component proportions (surfactant, oil, and
co-surfactant), emulsification methods (low-energy or high-
energy techniques) [40-42], and intrinsic properties like linseed
oil viscosity and lecithin’s molecular structure [43]. These last

factors are crucial for organizing amphiphilic molecules and
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influencing the uniformity of micellar dispersions in ophthalmic
nanoformulations.

Lecithin is a mixture of phospholipids and consists mainly of
phosphatidylcholine, which typically forms liposomes (concen-
tric lipid bilayers) rather than micelles (single-layered lipid
structures) [43]. The hydrophilic portion of lecithin consists of
phospholipids, while the presence of unsaturated and/or satu-
rated fatty acids determines its hydrophobic characteristics,
thereby influencing its hydrophilic-lipophilic balance (HLB)
values [44]. However, understanding the HLB value requires
clarifying the arrangement of the hydrophilic portions of the
surfactant molecules [43]. Previous research suggests that the
behavior of lecithin in solutions is directly influenced by the
proportion of phospholipids and fatty acids in its composition,
as well as the type of fatty acids, whether they are saturated or
unsaturated [45,46]. Lecithins rich in unsaturated fatty acids
(especially those with cis-double bonds, which create molecu-
lar kinks) tend to form micellar or disordered colloidal struc-
tures because these conformational kinks hinder tight molecu-
lar packing, thus destabilizing bilayer formation. Conversely,
lecithins with a higher proportion of saturated phospholipids are
more likely to organize into stable bilayer vesicles like lipo-
somes. These structural features of lecithin play a crucial role in
determining the physicochemical properties of the resulting
formulations, including their thermodynamic stability, size dis-

tribution, and optical clarity [47,48].

The packing parameter concept (PPC) provides a theoretical
framework for predicting the geometry of amphiphilic systems,
based on the ratio of the surfactant molecule’s total volume, the
area of its polar portions, and the length of its hydrophobic
chain [49]. PPC values below 0.5 indicate the formation of
monolayer micelles, whereas values between 0.5 and 1.0 favor
liposome formation [49,50]. A value of p = 0.5 has been re-
ported for phosphatidylcholine, indicating that lecithin can form
micelles and liposomes [51]. Considering the approximately
60% phosphatidylcholine content in the egg lecithin utilized in
this study, its dissolution in the aqueous phase was prioritized
due to the predominance of its hydrophilic (polar) properties.
However, mixed micellar systems (comprising lipid mono-
and bilayers) form due to the diverse array of fatty acids in
lecithin, the positioning and unsaturation of which are not
provided by the manufacturer. Therefore, experimental tests
on lecithin concentration are necessary to achieve a monolayer,
nanometric, uniform, and stable micellar structural arrange-
ment. Rupp et al. reported the successful translation of the theo-
retical approach (by PPC) into a practical methodology by in-
vestigating variations in surfactant concentration during the
emulsification process, which was also carried out in our study
[43].
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Liposomes are widely studied in ophthalmology for treating
anterior and posterior eye diseases, including dry eye, keratitis,
transplant rejection, uveitis, endophthalmitis, and proliferative
vitreoretinopathy [52]. They can encapsulate hydrophilic and
lipophilic drugs, enhancing bioavailability and targeted delivery
[53]. However, their clinical use can be limited by stability
issues like drug leakage, lipid oxidation, and vesicle aggrega-
tion, which depend on drug properties and bilayer composition
[54]. These challenges are significant regarding chronic topical
use. Conversely, micellar nanoemulsions, such as those in this
study, offer better stability, smaller droplet size, and improved
solubilization of hydrophobic compounds, making them more
suitable for superficial ocular conditions like dry eye, where
sustained bioavailability and tear film compatibility are vital
[53]. Liposomes may also face practical issues due to interac-
tions between the drug and phospholipids, affecting stability
[52,54].

Moreover, heating linseed oil to the formulation temperature of
75 °C offers specific advantages, such as enhanced phase inter-
action and improved solubilization potential for hydrophobic
drugs, without compromising its chemical integrity or bioac-
tivity. No signs of oxidation or thermal degradation were ob-
served at this temperature. TGA and DSC analyses confirm
that degradation processes begin only above 340 °C, ensuring
that the oil’s quality and functional properties are preserved
during formulation. The optimal lecithin concentration
was experimentally determined using a dilution method
combined with a low-energy technique, ensuring the formation
of uniform micelles ideal for ophthalmic applications, as
detailed below.

Preparation of ophthalmic nanoformulations
To obtain nanoemulsions for ocular application, three progres-
sive studies were conducted to determine (1) the appropriate
amounts of surfactant in the pre-emulsions, (2) the nanoformu-
lation prepared in an ophthalmic vehicle (OV), and (3) its stabi-
lization with a co-surfactant. The formulations prepared in the
OV were sterilized using a polyethersulfone (PES) membrane
filter (0.22 pm pore size) and stored at room temperature. The
hydrophilic nature of PES facilitates filtration of lipid-based
nanoemulsions, while potential retention of larger or
deformable droplets may occur without compromising overall
stability.

Surfactant concentration in the pre-formulations

Pre-nanoemulsions (25 mL) were prepared by varying the egg
lecithin concentration from 1% to 5% (w/w) in 8% (w/w) oil in
water, resulting in pre-emulsions with five distinct concentra-
tions (described in Table S1, Supporting Information File 1).

The oil and aqueous phases were heated separately to 75 °C.
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The mass of egg lecithin was initially dissolved in the aqueous
phase at the concentration specified for each experiment. Once
the surfactant was fully solubilized, preheated linseed oil
(75 °C) was gradually added, and the mixture was homoge-
nized using an Ultra Turrax (IKA T18, Dispersion element
S18N-19G) at 10,000 rpm for 5 min. Then, the system under-
went further homogenization with a Q125 Sonicator (QSonica,
USA), using the 4435 probe (QSonica, USA) for 15 min (three
cycles of 5 min each), at 100% amplitude, with pulses of 10 s
on and 2 s off.

Ophthalmic nanoformulation

The OV was initially prepared by dissolving 560 mg of
monosodium phosphate, 284 mg of disodium phosphate,
500 mg of sodium chloride, 100 mg of disodium EDTA, and
0.1 mg of benzalkonium chloride in 100 mL of Milli-Q water
(pH 7.3). To formulate 10 mL of ophthalmic nanoemulsion
(OphtNE), 3.75 mL of the optimized pre-formulation (after 24 h
at rest) was diluted with 6.25 mL of OV, resulting in a
nanoemulsion with a 3.70% (w/w) final concentration of LO.
This mixture was homogenized using a Q125 Sonicator
(QSonica, USA) with a 4435 probe (QSonica, USA) for 10 min
(two cycles of 5 min each), set at 100% amplitude with pulses
of 10 s on and 2 s off. This formulation, designated as OphtNE-
3.70%, was obtained by diluting the optimized pre-emulsion in
the OV, resulting in a final concentration of 3.70% (w/w) with
2.6% (w/v) LO (equivalent to 26 mg-mL_l)‘ The detailed mass
composition of OphtNE-3.70% is provided in Table S2 (Sup-
porting Information File 1).

Stabilization of ophthalmic nanoformulation with
co-surfactant

The stabilization of the surfactant was enhanced by incorporat-
ing Kolliphor® HS15 as a co-surfactant at a concentration of
1% (w/v), as described in the study by Dukovski and colleagues
[21]. For the preparation of a 10 mL ophthalmic nanoemulsion
containing the co-surfactant (with a final concentration of
3.66% w/w), 3.75 mL of optimized pre-formulation (after 24 h
of rest) was diluted in 6.25 mL of the OV, which had 100 mg of
Kolliphor® HS15 pre-solubilized through magnetic stirring. The
resulting formulation was then homogenized using a Q125
Sonicator (QSonica, USA), with a 4435 probe (QSonica, USA)
for 10 min (two cycles of 5 min), set to 100% amplitude with
10 s on and 2 s off pulses. This nanoemulsion, designated as
OphtNE-3.66%(K1%), was obtained by diluting the optimized
pre-emulsion in the OV to a final concentration of 3.66% (w/w),
containing 2.6% (w/v) LO (equivalent to 26 mg~mL_1 or
26,000 pg-mL~!) and added with 1% (w/v) Kolliphor® HS15
(indicated by the “K”). The detailed mass composition of
OphtNE-3.66%(K1%) is provided in Table S2 (Supporting

Information File 1).
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Characterization techniques for linseed oil,
pre-formulation, and ophthalmic

nanoformulations

Linseed oil (LO), pre-formulations, and ophthalmic nanoformu-
lations (OphtNE-3.70% and OphtNE-3.66%(K1%)) were char-
acterized using the following techniques to assess their chemi-
cal, physical, biological (in vitro), and morphological proper-
ties. These characterizations were performed to ensure the
quality and stability of the formulations and to evaluate their

suitability for ophthalmic applications.

Gas chromatograph with flame ionization detection
(GC-FID)

LO’s fatty acid methyl esters were transesterified as described
in [37,38]. Briefly, 1 g of LO was mixed with 100 mL
methanolic KOH (2.5% w/v) and heated at 70 °C under magnet-
ic stirring (3,000 rpm) for 1 h. Afterward, 100 mL of ethyl
acetate was added, and the mixture was stirred at 3,000 rpm for
5 min. The resulting mixture was transferred to a separation
funnel to remove the denser phase. The supernatant was washed
three times with 10% (w/v) citric acid and then concentrated via
rotary evaporation. A 2 uL aliquot of the supernatant was
injected in split injection mode (1:10 in ethyl acetate) into a gas
chromatograph with flame ionization detection (GC-FID) model
7290 A (Agilent Technologies, USA). The column used was a
SP®-2560 capillary GC column (100 m x 0.25 mm x 0.20 pm)
(Supelco). The injector temperature was maintained at 230 °C,
with helium (He) serving as the carrier gas at a flow rate of
1 mL-min~!. The oven temperature was programmed to increase
from 150 to 300 °C at a rate of 5 K-min~!. Peak identification
was performed using the F.A.M.E Mix analytical standard
(C4—Cy4 unsaturated), and chromatogram analysis was carried
out using OpenLab software (Agilent Technologies, USA). The
fatty acid (FA) composition of linseed oil (LO) is summarized
below in Table 1.

Viscosity and density

The viscosity and density of LO were measured using an SVM
3000/G2 kinematic viscometer (Anton Paar, USA). The mea-
surements were performed at two temperatures: 25 °C (by
ASTM D7042-21 standard) and 75 °C, with each measurement
repeated in triplicate to determine the mean * standard devia-
tion.

Acid value for linseed oil

The acid value (AV) of LO was determined following the
American Oil Chemists Society (AOCS) Cd 3d-63 method. For
quantification, 5 g of LO was dissolved in 50 mL of a petro-
leum ether and ethanol mixture (1:1 v/v ratio) at 25 °C under
magnetic stirring. The sample was titrated with a standardized
ethanolic KOH solution (f = 1.07), using phenolphthalein (1%,
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w/v) as the indicator. The AV of the LO was calculated using
Equation 1, with all determinations conducted in triplicate to

obtain the mean * standard deviation:

Vs —Vg)-[KOH]-56.1 g-mol ™!
acid value [mg-gfl]:( A=) ?\4] 26.1grmo > (D
A

where V) is the volume of KOH solution required for the titra-
tion of the LO sample (mL), Vg is the volume of KOH solution
required for blank solvent titration (mL), [KOH] is the concen-
tration of ethanolic KOH solution (0.093 mol-L™1), My is the
mass of the LO sample used (g), and 56.1 g-mol ™! is the molec-
ular weight of KOH.

Thermal analysis
Thermogravimetric (TG) and differential scanning calorimetry
(DSC) analyses of LO (20.5 mg) were performed using a Si-
multaneous Thermal Analyzer (STA) 449 F3 Jupiter
(NETZSCH, Germany). The samples were scanned from 25 to
700 °C at a heating rate of 10 K-min~! under a nitrogen (N,) at-
mosphere with a flow rate of 50 mL-min~!

num pans (T181206 and T181128).

, using sealed alumi-

Droplet size, polydispersity index, zeta potential,

and conductivity

Droplet size and polydispersity index (PdI) of the formulations
were measured 24 h after preparation using dynamic light scat-
tering with a Zetasizer Nano-ZS ZEN 3600 (Malvern Instru-
ments, UK) at 25 °C. Before analysis, the samples were diluted
1:1000 with Milli-Q water, a standard dilution used to prevent
multiple scattering without compromising micelle integrity.
Measurements were performed at a 173° backscatter detection
angle. Zeta potential and electrical conductivity were deter-
mined by electrophoretic mobility using the same instrument at
25 °C. Calculations were based on the Smoluchowski model.
All measurements were performed in triplicate and expressed as
mean * standard deviation.

pH Value

The pH value of the pre-formulation and nanoformulations was
measured using a digital pH meter (HI2221, Hanna Instruments,
BR) equipped with a calibrated glass electrode and a tempera-
ture sensor. The electrode and sensor were immersed in the
samples, and pH readings were recorded once the measure-

ments stabilized.

Transmission electron microscopy

The morphology of the nanoemulsions was analyzed using
transmission electron microscopy (TEM) with a MORGAGNI
268D (FEI Company, USA), operated at 80 kV. Before
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imaging, the samples were sonicated in an ultrasound bath for
15 min, and a drop of the suspension was placed onto a copper
grid (200 mesh) coated with formvar/carbon. Excess liquid was
removed with filter paper, and the samples were counterstained
with 2.5% uranyl acetate (w/v). The grids were then dried under
vacuum for 24 h before TEM analysis.

Long-term stability test

The long-term stability of the nanoformulations was assessed by
storing the samples in hermetically sealed glass vials at 25 °C,
protected from light and kept at rest. The average droplet diam-
eter (size-weighted), polydispersity index, and zeta potential
were measured on days 1, 30, 45, and 60 after preparation,
following the methodologies previously described. All measure-
ments were performed in triplicate to calculate the mean * stan-

dard deviation.

Antioxidant activity

The antioxidant activity of the linseed oil-based nanoformula-
tion was assessed using the 2,2-diphenyl-1-picrylhydrazyl
(DPPH) free radical photocolorimetry method [55,56]. A
100 pL aliquot of DPPH solution (0.3 mmol-L™! in 99%
ethanol) was mixed with 100 pL of ophthalmic nanoformula-
tion, corresponding to linseed oil concentrations of 0.65 to
10.4 mg-mL’1 (corresponding to 25, 50, 100, 200, 300, and
400 pL of nanoformulation per mL of ethanol). The reaction
mixture was incubated in a 96-well plate at 25 °C for 1 h, pro-
tected from light. Absorbance was then measured at 518 nm
using a Multiskan Go UV spectrophotometer (Thermo Fisher
Scientific, FI). Ascorbic acid (3% w/v, prepared in the
ophthalmic vehicle) was used as the positive control. The exper-
iment was performed in quadruplicate, and antioxidant activity
(DPPH radical inhibition percentage) was calculated using
Equation 2 [57]. The ICsq (the concentration required to
achieve 50% inhibition) of the radical scavenging activity was
determined via linear regression analysis [58].

Abscontrol - (Abssample - Absblank )
Abs

DPPH inhibition [%] = 1100, (2)

control

where Absconirol, Tepresents the absorbance of the DPPH radi-
cals, Absgample, represents the absorbance of the nanoformula-
tion, and Absy,nk represents the absorbance of the sample with-
out DPPH (sample + ethanol).

Cytotoxicity assay

L929 fibroblast cells were cultured in RPMI 1640 medium
supplemented with 10% (v/v) fetal bovine serum (FBS), 1%
(v/v) penicillin—streptomycin, and 1% (v/v) GlutaMAX, main-
tained under standard conditions (5% CO, at 37 °C). Cell
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viability was determined using the trypan blue exclusion
method. The in vitro cytotoxicity of the sterile nanoformula-
tions was evaluated according to the guidelines of the Interna-
tional Organization for Standardization (ISO 10993-5:2009)
[59], using the MTT assay to assess cell viability based on
metabolic activity.

1929 fibroblasts were seeded in 96-well plates at 2 x 10* cells
per well. After 24 h, the medium was replaced with 100 uL of
fresh medium containing sterile ophthalmic nanoformulations,
providing final linseed oil concentrations of 0.65 to
13 mg-mL_1 (25, 50, 100, 200, 300, 400, and 500 puL nanofor-
mulation per mL of medium).

After incubation for 24 and 72 h, the treatments were removed,
and 100 pL of MTT solution (0.5 mg-mL_l) was added to each
well, followed by 3 h of incubation under standard culture
conditions. To solubilize the blue-violet formazan crystals,
100 pL of 10% (w/v) sodium dodecyl sulfate solution, acidified
with 0.1 mol-L~! HCI, was added. After 24 h, the absorbance
was measured at 570 nm using a Multiskan Go microplate
reader (Thermo Fisher Scientific, FI). The positive control con-
sisted of cells treated with 1% (v/v) Triton X, while the nega-
tive control comprised cells treated with only the supplemented
RPMI medium.

The percentage of metabolically active cells was calculated by
comparing the absorbance of the samples to that of the negative
control. Linear regression analysis was used to determine the
maximum non-cytotoxic concentration (MNCC70), defined as
the concentration at which 70% cell viability was maintained.
The assay was performed in triplicate across four independent

experiments.

Graphs and statistical analysis

All data in tables and graphs are presented as mean * standard
deviation. Graphs were generated using OriginPro 2022 soft-
ware (OriginLab Corporation, USA). The statistical analysis
(StatSoft Inc., 2011, Tulsa, USA) was performed using analysis
of variance (ANOVA), and mean differences were compared
using the Tukey test. Statistical significance was set at p < 0.05.

For the cytotoxicity data analysis, technical replicates were
collapsed using the median. Outliers were identified and
excluded based on the interquartile range (IQR) method: values
above Q3 + 1.5 X IQR or below Q1 — 1.5 X IQR were removed
for each experimental group. Normality and homoscedasticity
were assessed using the Shapiro—Wilk and Levene’s tests, re-
spectively. A three-way ANOVA was then performed, consid-
ering the factors exposure time (24 and 72 h), concentration
(0.65 to 13 mg~1nL_1), and treatment (OphtNE-3.70% and
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OphtNE-3.66%(K1%)). Two-way interactions were further ex-
amined using post hoc tests, including one-way ANOVA, esti-
mated marginal means, and Tukey’s honestly significant differ-
ence (HSD) test. When appropriate, the Bonferroni correction
was applied for multiple comparisons. Statistical significance
was defined as p < 0.05. Data processing and statistical analyses
were performed using R v.4.5.1 [60], specifically the packages
“tidyverse” v.2.0.0 [61] and “rstatix v.0.7.2 [62]. Supplemen-
tary statistical data are provided in spreadsheets and can be

accessed in Supporting Information File 2.

Results and Discussion

Physicochemical properties of linseed oil

The identification and quantification of fatty acids (FAs) in
linseed oil (LO) are presented in Table 1. Linolenic acid is the
most abundant, constituting 46.7%, followed by oleic acid
(17.7%), linoleic acid (14.5%), behenic acid (7.4%), erucic acid
(5.6%), palmitic acid (5.0%), and stearic acid (3.3%). Heating
LO to 75 °C did not significantly affect the relative quantities of
these fatty acids. Unsaturated FAs (~79%) remained dominant
over saturated FAs (~21%), consistent with the results reported
by Qiu et al. [63] and Rahiminezhad and colleagues [64].
Among the FAs in LO, a-linolenic acid (ALA, omega-3), oleic
acid (OA, omega—9), and linoleic acid (LA, omega—6) are
recognized as essential bioactive compounds, making LO valu-
able for medicinal applications. Notably, ALA is metabolized
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into eicosapentaenoic acid (EPA, C20:5) and docosahexaenoic
acid (DHA, C22:6), providing polyunsaturated fatty acids
(PUFASs) that are vital for human health [65,66]. PUFAs are
well-known for their therapeutic potential, particularly their
anti-inflammatory and antioxidant properties [30], showing
promising results in systemic and topical treatment [33,67,68],
including for dry eye disease [35,36,69].

The viscosity, density, and AV of LO at both room temperature
(25 °C) and elevated temperature (75 °C) are summarized in
Table 2. Visually, heating LO to 75 °C did not result in any
noticeable changes in color or turbidity; the oil maintained its
original yellowish hue and translucent appearance, as shown in

Figure 1la.

The observed density of LO at 25 °C was consistent with the
values reported by Rahiminezhad and colleagues [64]. Howev-
er, increasing temperature reduced LO density (by ca. 4%). This
reduction can be attributed to the increased molecular motion of
the oil’s long fatty acid chains (saturated and unsaturated) when
heated. The increased motion causes greater intermolecular
spacing, leading to an increase in the oil’s volume. As a result,
the oil’s mass-to-volume ratio (density) decreases, as observed
for vegetable oils [70]. Raising the temperature of LO to 75 °C
resulted in a statistically significant reduction (75.7%) in

viscosity (p < 0.05). Linseed oil consists predominantly of

Table 1: Identification of fatty acid methyl esters, retention times, fatty acid profiles, carbon chain structures, and relative quantities in linseed oil

(Sigma-Aldrich®).

Ester Retention time (min) Fatty acid
methyl palmitate 22.405 palmitic acid
methyl stearate 26.368 stearic acid
methyl oleate 27.581 oleic acid
methyl linoleate 29.336 linoleic acid
methyl linolenate 31.407 linolenic acid
methyl behenate 34.030 behenic acid
methyl erucate 35.271 eructic acid

Carbon chain (carbon
atoms:unsaturation)

Relative quantity (%)2

16:0 4.9
18:0 3.3
18:1 17.7
18:2 14.5
18:3 46.7
22:0 7.4
22:1 5.6

aDetermined from the relative peak area ([the peak area assigned to each fatty acid/the total peak areas of the fatty acids] x 100).

Table 2: Density, viscosity, and acid value of linseed oil (Sigma-Aldrich®) at 25 and 75 °C.

Temperature (°C)

25
75

0.93
0.89

linseed oil
(Sigma-Aldrich®)

Density (g-cm™3)

Dynamic viscosity Acid value (mg-g~')2

(mPa-s~1)3
40.76 + 0.221 1.74 + 0.041
9.91 +0.012 1.66 + 0.071

aValues are expressed as mean + standard deviation (n = 3), and equal superscript numbers indicate no statistically significant difference (a = 0.05)

by Tukey'’s test.
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Figure 1: Linseed oil (Sigma-Aldrich®): (a) image of the oil after heating to 75 °C and (b) TGA/DSC curves.

unsaturated fatty acids, characterized by long hydrocarbon
chains containing double bonds between carbon atoms. At
higher temperatures, these double bonds relax and undergo con-
figurational changes from cis to trans, leading to distortions in
the molecular structure [71,72]. This results in weaker intermo-
lecular interactions, reducing the oil’s viscosity [73]. A lower
viscosity in LO can facilitate the formation and stability of
micelles by allowing surfactant molecules to move more freely,
promoting their rapid formation and maintaining stability within

the emulsion [74].

An important quality parameter of LO is the free fatty acid
(FFA) content, determined by the AV. A lower AV signifies a
reduced FFA content, indicating higher oil quality and en-
hanced bioactive functionality, making it well-suited for
medical applications. The AV measured for LO at 25 °C was
significantly lower than the value reported by Tariq et al. [75],
indicating that the LO used in this study was of higher quality
and free from deterioration, oxidation, and adulteration. Heating
the LO to 75 °C had no significant impact on the AV, which
remained stable at this temperature. This finding aligns with the
results obtained through GC-FID analysis, confirming that
heating to 75 °C did not affect the quality of the oil. To provide
a comprehensive understanding of the thermal behavior of LO,
the TG and DSC curves are presented in Figure 1b. The TGA
curve for the LO revealed two distinct thermal mass loss events.
The first event occurs between 340 and 490 °C, where a signifi-

cant mass reduction (~94.2%) is observed, with the degradation
temperature marked at 368 °C (Topger). This primary degrada-
tion phase involves lipolysis, the breakdown of triglycerides
into fatty acids and glycerol. Following lipolysis, glycerol
decomposes into acrolein, a compound known for its toxicity to
humans, as well as the breakdown of unsaturated fatty acid
chains. The second mass loss event (~5.8%) occurs between
539 and 600 °C and is attributed to the decomposition of satu-
rated fatty acids and low-molecular-weight compounds gener-
ated during earlier thermal degradation processes.

The DSC curve for LO exhibited three distinct calorimetric
events. The first endothermic peak (7 = 392 °C) is likely attri-
buted to the presence of polyunsaturated fatty acids, as con-
firmed by GC-FID analysis. As the temperature rises, the
double bonds in these unsaturated fatty acids undergo relaxa-
tion and changes from cis to trans configuration, distorting the
molecular structure. This leads to weaker intermolecular inter-
actions, which is reflected in a reduction in oil viscosity (as
shown in Table 2) and a decrease in the oil’s melting point. The
second endothermic peak (T, = 457 °C) is attributed to the rup-
ture of double bonds in the unsaturated fatty acids, resulting in
the formation of glycerol and shorter-chain fatty acids. Finally,
the third exothermic peak (73 = 557 °C) corresponds to the mo-
lecular rearrangement and decomposition of the oil into simpler
compounds, such as aldehydes, ketones, and aromatic hydro-

carbons.
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These findings affirm the thermal stability of linseed oil at
75 °C, showing no significant changes in acid value or oxida-
tion signs as per GC-FID analysis. TGA and DSC results reveal
that degradation only occurs above 340 °C, ensuring that the
formulation temperature does not affect the oil’s quality or
bioactivity. Overall, the oil’s consistent thermal stability, fatty
acid profile, and reduced viscosity under heat facilitate the for-
mation of nanoemulsions, thereby enhancing its therapeutic
benefits for DED, where antioxidant and anti-inflammatory

effects are crucial.

Structural organization of micelles in the
ophthalmic nanoformulations

To establish the stability of nanoemulsions, it is essential to
identify a region in the ternary diagram where the concentra-
tions of oil, water, and surfactant/co-surfactant are ideal for the
formation of nanometer-sized droplets, minimizing the risk of
coalescence or phase separation. A viable strategy to streamline
the extensive series of formulations and to locate the optimized
region in the ternary diagram involves diluting an emulsion, if
the component proportions in its formulation are adjusted
to enhance stability. In this context, as an initial approach,
different concentrations of lecithin were evaluated in pre-
formulations (pre-emulsions). The results for particle
size, polydispersity index, electrical conductivity, zeta
potential, and pH for all formulations (pre-formulations and
ophthalmic nanoformulations) obtained are summarized in
Table 3. The particle intensity distribution profiles of the pre-
formulations are presented in Figure S1 of Supporting Informa-
tion File 1.
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The successful sterile filtration of nanoemulsions through
0.22 uym PES membranes demonstrates the viability of this
method for ophthalmic use. PES membranes are hydrophilic,
have low lipid affinity, reduce fouling, and are compatible with
aqueous nanoemulsions. Although droplet size was below the
pore size, larger or aggregated droplets might be retained due to
deformability, causing minor phase loss or changes. Despite an
initial droplet size larger than 220 nm, the surfactant-rich inter-
face enables passage through the membrane. The filtration also
helps exclude larger, unstable droplets, improving size
uniformity. PES membranes are thus effective for steril-
izing nanoemulsions without affecting stability or function [76-
78].

The droplets in the pre-formulations exhibited a weighted aver-
age diameter ranging from 470 nm (lower surfactant content) to
222 nm (higher surfactant content), demonstrating the influ-
ence of lecithin concentration on the droplets’ hydrodynamic di-
ameter (F' = 67.34, p <0.000001, one-way ANOVA). Initially,
when the surfactant content was 1% and 2% (w/w) in the 8%
(w/w) pre-formulation, the droplet hydrodynamic diameter
exceeded 300 nm, showing a multimodal distribution of intensi-
ties with PdI values above 0.3. This suggests that the lecithin
content in the O/W(L-1%) and O/W(L-2%) pre-formulations is
insufficient to effectively reduce surface tension, resulting in
incomplete droplet coverage and subsequent coalescence. As
the lecithin concentration in the pre-formulations was increased,
the hydrodynamic diameter of the droplets and PdI values de-
creased, indicating improved uniformity. PdI values below 0.3
suggest greater size homogeneity [79]. Under the same ultra-

Table 3: Results of weighted average droplet diameter (nm), polydispersity index (Pdl), electrical conductivity (uS-cm~"), zeta potential (mV), and pH
for pre-formulations and ophthalmic nanoformulations (with and without co-surfactant).

Procedures for Formulation code? [Total] LO

manufacturing (%o, WW)P (%, WHV)

nanoformulations

pre-formulation O/W(L-1%) 8.2 8

(pre-emulsion)  ow(L-2%) 9.1 8
O/W(L-3%) 9.9 8
O/W(L-4%) 10.7 8
O/W(L-5%) 115 8

ophthalmic OphtNE-3.70% 3.70 2.6

nanoformulation

ophthalmic OphtNE-3.66%(K1%) 3.66 2.6

nanoformulation
with co-surfactant

Weighted Pdl Conductivity Zeta potential pH
mean of sizes (uS-cm™he  (mv)©

(nm)® F(5,18) = 74.04, F(5,18) = 67.34,

F(5,18) = 15.24, p < 0.0001 p < 0.000001

p =0.0023

470.2+66.9" 0.389 9.0 +0.8! -333+08" 47
3476 +1.5"2 0.383 9.3+20! -40.7 +0.723 46
308.0+23% 0.252 11.7+0.12 -39.9+022 46
2276 +28%4 0238 148+028 -416+0.823 4.4
2223+3.734 0.244 146+078 -428+1523 45
1731 +3.95 0.146 186+0.74 -447+02% 6.9
70.8 +0.8° 0.126 173+08* -376+08%2 6.8

3L ecithin is represented by L and KoIIiphoH® HS15 by K; P[Total] = [(mass of LO + mass of L)/mass of water + mass of LO+ mass of L] x 100; ®values

are mean + SD; equal superscript numbers (1-6) show no significant difference (o = 0.05) per Tukey’s test.

1719



sound emulsification conditions, the droplet diameter reaches an
optimal point, indicating surfactant saturation at the droplet
interface. This reduces surface tension by fully covering the
interfacial surface area, thereby stabilizing the emulsion
structure [80,81]. Among the pre-formulations, O/W(L-3%)
demonstrated optimal performance, with a hydrodynamic
diameter of approximately 300 nm and a PdI value of
0.252. This monomodal intensity distribution confirmed
efficient surfactant coverage. Further lecithin additions,
such as in O/W(L-4%) and O/W(L-5%), led to free micelle
formation due to surfactant excess, resulting in smaller droplets
but multimodal distributions. Similar results were reported in
previous studies that reported the influence of surfactant con-
centration on the formation and stability of nanoemulsions [82-
84].

In summary, variations in lecithin concentration assessed in pre-
formulations containing linseed oil delineate distinct profiles
concerning droplet diameter distribution, delineating three
discernible phases. The initial phase (represented by pre-formu-
lations O/W(L-1%) and O/W(L-2%)) exhibits inadequate
lecithin levels to entirely coat the oil droplet interfaces. The
subsequent phase (represented by pre-formulation O/W(L-3%))
reveals a saturation point of lecithin concentration at the oil
droplet interfaces, ensuring optimal surfactant utilization.
Finally, the third phase (illustrated by pre-formulations O/W(L-
4%) and O/W(L-5%)) manifests an overabundance of lecithin,
resulting in the formation of micellar structures within the pre-

formulations.

As electrical conductivity is a physicochemical parameter
modulated by surfactant concentration in emulsified systems
[85]. The measured conductivity values corroborate earlier find-
ings, with statistical significance confirmed by one-way
ANOVA (F =74.04, p = 0.000026), as shown in Table 3. In the
initial phase, the electrical conductivity of pre-formulations
O/W(L-1%) and O/W(L-2%) exhibited no significant changes
with increasing lecithin concentration. Moving into the second
phase, the O/W(L-3%) pre-formulation demonstrated a notable
21% increase in dispersion conductivity, indicating statistical
significance compared to formulations with lower lecithin con-
centrations. Transitioning to the third phase, characterized by
excess lecithin, both O/W(L-4%) and O/W(L-5%) pre-formula-
tions exhibited a statistically significant 21% rise in electrical
conductivity compared to O/W(L-3%). This elevation is attri-
buted to free micelles capable of facilitating electron displace-
ment within the aqueous dispersion. The enhanced conductivity
facilitated by electron transport species can foster chemical
interactions with contacting materials (such as primary pack-
aging) or expedite degradation processes, particularly given the

acidic nature of the pre-formulations.
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Variations in zeta potential (=33.3 to —44.7 mV) reflect the in-
fluence of surface-active functional groups, particularly the
phosphate groups in lecithin. This effect was statistically signif-
icant (F = 15.24, p = 0.00235, one-way ANOVA), as reported
in Table 3. These groups impart a negative charge to the drop-
let surfaces, attributed to the amphiphilic nature of lecithin,
whose polar head contains the phosphate anion ([PO4]3').
Miiller [86] suggested that when the absolute value of the zeta
potential exceeded 30 mV (in module), the droplets in the
system would be stabilized by strong electrostatic repulsion. All
pre-formulations exhibited zeta potential values exceeding
-30 mV, as shown in Table 3.

The lecithin concentration significantly influenced the negative
charge density on the droplets’ surface. This effect was evident
in the pre-formulation containing 2% (w/w) lecithin (O/W
(L-2%)), where the surfactant coating begins to form on the
droplet interface. While cationic and anionic nanoemulsions are
commonly explored in drug delivery systems due to their
distinct electrostatic properties, the present formulation was not
designed as a drug delivery vehicle. Instead, it functions as a
bioactive nanoemulsion intended to stabilize the tear film and
provide antioxidant and osmoprotective effects. Cationic emul-
sions are known to enhance residence time on the ocular sur-
face via electrostatic interactions with negatively charged
mucins [25,87,88], while anionic nanoemulsions offer better
compatibility with the components of tear fluid [2,89]. Based on
this, an anionic profile was selected in this study to optimize
retention and interaction with the ocular environment, aiming to
support tear film function and alleviate dry eye symptoms
through the multifunctional properties of LO. Although the
physicochemical profile is compatible with nanosystems often
used in drug delivery, no pharmacological agent was incorpo-

rated in this study.

All pre-formulations displayed a pH below 5, indicating their
acidic nature. This acidity can be attributed mainly to LO,
which has a pH of 4.1 and is the major component of pre-
formulations at an 8% (w/w) concentration. The increase in
lecithin concentration did not significantly impact the pH of the
pre-formulations. While pH and ionic strength directly affect
the electrical charge of system components [83,90], the ob-
served zeta potential values were consistently related to the sur-

factant amount surrounding the droplets.

Several criteria were considered to determine the optimal
lecithin concentration for forming coarse pre-emulsions:
(1) achieving a mean hydrodynamic droplet diameter close to
300 nm to ensure the efficacy and safety of ocular administra-
tion [91,92]; (2) ensuring droplet uniformity with a monodis-

perse profile [93]; (3) maximizing lecithin’s performance in
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forming LO droplets through monolayer micelles [81];
(4) avoiding excess surfactant molecules to maintain biocom-
patibility [94,95]; and (5) maintaining a negative surface
charge density greater than —30 mV for stability dispersion [84].
Based on these criteria, the O/W(L-3%) pre-formulation was
identified as the most suitable candidate for further investiga-
tions in the development of ophthalmic nanoformulations for
DED.

After optimizing the pre-formulation parameters, a simple
dilution process of O/W(L-3%) combined with ultrasonic
emulsification resulted in a reduction of the hydrodynamic di-
ameter of the droplets by approximately 44%, leading to a de-
crease in the PdI values to 0.146 (see Table 3), thereby
achieving a narrower monomodal distribution profile, a charac-
teristic feature of nanoemulsions obtained through ultrasound
[96].

The dilution process of the O/W(L-3%) system facilitated a
more uniform distribution of lecithin molecules around the sur-
face of the LO droplets, effectively reducing the interfacial
tension. This process, coupled with low-energy ultrasound,
allowed for the reduction of the droplet diameter [97]. Further-
more, diluting the pre-formulation increases the average dis-
tance between the droplets, thereby decreasing electrostatic
repulsion interactions between them [83]. As a result, the
OphtNE-3.70% nanoformulation produces smaller and more
stable droplets, attributed to the reduced interfacial tension and
the reorganization of lecithin molecules, which minimize aggre-

gation over time.

However, a high density of ionic surfactants at the system
interface requires careful consideration. Strong electrostatic
repulsion within the dispersion can generate dipole moments
between droplets, increasing surfactant mobility on their
surfaces [98]. This mobility may create gaps at the interface,
ultimately promoting coalescence and causing destabilization
over time. To avoid this effect, Kolliphor® HS15, a non-
ionic hydrophilic surfactant, was added as a second surfactant.
The addition of this co-surfactant aimed to stabilize and
slightly reduce the negative charge density in the droplet
surface [99]. Furthermore, the combination of lecithin with
another hydrophilic surfactant has a greater capacity to form
micelles [43]. Kolliphor was selected due to its common
use in ophthalmic products and FDA approval for concentra-
tions up to 5% [88]. This co-surfactant reduced the zeta
potential by approximately 16% compared to OphtNE-
3.70%. Despite this reduction, OphtNE-3.66%(K1%)
maintained zeta potential values below —30 mV, ensuring
dispersion stability and supporting its use in ophthalmic

nanoformulations.

Beilstein J. Nanotechnol. 2025, 16, 1711-1733.

After diluting the O/W(L-3%) pre-formulation in VO, a signifi-
cant reduction of approximately 75% in droplet size was
observed following the addition of Kolliphor® HS15.
This substantial size reduction can be attributed to the
surfactant’s chemical structure, which effectively anchors onto
the surfaces of the oil droplets. Additionally, the ultrasound
process further contributes to size reduction by promoting drop-
let fragmentation. The smaller droplet size increases the sur-
face-area-to-volume ratio, enhancing electrostatic shielding.
This effect is particularly pronounced when the non-ionic
co-surfactant occupies the droplet surface. These findings are
consistent with Dukovski et al., who also highlighted the role of
Kolliphor® HS15 in reducing droplet size in nanoemulsions
[21].

The sterile nanoformulations OphtNE-3.70% and OphtNE-
3.66%(K1%) exhibited droplet sizes ranging from larger than
50 nm to smaller than 300 nm, which are considered suitable for
permeating the ocular barriers, indicating their potential as
multifunctional systems for hydrophobic drug delivery to the
eye [14,100]. Figure 2a and Figure 2b display the droplet diam-
eter distribution plots for OphtNE-3.70% and OphtNE-
3.66%(K1%), respectively.

The electrical conductivity of OphtNE-3.70% and OphtNE-
3.66%(K1%) was higher than that of the O/W(L-3%) pre-
formulation due to using VO as a diluent. VO contains elec-
trolytes, particularly NaCl, which improves conductivity. In
contrast, diluting the ophthalmic formulations in pure distilled
water may cause variations in conductivity, which can compro-
mise the consistency and effectiveness of your applications
[101]. When preparing ophthalmic nanoformulations, VO guar-
antees more stable and reproducible conductivity conditions,
with values consistently below 50 uS-cm™! [102,103], com-
pared to literature-reported nanoemulsions for DED treatment
based on castor oil and 1,2-dimyristoyl-sn-glycerol-3-phospho-
choline with a conductivity of 68.9 uS-cm™! [20]. Another study
described the development of a nanoemulsion-based gel con-
taining moxifloxacin hydrochloride to treat conjunctivitis with a
conductivity of 390 uS-cm"l [104]. In comparison to both
studies, the ophthalmic nanoformulations developed demon-
strated lower conductivity, indicating good tolerance and no
ocular irritation.

Preparing the OphtNE-3.70% and OphtNE-3.66%(K1%)
nanoformulations involved diluting the O/W(L-3%) pre-formu-
lation in OV. This process increased the pH of the nanoformula-
tions by buffering salts such as NaHPO,4 and Na,PO4. Main-
taining the pH within the range of 6.5-8.0 ensures ocular
compatibility, avoiding irritation and enhancing drug absorp-
tion [92,105,106].
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Figure 2: Droplet diameter distribution graphs and macroscopic appearance after 24 h at rest of sterile ophthalmic nanoformulations: (a, c) OphtNE-

3.70%, and (b, d) OphtNE-3.66%(K1%).

Morphological, stability, and biological
properties (in vitro) of ophthalmic
nanoformulations

The pre-formulation emulsion (O/W systems with 1-5%
lecithin) appeared homogeneous and milky white, typical of
stable oil-in-water systems with fine droplets (Figure S2 in Sup-
porting Information File 1). In contrast, the sterile ophthalmic
nanoformulations OphtNE-3.70% and OphtNE-3.66%(K1%)
(Figure 2c and Figure 2d, respectively) also exhibited a milky
appearance but with distinct optical clarity, influenced by their
smaller and more uniform nanodroplet size distributions. These
visual attributes support the colloidal stability and successful
transition from pre-formulation to nanoemulsion via ultrasonic
processing.

The OphtNE-3.70% nanoformulation (containing only lecithin)
forms a monomolecular film at the oil-water interface. When
light interacts with this finely dispersed droplet system, it scat-

ters in multiple directions, giving the nanoemulsion its charac-

teristic milky opaque appearance. Similar optical properties
have been documented in the literature for lecithin-based
nanoemulsions with droplet sizes of approximately 150 nm
[21,107]. The OphtNE-3.66%(K1%) nanoformulation appeared
more translucent than the OphtNE-3.70% nanoformulation.
This difference can be attributed to two main factors: (1) the
significant reduction in droplet size and (2) the improved
uniformity of the nanodroplets. These factors minimize light

scattering, resulting in a more transparent nanoemulsion.

The macroscopic difference between the ophthalmic nanofor-
mulations OphtNE-3.70% and OphtNE-3.66%(K1%) is further
supported by the TEM micrographs presented in Figure 3a and
Figure 3c, respectively. These micrographs reveal spherical
droplets in both formulations, but distinct differences in size
and dispersion uniformity are evident. OphtNE-3.70% displays
larger and more heterogeneous particles, whereas OphtNE-
3.66%(K1%) exhibits smaller, uniformly distributed droplets.

This observation aligns with the PdI results shown in Table 3,
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Figure 3: TEM micrographs of ophthalmic nanoformulations: OphtNE-3.70% (a, b) and OphtNE-3.66%(K1%) (c, d) at low (a, c) and high (b, d) magni-

fication, showing nanodroplet and micellar morphology.

confirming that the addition of Kolliphor® HS15 improved both
homogeneity and droplet size reduction. This feature is crucial
for ensuring the stability of formulations and achieving unifor-
mity in the dosage unit, a key requirement for ophthalmic appli-
cations [27]. The high-magnification images in Figure 3b and
Figure 3d reveal the micellar structure, characterized by dense
cores resulting from the presence of linseed oil and less dense
peripheries formed by the interfacial layer, which consists of the
surfactant and co-surfactant. This structural organization under-
scores the effective interaction between the formulation’s com-
ponents.

To ensure the prolonged stability of the OphtNE-3.70% and
OphtNE-3.66%(K1%) nanoformulations, droplet size monitor-
ing was carried out fortnightly for 60 days. Figure 4a and
Figure 4b present the weighted means of particle size and PdI,
respectively, during storage.

Emphasis should be placed on the phenomenon known as
Ostwald ripening, commonly observed in colloidal systems,
particularly in nanoemulsions [108,109]. During Ostwald
ripening, smaller particles, which have a higher surface-area-to-
volume ratio, diffuse and aggregate into larger droplets, leading
to coalescence and an overall increase in droplet size. This
dynamic process leads to a tendency for particle enlargement

over time, as observed in both ophthalmic nanoformulations.
However, this phenomenon was more pronounced in the first 15
days of OphtNE-3.66%(K1%) due to its smaller droplet size
than OphtNE-3.70%.

For OphtNE-3.70%, relative stability was observed up to
approximately 30 days of storage. After this period, a signifi-
cant increase in the droplet size occurred, showing a 76%
increase compared to the initial size, as depicted in the graph.
This phenomenon can be attributed to the formation of induced
dipole moments between negatively charged droplets of
lecithin, creating repulsive forces that, over time, cause the
droplets to coalesce due to the formation of interfacial gaps on
their surfaces. However, the addition of Kolliphor® HS15 in
OphtNE-3.66%(K1%) mitigated this effect by redistributing
surface charges, improving interfacial organization. As a result,
the formulation exhibited more consistent droplet size behavior
over time, with only moderate increases in size and PdI. Al-
though some variation occurred, no phase separation or macro-
scopic instability was observed, indicating acceptable colloidal
stability under storage conditions. The PdI values of the
ophthalmic nanoformulations remained relatively stable throug-
hout the storage period, staying close to 0.2, indicating a
uniform particle size distribution. This controlled droplet size
profile in nanoemulsions can be attributed to the simple dilu-
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Values are expressed as mean + standard deviation and equal superscript letters indicate no statistically significant difference (a = 0.05) by Tukey's test
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Figure 4: Changes in (a) average droplet size and (b) polydispersity index of OphtNE-3.70% and OphtNE-3.66%(K1%) nanoformulations over
60 days at room temperature. Data are shown as means + standard deviation (n = 3) with statistical significance (p < 0.05).

tion process from pre-formulations. As reported in the literature,
the storage of diluted nanoemulsions after treatment in a
microfluidizer exhibited significantly greater stability com-
pared to undiluted nanoemulsions [41].

The antioxidant potential of ophthalmic nanoformulations was
evaluated using the DPPH assay, a well-established method for

assessing the free radical-scavenging capacity of bioactive

substances through a visible color change in the reaction medi-
um. Typically, the greater a compound’s ability to reduce
DPPH radicals, the higher its antioxidant effect [55]. The anti-
oxidant activity of OphtNE-3.70% and OphtNE-3.66%(K1%)
nanoformulations was evaluated through these tests, as shown
in Figure 5. The results demonstrated a statistically significant
dose-dependent response. The antioxidant activity observed is

attributed to the presence of linseed oil at 3% (w/v) in the
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Figure 5: Antioxidant activity (DPPH assay) of OphtNE-3.70% and OphtNE-3.66%(K1%) at different concentrations (0.65-10.4 mg-mL~"), with
ascorbic acid as the positive control. Data are mean + SD. *p < 0.05; n.s., not significant.

formulations, rich in a-linolenic acid and other bioactive com-
ponents. As the concentration of nanoformulations increased,
their antioxidant activity increased, compared to ascorbic acid
(positive control). The essential omega—3 fatty acid is known
for its ability to neutralize free radicals, which contributes to
protection against cellular oxidative stress by synthesizing EPA
and DHA [28,65,110]. Supporting these findings, a multicenter,
double-blind, randomized clinical study conducted by Downie
et al. developed a nanoemulsion-based tear formulation contain-
ing linseed oil and trehalose [31]. This nanoformulation provi-
ded additional ocular surface protection, highlighting its poten-
tial as a promising product for DED.

When comparing the nanoformulations, a statistically signifi-
cant difference in antioxidant activity was observed beginning
at an LO concentration of 7.80 mg-mL~!, with OphtNE-
3.66%(K1%) showing greater antioxidative potential due to its
smaller nanodroplet size. The relationship between droplet size
and antioxidant capacity has been highlighted in previous
studies, where emulsified systems exhibited superior antioxi-
dant performance compared to non-emulsified essential oils
[55]. Additionally, antioxidant nanoemulsions containing
a-tocopherol have been reported as effective strategies for glau-
coma treatment [111].

The DPPH 50% inhibition activity (ICsp) was estimated at
9.56 mg-mL~! for OphtNE-3.70% and 9.16 mg-mL~! for

OphtNE-3.66%(K1%). The linear regression equations used to
determine the ICs( values for the antioxidant activity of
ophthalmic nanoformulations are provided in Figure S3 in Sup-
porting Information File 1. These antioxidant activities high-
light the potential of OphtNE-3.70% and OphtNE-3.66%(K1%)
to protect cells from oxidative damage caused by free radicals.
This protection is essential for preserving cellular integrity and
functionality, ensuring accurate and reliable results in cytotoxic-
ity experiments. Notably, at LO concentrations lower than
7.80 mg-mL"!, no statistical difference in antioxidant perfor-
mance was observed between the two formulations, emphasiz-
ing their similar efficacy in cellular protection.

Given that the data satisfied the assumptions of normality and
homoscedasticity, a three-way ANOVA was conducted to
assess L1929 cell viability based on absorbance measurements,
which showed significant effects of concentration and time, as
well as the interactions treatment:concentration and concentra-
tion:time (Table 4). Cell viability was influenced by the syner-
gistic effects of nanoformulation concentration and exposure
time. Increased absorbance values indicated cell proliferation,

whereas decreased values signified cell death.

The two-way ANOVA applied to the treatment:concentration
interaction was statistically significant at all analyzed levels
(Table S3 in Supporting Information File 1), supporting the

trends observed in the graphical representation. The results of
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Table 4: Three-way ANOVA of the effects of treatment, concentration, and time, and their interactions, on MTT assay absorbance in L929 cells.2

Effect DFp DFy
treatment (OphtNE-3.70% and 1 99
OphtNE-3.66%(K1%))

concentration (mg-mL~") 8 99
time (h) 1 99
treatment:concentration 8 99
treatment:time 1 99
concentration:time 8 99
treatment:concentration:time 8 99

a*: significant (p <0.05); ns: not significant.

the one-way ANOVA for the significance levels are presented
in Table S4 in Supporting Information File 1.

The boxplot in Figure 6a displays a characteristic dose-depend-
ent response pattern, where increasing concentrations of the
nanoformulations lead to a progressive decrease in absorbance
values and, consequently, in cell viability, observed at both 24
and 72 h of exposure. This behavior is indicative of a cytotoxic
effect, likely associated with the accumulation of nanoformula-

tion components in the extracellular environment.

OphtNE-3.70% maintained high cell viability, comparable to
the negative control, up to a concentration of 7.80 mg-mL™!
(300 uL-mL™"), suggesting good tolerability after 24 h of expo-
sure. This observation aligns with previous reports indicating
that lecithin-containing formulations are generally well toler-
ated by non-tumor cells, due to their structural similarity to
plasma membrane phospholipids [42,112]. Such compatibility
may facilitate spontaneous fusion with the membrane or passive
endocytosis without triggering inflammatory or apoptotic
responses. However, at concentrations of 10.40 mg-mL~! and
above, a marked reduction in absorbance values and, conse-
quently, in cell viability was observed. This effect may be
primarily attributed to: (i) the relatively high sample volume
applied to the wells (400 pL-mL™1), potentially limiting oxygen
and nutrient diffusion; and (ii) lipid overload, which could
disrupt local osmotic balance and alter membrane fluidity and
integrity, thereby promoting necrosis or delayed apoptosis
[113,114].

From a biochemical perspective, this high lipid load may en-
hance lipid peroxidation and disrupt membrane lipid domain
organization, affecting associated proteins and the cytoskeleton,
thereby further compromising cell viability. These effects
become particularly evident at higher concentrations, such as
13 mg-mL~!, where absorbance values approach those ob-
served in the positive control (non-viable cells). Under this

condition, the high proportion of formulation relative to the

F p p <0.05 ges

82.887 9.8310-15  * 0.456
60.025 1391034  ~ 0.829
0.107 0.744 ns 0.001
8.734 5.81 1079 * 0.414
1.595 0.21 ns 0.016
2.924 0.006 * 0.191
0.797 0.607 ns 0.060

RPMI medium (500 pL of formulation per well) amplifies the
physicochemical stress on the cells, impairing the maintenance
of homeostasis and promoting irreversible loss of membrane

integrity.

In contrast, OphtNE-3.66%(K1%), which contains Kolliphor®
HS15 as a co-surfactant, exhibited more pronounced cytotoxici-
ty even at lower concentrations. Cell viability was comparable
to the negative control only at 1.30 mg-mL™!, decreasing
sharply at higher concentrations. This effect may be attributed
to the smaller size of the nanodroplets, which increases the spe-
cific surface area, thereby enhancing interactions with the cell
membrane and facilitating particle internalization via endo-
cytosis [115]. Previous studies have linked colloidal nano-
systems to increased mitochondrial instability and the activa-
tion of apoptotic pathways, even in normal cells [116,117].

Regarding the concentration:time interaction, the two-way
ANOVA revealed statistical significance only for OphtNE-
3.70% (Table S5 in Supporting Information File 1). This effect
was further examined through a one-way ANOVA, pooling
exposure times to assess the influence of concentration, which
confirmed the significance of this factor (Table S6 in Support-
ing Information File 1). This finding suggests that, for this
nanoformulation, exposure time exerts a more pronounced in-
fluence on the cellular response compared with the OphtNE-
3.66%(K1%) (containing Kolliphor® HS15). The boxplot in
Figure 6b illustrates an upward trend in absorbance values over
time, particularly at lower concentrations, which may indicate
either cellular recovery following initial exposure or adaptation
to the external stimulus. This pattern was also observed in the
negative control, supporting the experimental consistency.
Notably, at LO concentrations of 7.80 and 10.40 mg-mL~!, a
reduction in absorbance value and, consequently, in L929 cell
viability was detected at 72 h but not at 24 h. This observation
indicates a delayed cytotoxic effect, potentially associated with
intracellular accumulation of nanoemulsion components, mito-

chondrial dysfunction, or oxidative stress induced by prolonged
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Figure 6: MTT assay absorbance for L929 cells: (a) boxplots for OphtNE-3.70% and OphtNE-3.66%(K1%) by treatment:concentration interaction at
24 and 72 h; (b) boxplots for OphtNE-3.70% by concentration:time interaction. *p < 0.05; n.s., not significant.

exposure [118]. Collectively, these findings underscore the
importance of considering multiple parameters in the develop-
ment of ophthalmic nanoformulations, including lipid concen-
tration, application volume, exposure time, and formulation
composition. Fine-tuning these variables is essential to ensure
therapeutic efficacy without compromising cellular safety.

Furthermore, the relevance of long-term in vivo studies is high-

lighted as a means to predict potential adverse events that may

arise from repeated topical clinical applications.

Cell viability results above 70% are generally considered
acceptable by the ISO 10993-5:2009. [59]. Table 5 summarizes
the maximum non-cytotoxic concentration (MNCC) for L929
cells exposed to the developed ophthalmic nanoformulations. A
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Table 5: Results for 70% maximum non-cytotoxic concentration (MNCCyz) of nanoformulations OphtNE-3.70% and OphtNE-3.66%(K1%) after 24

and 72 h of culture.

Ophthalmic nanoformulations
24 h (short exposure)
MNCC7q (mg-mL-1)

OphtNE-3.70%
OphtNE-3.66%(K1%)

7.80 300
1.30 50

comparative analysis of the results revealed that only the
OphtNE-3.66%(K1%) nanoformulation showed decreased
tolerance, despite a slight increase in its MNCC with prolonged

exposure.

Cell-based assays are widely accepted alternatives to Draize
tests (in vivo), given the evidence of the correlation between
cytotoxicity and ocular damage, particularly ocular irritation
[119]. The scientific community strongly advocates integrating
in vitro tests to generate robust data, developing alternative
methods, and reducing reliance on animal testing [120]. The
biocompatibility and safety of linseed oil have been consis-
tently demonstrated in biomedical applications, particularly in
ophthalmology [121-123]. In a randomized clinical trial involv-
ing patients with dry eye disease, a nanoemulsion containing
linseed oil was associated with a significantly lower incidence
of treatment-related adverse events compared to a conventional
artificial tear formulation [121]. These findings support the
therapeutic potential of linseed oil-based formulations in the
management of ocular surface disorders.

Beyond its lubricating properties, linseed oil has also been in-
vestigated as a vehicle for ocular drug delivery, showing the
capacity to prolong pre-corneal residence time and enhance
local bioavailability [122]. Although specific concentrations of
linseed oil within nanoemulsions are rarely disclosed, efficacy
is largely attributed to nanotechnology-driven production of

ultrafine, stable oil droplets.

Oral supplementation with linseed oil capsules (1-2 g/day) has
further demonstrated clinical benefits in patients with Sjogren’s
syndrome, reducing ocular surface inflammation and allevi-
ating disease-related symptoms [123]. In addition, a novel artifi-
cial tear nanoemulsion enriched with linseed oil produced sig-
nificant improvements in ocular staining parameters, including
corneal and conjunctival staining scores [123]. Preclinical evi-
dence also supports these findings. In a rabbit model, a linseed
oil-containing formulation exerted a robust inhibitory effect on
experimentally induced ocular inflammation, reinforcing both

its biocompatibility and therapeutic value [122].

MNCCrg (uL-mL-")

Maximum Non-Cytotoxic Concentration (MNCC)

72 h (long exposure)
MNCC7 (mg:-mL~')  MNCCrq (uL-mL"1)

7.80
2.60

300
100

However, correlating the concentration of nanoformulations
with their actual application volume is essential, particularly for
topical applications such as eye drops. Considering that the av-
erage volume of an ophthalmic drop is approximately 50 uL
[9,11,27], the resulting concentration of active components
administered per dose would be around 1.30 mg-mL~!. Notably,
cytotoxic effects in L929 cells were observed only at concentra-
tions exceeding this limit, suggesting satisfactory in vitro bio-
compatibility at the intended dose. Furthermore, both nanofor-
mulations contain 2.6% (w/v) linseed oil, a bioactive lipid rich
in polyunsaturated fatty acids with recognized anti-inflammato-
ry and antioxidant activities. This concentration ensures suffi-
cient delivery of the oil’s functional components while main-
taining physicochemical and biological stability. Therefore, the
observed multifunctional behavior (antioxidant capacity and
cytocompatibility) can be attributed, at least in part, to the pres-
ence of linseed oil at this optimized level, reinforcing its thera-
peutic potential in the DED treatment.

The nanoformulations have several benefits: (i) antioxidant ac-
tivity shown by DPPH assays, crucial for reducing oxidative
stress in DED; (ii) high compatibility with fibroblasts, indicat-
ing safety for the eye; (iii) nanoscale size with low polydisper-
sity, improving penetration and stability; (iv) negative zeta
potential, promoting stability and interaction with mucins; and
(v) a pH value close to that of natural tears, ensuring tolera-
bility. These features make them promising carriers for treating
DED.

Conclusion

This study presents a scalable pre-formulation strategy based on
lecithin-stabilized pre-emulsions refined by tip ultrasound. This
approach enabled the development of two sterile ophthalmic
nanoformulations, namely, OphtNE-3.70% (lecithin only) and
OphtNE-3.66%(K1%) (lecithin with Kolliphor® HS15). Both
nanoemulsions demonstrated antioxidant activity and cytocom-

patibility, supporting their potential use in the DED treatment.

Linseed oil was characterized by GC-FID, acid value, viscosity,

and thermal analyses (TGA/DSC), confirming its identity,
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purity, and thermal stability (even after mild heating), thus vali-
dating its suitability for nanoemulsion preparation. This pre-
formulation ensures effective emulsification and regulation of
droplet size, thereby supporting multifunctional properties (such
as antioxidant and cytocompatible responses), while also facili-
tating sterile and scalable manufacturing suitable for ophthalmic
drug products. Both nanoformulations were developed with
2.6% (w/v) (equivalent to 26 mg~mL71) of the linseed oil, a bio-
active lipid known for its antioxidant and anti-inflammatory
effects. This optimized concentration ensures therapeutic rele-
vance within the typical ocular drop volume (~50 pL), while
maintaining cytocompatibility. The multifunctional behavior
observed in vitro is thus closely associated with the preserved

activity of the oil in its nanoformulated form.

Although this study focused on formulation design and in vitro
characterization, future work should include comparative bio-
logical assays between the native and nanoformulated oil to
better elucidate their respective contributions. Two methodolog-
ical limitations were also noted: osmolality was not assessed,
and in vitro inflammatory markers were not analyzed. These
aspects should be addressed in future studies to confirm ocular
tolerability and to explore the anti-inflammatory potential of the
nanoemulsions, particularly considering the bioactivity of
linseed oil fatty acids.

Supporting Information

Supporting Information File 1 contains a detailed table of
the mass composition of the pre-formulations (O/W(L-1%),
O/W(L-2%), O/W(L-3%), O/W(L-4%), and O/W(L-5%))
and ophthalmic nanoformulations (OphtNE-3.70% and
OphtNE-3.66%(K1%)), along with visual and experimental
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profiles, and linear regression curves used to determine
antioxidant activity (ICsg). Also, this file contains the
two-way and one-way ANOVA tables for the statistically
significant treatment:concentration and concentration:time
interactions identified in the three-way ANOVA, based on
MTT assay absorbance data from L1929 cells. Supporting
Information File 2 contains the data processing workflow
and statistical analyses, including the Shapiro—Wilk test for
assessing normality, outlier removal, and Levene’s test for

evaluating homoscedasticity.
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Abstract

Leishmaniasis, caused by protozoa of the genus Leishmania spp., is a neglected tropical disease that poses a significant challenge to
the public health in tropical and subtropical regions, affecting mainly low-income individuals. Current therapies are limited due to
severe adverse reactions to currently available drugs, high cost, low patient adherence, and even the emergence of resistant strains.
Examining safer and more effective alternatives, natural compounds such as phytol — a diterpene derived from chlorophyll — have
attracted attention due to their broad biological activities. To increase their solubility, stability, and cell delivery, nanotechnology-
based systems, such as nanoemulsions (NEs), represent a promising approach. In this study, soybean oil nanoemulsions loaded with
phytol (PHYT-NE) were developed using the phase inversion composition (PIC) method, and then characterized and evaluated. The
PHYT-NE had a mean droplet diameter close to 200 nm, a polydispersity index of less than 0.2, spherical shape, and a pH value
compatible with cutaneous application. The formulation showed high colloidal stability for at least 30 days of storage and at least
15 days even under stress conditions, with no signs of macroscopic instability or changes in droplet size. The cytocompatibility of
NEs was confirmed in 3T3 fibroblasts at the concentrations tested, indicating potential safety for in vivo trials. Notably, PHYT-NE
exhibited significant time-dependent leishmanicidal activity against Leishmania amazonensis promastigotes, with lower 1Cs values
(up to five times lower at 48 hours) and up to 75% parasite death after 48 hours, showing greater antiparasitic activity compared to
that of free phytol. Although the use of promastigotes represents a limitation, this model was used as a proof-of-concept, with

promising evidence of the potential of PHYT-NE. Future studies in macrophage models infected with intracellular amastigotes will
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be essential to confirm the observed efficacy and validate the potential of PHYT-NE as a safe and effective topical therapy for cuta-

neous leishmaniasis.

Introduction

Leishmaniasis is one of the 20 listed neglected tropical diseases
(NTDs), affecting over 350 million people globally, with an
alarming 700,000 to 1 million new cases reported annually
[1-3]. It is caused by protozoan parasites of the genus Leish-
mania spp., and transmitted through the bite of infected female
phlebotomine sandflies. During its life cycle, the parasite exhib-
its two main morphological forms: the promastigote, which
resides in the insect vector and represents the infective stage,
and the amastigote, the intracellular form found in vertebrate
hosts [4,5].

Different Leishmania spp. species are responsible for distinct
clinical manifestations, including (i) cutaneous leishmaniasis,
(i1) mucocutaneous leishmaniasis, and (iii) visceral leishmani-
asis. In cutaneous leishmaniasis, the infection triggers an
immune-inflammatory cascade that produces painless ulcera-
tive lesions. Depending on the immune status of the host and
the infecting species, these lesions can progress to extensive
tissue damage (i.e., from the cutaneous to the mucocutaneous
form [6], particularly involving the nasal septum and ears) re-
sulting in scarring, anatomical disfigurement, and consequent

social stigmatization [7-9].

Current therapeutic strategies for leishmaniasis rely on pentava-
lent antimonial compounds (first-line therapy), amphotericin B,
miltefosine, and paromomycin. Although these drugs are effec-
tive, their use is often limited by serious adverse effects such as
cardiotoxicity, nephrotoxicity, hepatotoxicity, pancreatic toxici-
ty, and teratogenicity. Moreover, resistance to antileishmanial
agents, particularly pentavalent antimonials, has been increas-
ingly reported [10,11].

As a result, plant-derived natural compounds have been exten-
sively investigated as alternative therapeutic agents [12]. There
are currently no herbal medicines used in the treatment of cuta-
neous leishmaniasis. However, previous studies have reported
that diterpenes exhibit promising antileishmanial activity while
displaying low toxicity to host cells [13-15]. One such com-
pound is a phytol, a highly lipophilic, acyclic monounsaturated
diterpene alcohol derived from chlorophyll metabolism in
plants [16], and has demonstrated promising antileishmanial
potential. For example, da Silva and colleagues (2015) [17]
showed that a phytol-rich fraction extracted from Lacistema
pubescens exhibited potent activity against Leishmania amazo-
nensis promastigotes and intracellular amastigotes. However,

the high lipophilicity of the phytol significantly limits its phar-

maceutical application by reducing bioavailability [18]. To
overcome these limitations, the incorporation of phytol into
nanostructured delivery systems, has been proposed to improve

its solubility, stability, and intracellular delivery efficiency [19].

Nanotechnology-based drug delivery systems that encapsulate
bioactive molecules have proven effective against trypanoso-
matids [20,21] especially Leishmania spp. [22,23]. Among
these systems, nanoemulsions (NEs) are one of the most
common types. They are colloidal dispersions of two immis-
cible liquids — typically oil and water — stabilized by emulsi-
fying agents such as surfactants and co-surfactants, forming a
kinetically stable system. With droplet sizes ranging from 20 to
500 nm, NEs can significantly enhance drug permeability and
bioavailability [24-27].

Therefore, the present study aimed to develop a nanoemulsion
containing phytol, produced via the low-energy emulsification
method, as a novel potential pharmacological alternative for the
treatment of cutaneous leishmaniasis.

Results

Phytol-loaded soybean-oil nanoemulsion

Blank-NE and soybean oil nanoemulsions loaded with phytol
(PHYT-NE) were successfully prepared using the phase inver-
sion composition (PIC) method (Figure 1a), and exhibited drop-
let diameters of approximately 140 and 210 nm, respectively.
An increase in droplet size was observed upon PHYT incorpo-
ration (p < 0.05). The polydispersity index (PdI) of the samples
was below 0.2, indicating a monodisperse distribution, as
shown in the size distribution graph (Figure 1b). Moreover, the
zeta potential (ZP) of both samples was around —20 mV, with

no significant changes upon phytol loading.

To evaluate the shape and morphological characteristics of the
nanoemulsions, transmission electron microscopy (TEM) analy-
sis was performed. The results revealed nanodroplets with
spherical and oval shapes and a homogeneous size distribution,
with diameters up to 250 nm, consistent with the dynamic light
scattering (DLS) data (Figure 1c,d).

Colloidal and physicochemical stability

The colloidal and physicochemical stability of the NEs was
evaluated over a period of 30 days by monitoring droplet size,
PdI, zeta potential, and pH values. In parallel, the samples were

subjected to centrifugation at two different speeds (960 and
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Figure 1: Schematic illustration of PHYT-NE preparation: (a) size distribution of nanodroplets (b) and morphological aspects of blank-NE (c) and
PHYT-NE (d). Figure 1a) is adapted from Servier Medical Art (https://smart.servier.com/), licensed under CC BY 4.0 (https://creativecommons.org/

licenses/by/4.0/).

8600g) to simulate stress conditions. After centrifugation, drop-
let size, PdI, and ZP were assessed over a period of up to
15 days.

At the end of the 30-day stability study, both blank-NE and
PHYT-NE remained stable with no changes in their initial
macroscopic appearance (opaque, white, milky, and with low
viscosity) and remained unchanged even after centrifugation.
Among the physicochemical parameters evaluated, only the zeta
potential showed a significant reduction at day 30 (p < 0.05),
while no significant changes were observed in the other param-
eters, as shown in Figure 2a,b. Similarly, the formulations
maintained their stability under all centrifugation conditions and

time points analyzed, as presented in Table 1.

3T3 fibroblast-like cell viability

Cell viability in mammalian cells was assessed using 3T3 fibro-
blast-like cells at 24 and 48 hours (Figure 3). Our results
showed that none of the treatments induced significant cytotox-

icity in this cell type at 24 hours. However, at 48 hours, cyto-

toxicity was observed in cells treated with free PHYT and
blank-NE at a concentration of 200 pg/mL, resulting in 67%
and 71% cell viability, respectively. Interestingly, PHYT-NE
remained safe at all tested concentrations and time points, with
cell viability above 80% even at the highest concentration.

In vitro leishmanicidal effects

The leishmanicidal effect of blank-NE, PHYT-NE, and free-
PHYT was evaluated against the promastigote forms of Leish-
mania amazonensis. The PHYT-NE exhibited superior efficacy
compared to that of free-PHYT at both time points at the same
concentrations tested, with estimated ICsy values of
289.7 pg/mL at 24 hours and 127.7 pg/mL at 48 hours. In
contrast, free-PHYT showed ICsq values of 480.5 pg/mL and
713.5 pg/mL at 24 and 48 hours, respectively (Table 2,
Figure 4). After 48 hours, the PHYT-NE treatment resulted in
approximately 75% of parasite death — nearly double the effect
observed after 24 hours. In contrast, the free-PHYT treatment
induced less than 30% of parasite death at both 24 and 48 hours
(Figure 4).
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Figure 2: Colloidal and physicochemical stability of nanoemulsions regarding size, Pdl (a), zeta potential and pH (b) over 30 days.
Table 1: Physicochemical properties of nanoemulsions after centrifugation stability assessment over 15 days.
Samples Rotation (g) Time (days) Size (nm) = SD Pdl £ SD ZP (mV) £ SD
blank-NE 960 7 143.2 £ 3.27 0.19 £ 0.022 -18.4£0.72
8600 7 142.6 £ 3.15 0.16 £ 0.025 -18.2+0.64
960 15 145.8 £ 1.90 0.18 £ 0.019 -19.5+£0.58
8600 15 1445 +1.30 0.15+£0.010 -19.6 £ 0.61
PHYT-NE 960 7 208.5+2.45 0.18 £ 0.027 -19.1 £ 0.58
8600 7 205.2+2.25 0.15 £ 0.041 -19.5+0.52
960 15 218.5+1,29 0.19 £ 0,008 -24.2 £ 0.61
8600 15 203.1 £1.12 0.13 £ 0.020 -21.9+0.64
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Figure 3: Effects of NEs and free-PHYT treatment on mammalian cells after exposure for 24 and 48 hours. The values represent the mean = stan-
dard deviation of three independent experiments. * Represents significant differences at p < 0.05 compared to untreated control; a,b significant differ-
ences at p < 0.05 between treated groups.
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Figure 4: Effect of NEs and free-PHYT on promastigote forms of L. amazonensis after exposure for 24 and 48 hours. The values represent the mean
+ standard deviation of three independent experiments. *** Represents significant differences at p < 0.01.

Table 2: IC5( values of free-PHYT and PHYT-NE on promastigote
forms of L. amazonensis.

Samples ICs0 24 h (ug/mL)  ICsp 48 h (ug/mL)

free-PHYT 480.5 713.5

PHYT-NE 289.7 127.7
Discussion

The topical administration of drugs for various diseases offers
several advantages over other routes of application, especially
in the treatment of cutaneous leishmaniasis [28,29]. To address
a promising candidate to this, we developed a stable soybean
oil-based nanoemulsion capable of encapsulating PHYT, using
the phase inversion composition (PIC) nanoemulsification
method. This is a low-shear technique that allows for easy
scale-up and helps prevent thermal degradation of sensitive
compounds, as well as excessive loss of volatile substances
such as PHYT [30].

The small droplet size results in a large surface area, which
enables effective interaction with biological membranes and
consequently enhances drug penetration and retention [31]. Key
formulation parameters — such as drug miscibility with the oil
phase, droplet size, and size uniformity — have been directly
correlated with permeation efficiency across the skin barrier
[32,33]. Specifically, the encapsulation of lipophilic com-
pounds like phytol in finely dispersed droplets within oil-in-
water (O/W) nanoemulsions is more effective when the droplets
are spherical and have diameters close to 200 nm. This en-
hanced effect has been attributed to increased Laplace pressure,

which refers to the pressure difference between the interior and

exterior of a curved interface, and leads to higher surface curva-
ture and increased solute concentration at the droplet interface
in the aqueous phase. Such structural features can promote a
higher drug flux and localized delivery in the skin layers [34-
36].

Chiu et al. (2024) reported a significant increase in curcumin
skin permeability when carried by nanoemulsions with a mean
diameter between 84.3 and 241.6 nm [37]. In this context,
PHYT-NE exhibits suitable droplet size, low PdI, spherical
shape, and a pH value within the physiological range of human
skin, which suggests that it is a promising formulation for trans-
dermal administration route in the treatment against cutaneous
leishmaniasis. Although no permeation assay was conducted in
the present study, the physicochemical profile of PHYT-NE
supports its potential for efficient skin interaction and warrants
further investigation in permeation studies. As a future perspec-
tive, ex vivo permeation studies using porcine ear skin or syn-
thetic membranes in Franz diffusion cells could be employed to
further evaluate the cutaneous permeation profile of the phytol-

loaded nanoemulsion.

In addition to forming nanodroplets, nanoemulsions must main-
tain their structural and physicochemical integrity over time to
ensure consistent performance. In our study, both blank-NE and
PHYT-NE remained stable for at least 30 days, with no signifi-
cant alterations in most evaluated parameters — except the zeta
potential — even under centrifugation at different speeds. This
behavior can be attributed to the kinetic stabilization achieved
through the optimized composition of the surfactant pair, which
likely contributed to a robust interfacial film that prevented coa-
lescence and Ostwald ripening [38-40]. Although colloidal
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stability has been demonstrated, chemical stability studies are
still needed to fully confirm the long-term stability and thera-

peutic reliability of the formulation.

Additionally, the presence of glycerin as a co-solvent may have
contributed to the reduction in interfacial tension and improved
droplet uniformity, factors known to enhance long-term stability
[41]. Importantly, the incorporation of poloxamer 407 in-
creased the viscosity of the external aqueous phase, thereby
reducing Brownian motion and droplet collision frequency —
mechanisms that are often associated with delayed creaming
and phase separation [42,43]. Taken together, these composi-
tional strategies demonstrate the effectiveness of PHYT-NE in
maintaining colloidal stability under storage and stress condi-

tions.

For pharmaceutical applications and the intended therapeutic
purpose, nanoemulsions must not only be functional but also
safe and selective. That is, they should effectively damage the
parasite without causing toxicity to host cells — especially intra-

cellular amastigote forms [44].

Previous studies have shown that fibroblasts can act as alterna-
tive host cells and have been used to evaluate cytotoxic activity
against Leishmania spp. in contexts involving epithelial cells
and fibroblasts [45]. In addition, reviews on cytotoxicity in
cutaneous leishmaniasis highlight the immunological interac-
tions involving multiple cell types beyond macrophages, as well
as the role of cytotoxic cells in disease progression and tissue
damage, supporting the relevance of studying different cellular
models, including fibroblasts [46]. Therefore, the metabolic ac-
tivity of the fibroblast-like 3T3 cell line was assessed following
treatment with the NEs to predict their cytocompatibility and,
consequently, their safety. Similarly, promastigote forms of
Leishmania amazonensis were subjected to the same treatments
and conditions to evaluate the leishmanicidal potential of these
nanoemulsions.

As PHYT-NE concentrations and exposure times increased, the
leishmanicidal activity also improved. Importantly, this formu-
lation did not induce a reduction in cell viability sufficient to in-
dicate cytotoxicity to 3T3 cells, even at the highest concentra-
tion and longest exposure time tested. In contrast, this same
outcome was not observed with free-PHYT. When both host
cells and parasites were treated with free-PHYT, cytotoxicity to
fibroblasts was observed at the highest concentration and time
point, without a corresponding increase in efficacy against
L. amazonensis promastigotes compared to the 24-hour expo-
sure. Altogether, these results indicate that incorporating PHYT
into the nanoemulsion enhances the selectivity of the molecule,

potentiating its therapeutic effect while reducing its toxicity
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toward mammalian cells. This is supported by a 1.65-fold de-
crease in the PHYT-NE ICs( values at 24 hours, and approxi-
mately a 5.6-fold decrease at 48 hours when compared to free-
PHYT.

A study conducted by da Silva et al. (2015) [17] demonstrated
that the leishmanicidal activity of phytol is associated with
induction of mitochondrial membrane depolarization, conse-
quently leading to the generation of reactive oxygen species
(ROS) and oxidative stress in promastigotes. It is noteworthy
that Leishmania, like other trypanosomatids, possesses a single
mitochondrion, which is responsible for multiple essential meta-
bolic processes and is crucial for parasite survival; therefore, to
exert its effect, the compound must be taken up and accumulate
in the cytosol [47]. In the free-living promastigote form,
nanoemulsions may facilitate drug access to the intracellular
target by more efficiently permeating the membrane of the para-
site — either due to their nanoscale size, lipid fusion with mem-
brane components, or disruption of the plasma membrane struc-
ture [48,49].

However, several studies have also highlighted the remarkable
potential of nanoemulsions against intracellular amastigote
forms. In addition to enhancing cutaneous penetration,
nanoemulsions also can improve the cellular uptake of various
drugs and can facilitate targeted delivery to the intracellular
parasites [50,51]. Since the amastigote forms of Leishmania
spp. reside within the phagolysosomes of macrophages, the
phagocytic uptake of nanodroplets significantly increases the
intracellular concentration of the drug, thereby enhancing its
leishmanicidal efficacy [1,52].

For instance, Mousavi and collaborators (2022) [53] reported
that a nanoemulsion loaded with resveratrol effectively inhibit-
ed both promastigote and amastigote forms of Leishmania
major, with an 1Csq value 2.32-fold lower than that observed
for free resveratrol. Similarly, a study conducted by Nahanji et
al. (2024) [54] achieved comparable success using fluconazole-
loaded NEs against L. major, demonstrating a 3-fold and 9-fold
reduction in ICs for the promastigote and amastigote forms, re-
spectively, compared to that of free fluconazole. More recently,
Cunha et al. (2024) [55] developed NEs containing ampho-
tericin B and paromomycin, and upon evaluating their efficacy
against L. amazonensis amastigotes, observed that nanoemulsi-
fication did not enhance the activity of amphotericin B. In

contrast, paromomycin-loaded NEs outperformed the free drug.

All of these studies are in agreement with our results and further
underscore the potential of nanoemulsions as effective carriers
for antileishmanial agents. Although promastigotes were em-

ployed as a proof of concept in this study, it is reasonable to
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propose that a similar efficacy may also be expected against
amastigotes, given the comparable cellular biology and mito-
chondrial activity between the two stages. The major challenge,
however, is the intracellular localization of amastigotes, which
requires not only uptake of the nanoemulsion by macrophages
but also subsequent internalization by the parasite. Importantly,
previous studies have demonstrated that nanoemulsions are effi-
ciently internalized by macrophages, which reinforces the
potential of our formulation to also target intracellular amastig-
otes. Taken together, our results pave the way for further in
vitro assays on amastigotes forms, in vivo validation, and clini-
cal translation of PHYT-NE as a safe and effective topical
therapy for cutaneous leishmaniasis.

Conclusion

This is the first time that a soybean oil-based nanoemulsion
containing phytol with antileishmanial potential has been re-
ported. The results of this study demonstrate that the phytol-
loaded nanoemulsion, developed through a low-energy PIC
method, is a stable and physicochemical suitable system for
topical and transdermal administration in the future. The
PHYT-NE exhibited enhanced leishmanicidal activity against
Leishmania amazonensis promastigotes in a time- and concen-
tration-dependent manner, while also showing reduced cytotox-
icity toward mammalian cells when compared to that of free
phytol.

Further studies are still required to strongly support our
hypotheses, including evaluation against amastigote forms,
safety in macrophages, and confirmation of skin permeation.
Nevertheless, the present findings indicate that entrapment
enhances selectivity and therapeutic efficacy of phytol. There-
fore, PHYT-NE emerges as a promising and safe alternative for
the treatment of cutaneous leishmaniasis, warranting additional
evaluations to access the scalability potential and in vivo inves-
tigations to confirm its efficacy, tissue distribution, and mecha-
nism of action.

Experimental

Material

L-a-Phosphatidylcholine (95%) (Avanti Polar lipids, United
States); polaxamer 407 (Sigma-Aldrich, Brazil); glycerin
(Vetec, Brazil); phytol (97%), mixture of isomers (Sigma-
Aldrich, Brazil); soybean oil (Sigma-Aldrich, Brazil); Tween®

Table 3: Composition of the nanoemulsion (per 10 g).

SO (g) Tween® 80 (g) PC (g)
blank-NE 0.5 0.4 0.1
PHYT-NE 0.5 0.4 0.1
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80 (Sigma-Aldrich, Brazil); purified water (obtained from a
reverse osmosis purification equipment, model OS50 LX,
Gehaka, Brazil) were used for nanoemulsion preparation.
Mammalian cells were cultured in DMEM, High Glucose (Life
Technologies, Cat. 12800-058, Bleiswijk, The Netherlands)
supplemented with 10% fetal bovine serum (FBS, Life Technol-
ogies, Cat. 12657029, Bleiswijk, The Netherlands) and main-
tained in an atmosphere of 5% CO, at 37 °C. Cell viability was
assessed using MTT reagent (Sigma-Aldrich, Cat. M5655, St.
Louis, MO, USA), with formazan solubilization in ethanol
(Sigma-Aldrich, Brazil) when required. In vitro antileishmanial
activity was performed in RPMI 1640 medium (Sigma-Aldrich,
Brazil) supplemented with FBS and streptomycin antibiotic 100
IU/mL, with parasite viability measured using resazurin solu-
tion (Sigma-Aldrich, Brazil).

Nanoemulsion preparation and composition

Nanoemulsions were prepared using the phase inversion com-
position method, a low-energy technique wherein the aqueous
phase (AP) was gradually added dropwise to the oil phase (OP)
under continuous magnetic stirring at 1500 rpm, using a mag-
netically stirrer (IKA® C-MAG HS7) at a temperature of
25 £ 2 °C. Following the complete addition of the AP, the mix-
tures were stirred for an additional 30 min to ensure homo-
geneity. The AP consisted of purified water and poloxamer 407
(POL), as a stabilizing agent, while the OP was composed of
soybean oil (SO), glycerin, as a co-solvent, Tween® 80, and
L-a-phosphatidylcholine (PC), as surfactants. For nanoemul-
sions containing phytol, 10 mg/g of the drug was added to OP.
Subsequent to the nanoemulsification step, the nanoemulsions
were transferred into hermetically sealed glass vials and stored
at room temperature for further analysis. All samples were pre-
pared in triplicate and data were expressed as mean * standard

deviation. The NEs composition was described in Table 3.

Physicochemical characterization

Droplet size, polydispersity index and zeta potential
evaluation

The droplet size was determined by dynamic light scattering
using a Zetasizer Nano ZS instrument (Malvern Instruments,
UK) at 25 + 2 °C, with a detection wavelength of 633 nm and a
backscattering angle of 173°. The zeta potential was assessed
via electrophoretic mobility measurements using the same

equipment under identical temperature conditions. For both

Glycerin (g) POL 407 (g) PHYT (g) Water (mL)
1.0 1.0 - 7.0
1.0 1.0 0.1 6.9
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analyses, samples were appropriately diluted at a 1:100 (v/v)
ratio.

Assessment of hydrogenic potential (pH)

The pH value was determined by the potentiometric method by
inserting the electrode (Digimed, mod. DM-22) directly into the
samples. In this assay, the NE were used in triplicates at room
temperature (24 + 2 °C).

Colloidal and physicochemical stability

For accelerated stability analysis, 1 mL aliquots of the
nanoemulsion were transferred to Eppendorf tubes and subject-
ed to three centrifugation cycles at 960 and 8600g for 15 min,
each using a mini centrifuge (Fisherbrand®, model Gusto, I1li-
nois, USA), following a protocol adapted from Saberi et al.
(2013) [41]. After centrifugation, samples were analyzed
regarding droplet size, Pdl, and ZP. All measurements were per-
formed in triplicates at room temperature (25 =2 °C).

In addition, colloidal stability of non-centrifuged nanoemul-
sions was evaluated over a 30-day period by monitoring droplet
size, Pdl, ZP, and pH using the same methodologies previously
described.

Morphology

The morphology of the nanoemulsion droplets was examined by
transmission electron microscopy using a FEI Tecnai G2 Spirit
Biotwin microscope operating at 120 kV (FEI Company, Hills-
boro, OR, USA). The samples were diluted in purified water at
a 1:20 (v/v) ratio, and a drop of the diluted suspension was
deposited onto square-mesh copper grids and allowed to adsorb
for 2 min. The grids were then air-dried at room temperature

prior to imaging.

Cytocompatibility

Mammalian cell culture

The mouse embryonic fibroblast cell line 3T3 cells (ATCC®
CRL-1658) were cultured in 25 cm? culture flasks with
Dulbecco's Modified Eagle Culture Medium (DMEM, Life
Technologies, Cat. 12800-058, Bleiswijk, The Netherlands),
supplemented with 10% fetal bovine serum (FBS, Life Technol-
ogies, Cat. 12657029, Bleiswijk, The Netherlands), remaining
in an atmosphere of 5% CO; at 37 °C.

Cell viability assay

The 3T3 cells maintained in culture were treated with trypsin,
centrifuged at 200g for 5 min, resuspended in DMEM, and
seeded at a concentration of 5 x 10* cells/mL in 96-well micro-
plates and incubated for 24 h at 37 °C and atmosphere at 5%
CO,. Subsequently, the cells were deprived of serum for 24 h
with serum-free DMEM. After the deprivation period, cells
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were treated with the test formulations diluted in DMEM con-
taining 10% FBS to restore normal growth conditions. The
nanoemulsions were filtered through a 0.45 um Millipore filter,
and drug solutions were filtered through a 0.22 um Millipore
filter. Then, cells were treated with blank nanoemulsions and
PHYT in serial dilutions, considering the concentration of drugs
in the formulations (200 to 3.125 pg/mL) and incubated for 24
and 48 h. These incubation times were selected to evaluate the

acute response, focusing on immediate effects.

After this period, the supernatant was removed, and 100 pL of
an MTT solution in DMEM (final concentration 1 mg/mL) was
added to each well. The plates were incubated at 37 °C with 5%
CO;, for 4 h. After this time, the MTT solution was removed,
and 100 pL of ethanol was added to each well. The plates were
protected from light and agitated for 20 min. The absorbance
was measured at 570 nm using an ELISA microplate reader
(Biotek® Epoch), and the obtained values were applied
following Equation 1. Cells grown under the same conditions
and that did not receive treatment with the systems were used as

negative control.

bssample

Al
%cell viability = x100, (1)
S

control

where Absgample is the absorbance of cells treated with the sam-
ple and Abs.oniro1 1S the absorbance of untreated control cells.
The statistical analysis performed in the in vitro cytocompati-
bility assay was the two-way ANOVA, followed by Tukey’s
post hoc test.

In vitro antileishmanial activity

Parasite cell culture

The cultures of Leishmania amazonensis promastigotes were
carried out in 25 cm? flasks containing RPMI medium (Sigma-
Aldrich, Brazil) supplemented with 10% FBS and 10% strepto-
mycin antibiotic (100 IU/mL) at 27 °C. For the tests, cultures
were used after the 4th day of supplementation, obtaining para-
sites at the end of the log phase, that is, with the greatest
possible growth potential.

Antiparasitic activity of nanoemulsions on
Leishmania amazonensis promastigotes

To assess the antiparasitic activity, Leishmania amazonensis
promastigotes after the 4th days of growing in RPMI medium
were counted using a Neubauer chamber, diluted in RPMI me-
dium supplemented with 10% FBS and 10% streptomycin anti-
biotic (100 IU/mL) at 27 °C, and adjusted to a concentration of
1 x 107 parasites/mL. Afterward, the aliquots of 200 pL were

dispensed in 96-well plates in triplicates and treated with differ-
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ent concentrations of free-PHYT, blank-NE, and PHYT-NE
(200 to 3.125 ug/mL); moreover, amphotericin B (2.5 pug/mL)
was used as the positive control (100% death). After 24 and
48 h of exposure at 26 °C, the parasite viability was determined
by the resazurin reduction assay. For that, 20 pL of 3 mM
resazurin solution (Sigma-Aldrich, Brazil) was added to each
well and plates were incubated for 24 h. The absorbance was
read at 570 and 600 nm (Epoch, BioTek). The results of antipar-
asitic activity were determinate by Equation 2:

00} 2)

where A570t = absorbance of the treatment at a wavelength of

A570t—(A600txR0)

%inhibition =100 —
A570c—(A600cxR0)

570 nm; A600t = absorbance of the treatment at a wavelength
of 600 nm; A570c = absorbance of the control at a wavelength
of 570 nm; A600c = absorbance of the control at a wavelength
of 600 nm; RO = correction factor of the medium interacting
with resazurin, obtained using the following formula: RO =
Chediumd70nm/Cpeqjum600nm, with CpeqiuymS5S70nm =
absorbance of the medium at a wavelength of 570 nm and
Cinedium©00nm = absorbance of the medium at a wavelength of
600 nm.

Statistical analysis

Samples were prepared and analyzed in triplicates. Results were
expressed as mean * standard deviation. Initially, the normality
test was performed, followed by Student's t test for paired anal-
ysis of two or one-way analysis of variance (ANOVA) when
applicable, using the GraphPad Prism 8§ software. The results

were considered statistically significant for p < 0.05.
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Abstract

The growing interest in green-synthesized metallic nanoparticles reflects a global shift toward sustainable, eco-friendly technolo-
gies in biomedical innovation, particularly in dentistry. This scoping review examines the rising focus on these nanoparticles
regarding their antimicrobial, regenerative, and therapeutic potential in dental applications. Among the metals studied, silver and

zinc oxide nanoparticles dominate because of their broad-spectrum antimicrobial activity and enhanced biocompatibility, achieved
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through phytochemically mediated synthesis. Conventional nanoparticle production often relies on toxic reagents and energy-inten-
sive processes, posing environmental and clinical challenges. In contrast, green synthesis, using plant extracts, fungi, or bacteria,
offers a sustainable alternative by leveraging natural reducing agents like polyphenols and flavonoids. These bioactive compounds
not only facilitate nanoparticle formation but also improve stability and biological efficacy, making them ideal for dental applica-
tions such as caries prevention, endodontic disinfection, and periodontal regeneration. Our analysis of 98 studies reveals India as
the leading contributor (78.6%), driven by its rich biodiversity and strong research infrastructure. Key plant families including
Lamiaceae and Fabaceae were frequently employed due to their high phenolic content. Despite promising results, gaps remain, such
as the predominance of in vitro studies (68.7%) and insufficient cytotoxicity assessments (47.8%), underscoring the need for trans-
lational research. This review highlights the transformative potential of green-synthesized nanoparticles in dentistry, merging tech-

nological advancement with ecological responsibility. Future work should prioritize clinical trials, long-term safety evaluations, and

standardized protocols to fully realize their therapeutic benefits.

Introduction

Nanotechnology is an interdisciplinary field of science that
involves the manipulation of materials at the nanoscale, typical-
ly ranging from 1 to 100 nm in inorganic nanomaterials, to
generate structures with unique physicochemical properties
[1-3]. Among the most widely studied nanomaterials are
metallic nanoparticles, particularly silver (AgNPs), gold
(AuNPs), and copper (CuNPs), and various metal oxide nano-
particles such as zinc oxide (ZnO-NPs), due to their high sur-
face-to-volume ratio, chemical stability, and distinctive optical
and antimicrobial properties [4-6]. These nanomaterials have
been successfully applied in diverse fields, such as medicine,
agriculture, cosmetics, electronics, the food industry, and, more
recently, dentistry [5,6]. However, conventional chemical and
physical synthesis routes often involve toxic organic solvents,
high energy consumption, and hazardous reducing agents;
also, they result in environmental waste, in addition to produc-
ing nanoparticles that may be toxic and poorly biocompatible
[3,71.

Given the limitations of conventional synthesis methods, the
green synthesis of nanoparticles has emerged as a sustainable,
safe, and economically viable alternative [8,9]. This approach
employs biological agents, such as plant extracts, fungi,
bacteria, and algae, which contain bioactive compounds capable
of acting as reducing and stabilizing agents in the formation of
metallic nanoparticles [10,11]. In the case of plant extracts,
several compounds, such as phenols, flavonoids, terpenoids,
alkaloids, and proteins, play crucial roles in reducing metal ions
and stabilizing nanoparticles, thereby eliminating the need for
harsh chemical catalysts [12-14]. This technique is widely
regarded as a clean technology as it significantly reduces the
generation of toxic waste, occupational risks, and environ-
mental impacts [13-15]. Furthermore, green-synthesized nano-
particles demonstrate enhanced biocompatibility, improved
bioavailability, and reduced cytotoxicity, which broadens their
applicability in fields such as dental biomaterials [16,17].
Owing to their high adaptability to various metals, including

silver, zinc, iron, and platinum, their operational simplicity, and

the ability to control nanoparticle size and morphology by
selecting plant extracts and reaction conditions, green synthesis
is gaining increasing prominence in health-related nanotechnol-
ogy [8,10]. It is considered a promising approach that inte-
grates technological innovation, biological safety, and environ-
mental responsibility [8,10,16].

An interesting example are silver nanoparticles, particularly
those synthesized via green methods, which have recently
become the focus of significant attention [18,19]. The eco-
friendly applications of AgNPs in the biomedical, pharmaceuti-
cal, cosmetic, sanitation, and electronic sectors have driven ex-
tensive research into their biosynthesis [20-22]. Silver nanopar-
ticles exhibit unique physical and chemical properties that en-
hance their versatility across multiple applications [23-25].
Biosynthesized AgNPs have been assessed regarding their anti-
microbial, antioxidant, and anticancer effects, as well as for
their therapeutic potential in treating dermatitis and other condi-
tions [26]. Studies have demonstrated that these nanoparticles
exhibit low toxicity, effectiveness against antibiotic-resistant
microorganisms, and strong colloidal stability, ensuring long-
term dispersion [26,27]. Additionally, they exhibit antioxidant
activity and selective cytotoxic effects on tumor cells, includ-
ing oral cancer cell lines [24,28]. In dentistry, green-synthe-
sized nanoparticles have been explored in various clinical appli-
cations. They are effective in preventing biofilm formation and
growth of key oral pathogens, such as Streptococcus mutans
and Candida albicans, particularly when incorporated into
dental materials or applied to prosthetic and restorative sur-
faces [8,25,26].

Despite the potential for application in dentistry, there is a lack
of reviews integrating recent advances in the green synthesis of
metallic nanoparticles in this field. Therefore, this scoping
review employed the “population, concept, context” (PCC)
strategy to explore how these metallic nanoparticles (popula-
tion) obtained through green synthesis (concept) are being

applied in dentistry (context).
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Review

We identified 1606 non-duplicate articles, from which 1,506
articles were excluded for not meeting the eligibility criteria.
The full texts of 100 articles were assessed, with two further
exclusions due to insufficient methodological data. The final
sample consisted of 98 articles included for qualitative synthe-
sis (Figure 1).

Where and when are articles from?
Of the 98 articles selected for this review, 77 (78.6%) origi-
nated from India (Figure 2). It is important to highlight that the

Beilstein J. Nanotechnol. 2025, 16, 1851-1862.

combined number of publications from all other countries does

not surpass India’s contribution to this topic.

The predominance of India in the number of published articles
related to the green synthesis of metallic nanoparticles in
dentistry can be attributed to a combination of scientific,
cultural, and socioeconomic factors. First, India possesses a rich
biodiversity, with a variety of endemic medicinal plants tradi-
tionally used in Ayurvedic and Unani medicine [10]. The
country’s long-standing cultural familiarity with plant-based
therapeutics provides a robust foundation for research into
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Figure 1: Flowchart summarizing the data management process to obtain the study articles.
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Figure 2: Number of publications about green-synthesized metallic nanoparticles by country.
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botanical extracts as reducing and stabilizing agents in nanopar-
ticle synthesis [29].

Additionally, India has significantly invested in scientific
research over the past decades, particularly in nanotechnology,
biotechnology, and pharmaceutical sciences. The country is
home to a large number of public and private universities,
research institutes, and government-funded agencies (e.g.,
“Council of Scientific & Industrial Research” (CSIR), “Indian
Council of Medical Research” (ICMR), and “Department of
Biotechnology” (DBT)), which actively promote low-cost, eco-
friendly innovation, particularly in healthcare [30,31]. The
economic feasibility and simplicity of green synthesis methods
also align well with the resource-limited infrastructure often en-

countered in academic laboratories across developing nations.

India’s high burden of oral and systemic infectious diseases,
particularly in underserved populations, has also contributed to
increased research efforts seeking affordable and sustainable al-
ternatives to conventional antimicrobial therapies. In this
context, the green synthesis of metal nanoparticles becomes a
strategic research focus that addresses local public health needs
while offering potential for low-cost translational applications
[32]. In summary, India’s leadership in this domain is the result
of an interplay between cultural heritage, biodiversity, public
health priorities, institutional infrastructure, and scientific
dissemination practices, which together create fertile ground for
prolific research on green-synthesized nanoparticles in
dentistry.

Beilstein J. Nanotechnol. 2025, 16, 1851—1862.

It is also important to highlight that, throughout the 2020s,
studies involving metallic nanoparticles obtained via green syn-
thesis in dentistry have shown a consistent year-by-year
increase (Figure 3). This increase may be primarily related to
the recent pursuit of sustainable and biocompatible methods.

Plants, metals, and methods used in green

synthesis

The predominance of plant families such as Lamiaceae (n = 15),
Fabaceae (n = 12), Myrtaceae (n = 8), Asteraceae (n = 7), and
Zingiberaceae (n = 6) among the species used in green synthe-
sis (Figure 4) reflects their rich phytochemical profiles, particu-
larly their high content of phenolic compounds [33]. These sec-
ondary metabolites, including flavonoids, tannins, phenolic
acids, and terpenoids, act as both reducing and stabilizing
agents during the biosynthesis of metallic nanoparticles [34,35].

For instance, plants from the Lamiaceae family (e.g., Ocimum
Spp., Rosmarinus officinalis, and Salvia rosmarinus) are exten-
sively documented for their abundant polyphenols such as
rosmarinic acid and caffeic acid, which facilitate the reduction
of metal ions and promote the nucleation and capping of nano-
particles [36,37]. Similarly, species within the Fabaceae family
(e.g., Glycyrrhiza glabra, Clitoria ternatea, and Cassia fistula)
produce significant quantities of isoflavones and tannins that
contribute to controlled nanoparticle morphology and size,
which are crucial for optimizing biological activity [8,38]. The
Myrtaceae family, particularly Syzygium aromaticum, is a well-
established source of eugenol, a potent phenolic compound with

Publications Over Time
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Figure 3: Publications in green-synthesized metallic nanoparticles used in the dental field over the years (2011-2025).
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Plant Families Used in Green Synthesis

Lamiaceae
Fabaceae
Myrtaceae
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Meliaceae
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Malvaceae
Anacardiaceae
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Musaceae
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Ericaceae
Boraginaceae
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Sterculiaceae
Salvadoraceae
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Rhamnaceae
Punicaceae
Polygonaceae
Myristicaceae
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Marantaceae
Leguminosae
Geraniaceae
Gentianaceae
Equisetaceae
Ephedraceae
Commelinaceae
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Figure 4: Botanical families used in green-synthesized metallic nanoparticles used in dentistry.

known antimicrobial and antioxidant properties, enhancing the
bioactivity of synthesized nanoparticles [39,40]. The Aster-
aceae family includes species rich in flavonoids like quercetin
and luteolin, and sesquiterpene lactones, which have been asso-
ciated with both nanoparticle synthesis and broad-spectrum bio-
logical effects, such as antibiofilm and anticancer activities
[36,41]. Plants from the Zingiberaceae family, especially
Zingiber officinale, provide gingerols and shogaols, phenolic
compounds known not only for their anti-inflammatory and
antioxidant effects, but also for their ability to support nanopar-
ticle synthesis under mild conditions [42].

This review identified that two botanical families, Fabaceae and
Lamiaceae, stood out as recurrent sources of phytochemicals
used in the green synthesis of metallic nanoparticles [9,43].
Nanoparticles derived from these families have been incorporat-
ed into dental applications such as restorative materials and
endodontic medicaments. In cariology, plant-mediated AgNPs
and ZnO-NPs demonstrated significant antibacterial activity
against Streptococcus mutans biofilms [8,9,43], whereas in
endodontics, their integration into irrigants and sealers im-
proved disinfection efficiency against Enterococcus faecalis
[44]. These findings underscore the translational potential of
plant-based nanotechnology in core areas of dentistry.

The high frequency of these families in the reviewed articles in-
dicates a strategic phytochemical selection that maximizes both
synthetic feasibility and therapeutic potential. This correlation
highlights the critical role of phenolic-rich botanical species in

enabling the eco-friendly, scalable production of biofunctional
nanoparticles suitable for applications in oral health, including
antimicrobial, antibiofilm, and tissue-regenerative uses.

A consistent observation across the reviewed studies was the
superior biological behavior of nanoparticles synthesized
through green chemistry compared to those obtained via
conventional methods. This enhanced activity is frequently at-
tributed to the presence of plant-derived bioactive compounds,
such as flavonoids, polyphenols, and terpenoids, that act as both
reducing and capping agents [13]. These phytochemicals not
only facilitate the formation of stable colloidal nanostructures
but also contribute synergistically to their bioactivity, enhancing
their interaction with microbial membranes and disrupting
biofilm formation [10,24].

In this study, silver (66%) was the main metal used in nanopar-
ticle synthesis with an eco-friendly approach (Figure 5). The
wide predominance of AgNPs can be attributed to their well-
documented antimicrobial, antifungal, and anti-inflammatory
properties, making them especially attractive for applications in
dental materials aimed at infection prevention and biofilm
control [45,46].

Besides silver, zinc, copper, and nickel, other metals have been
used to a lesser extent. The significant representation of ZnO-
NPs, known for their biocompatibility, UV-blocking capacity,
and antibacterial efficacy, aligns with their growing use in re-

storative and preventive dentistry, including cements, sealants,
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Metals Used in Green Nanoparticle Synthesis

Silver (Ag)

Zinc Oxide (Zn0)

Nickel Oxide (NiO)

Copper (Cu)

Titanium Dioxide (TiO2)

Gold (Au)

Selenium (Se)

Metal

Zirconia (2r02)

Strontium (Sr)

Platinum (Pt)

Magnesium Oxide (MgO)

Iron Oxide (Fe203)

Cerium (Ce02)

Calcium Hydroxide (Ca(OH)2)

Figure 5: Metals used in nanoparticles green synthesis in the dental field.

and mouthwashes [8,45]. CuNPs and nickel oxide nanoparti-
cles, though less frequent, are also gaining attention for their
antimicrobial activity, despite some concerns regarding cytotox-
icity [46,47]. The presence AuNPs and titanium dioxide nano-
particles highlights an interest in optical and photocatalytic ap-
plications, particularly in regenerative procedures and dental
coatings [48,49]. The sparse use of other metals such as magne-
sium, iron, selenium, and cerium oxides suggests ongoing
exploration of less conventional materials with niche properties,
possibly linked to targeted therapeutic functions or synergistic
effects when combined with more established agents [50,51].
Overall, the choice of metal reflects a balance between desired
biological activity, safety profile, and the feasibility of green
synthesis, all critical for clinical translation in dental practice.

We highlighted that 68.80% (n = 51) of the studies describing
nanoparticle synthesis methods employed stirring. Other re-
ported methods included heating (27.30%; n = 21) and cooling
(3.90%; n = 3). Stirring is a widely used method in the green
synthesis of metallic nanoparticles because it plays a crucial
role in ensuring efficient nucleation, growth, and stabilization of
nanoparticles. Once plant extracts are commonly used as
reducing and capping agents, stirring promotes the homoge-
neous mixing of the metal ions and the bioactive compounds in
the extract. This enhances the frequency of collisions between
them and results in more uniform nucleation and better control
over particle size and morphology. Moreover, continuous stir-
ring prevents aggregation of the nanoparticles, contributing to

their colloidal stability. Studies have shown that variations in

3

Absolute Frequency

stirring speed can significantly impact the yield and characteris-
tics of the resulting nanoparticles, making it an essential param-
eter for optimizing reproducibility and ensuring eco-friendly
synthesis processes [52,53].

Metallic nanoparticles characterization

The studies characterize the nanoparticles obtained through
green synthesis in terms of both physicochemical properties and
biological effects (Figure 6). The most frequently reported bio-
logical activity among the selected studies was the inhibition of
microbial growth (80.0%; n = 44), highlighting its prominence
as a primary target in antimicrobial research. The studies
primarily evaluated antimicrobial effects against Streptococcus
mutans (69.10%; n = 38), Candida albicans (50.90%; n = 28),
and Enterococcus faecalis (32.70%; n = 18), demonstrating the
broad versatility of green-synthesized metallic nanoparticles in
targeting various biofilm-associated oral diseases [54,55]. The
investigation of antimicrobial activity against these microorgan-
isms indicates the potential dental applications of green-synthe-
sized metallic nanoparticles.

To characterize the green-synthesized metallic nanoparticles,
the selected studies used mainly Fourier-transform infrared
spectroscopy (FTIR, 36.73%; n = 36), ultraviolet—visible spec-
troscopy (UV=-vis, 34.69%; n = 35), and X-ray diffraction
(XRD, 25.48%; n = 27). They are among the most commonly
used techniques for the characterization of metallic nanoparti-
cles synthesized via green routes due to their complementary

abilities to elucidate key structural, optical, and chemical prop-
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Figure 6: Biological and chemical characterization of nanoparticles used in the selected studies.

erties. FTIR enables the identification of functional groups
involved in the reduction and stabilization of nanoparticles, typ-
ically derived from phytochemicals in plant extracts used as
reducing agents [52,56]. UV—vis spectroscopy is widely em-
ployed to monitor nanoparticle formation in real time by
detecting surface plasmon resonance bands, which provide
insight into particle size and distribution [57]. XRD offers
detailed information on the crystalline structure and phase com-
position of the nanoparticles, confirming successful synthesis
and purity [53]. Together, these techniques form a robust ana-
lytical toolkit that supports the eco-friendly and scalable pro-
duction of metal nanoparticles in green nanotechnology.

Limitations concerning selected studies

The analysis of study limitations revealed that the vast majority
(68.7%; n = 67) of the reviewed articles conducted exclusively
in vitro experiments, with no progression to in vivo experimen-
tation in 53.7% (n = 53) of cases. Moreover, 47.8% (n = 45)
lacked cytotoxicity assessments or evaluations in human cells.
This gap raises important concerns regarding the long-term bio-
compatibility, biodistribution, and potential cytotoxicity of
these nanoparticles within the complex and dynamic oral envi-
ronment [15,20]. A significant number of selected studies (n =
23; 24.1%) also failed to perform advanced physicochemical
characterizations, such as FTIR, SEM, or XRD, which are
essential for confirming nanoparticle properties.

Only a minority of studies investigated mechanisms of action
(18.9%; n = 16) or addressed the scalability and reproducibility

of the synthesis process (17.6%; n = 15), which are crucial for
industrial and clinical translation. Comparisons with conven-
tional treatments or commercial products were absent in 16.2%
(n = 14) of the works, while 9.5% (n = 8) did not replicate their
experiments. Limitations also included restricted animal
modeling (8.1%; n = 7) and absence of long-term effect assess-
ments (8.1%; n =17).

Altogether, these findings indicate that while green-synthesized
nanoparticles hold great promise for dental applications, there is
still a substantial need for methodological thoroughness, trans-
lational progression, and standardized protocols to advance their
clinical implementation and proper systematic efficacy compar-
isons. These limitations are herein represented in the variability
of plant sources, extraction methods, synthesis parameters, and
nanoparticle characterization techniques.

Applications in the dental science field
Preventive and restorative dentistry represents the field that
most extensively utilizes green synthesis of nanoparticles
(Table 1), particularly in the development of antimicrobial com-
pounds such as oral antiseptics and toothpastes with prolonged
antimicrobial action, restorative materials (including composite
resins and cements) with antibacterial properties, nanoparticle-
reinforced sealants and fluoride varnishes for caries prevention,
and antibiofilm coatings for dental and orthodontic surfaces.

Beyond the initial findings, nanoparticles have also been incor-
porated into a wide range of preventive and restorative dental
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Table 1: Summary of green-synthesized nanoparticle applications in dentistry.

Dentistry area

preventive and restorative dentistry

(61]
endodontics
periodontics

[69-71]
implantology
orthodontics

materials. Composite resins and glass ionomer cements rein-
forced with silver or zinc oxide nanoparticles exhibit enhanced
antimicrobial activity, reducing bacterial colonization at restora-
tion margins and thereby minimizing secondary caries risk [9].
Additionally, fluoride varnishes and dental sealants containing
biogenic nanoparticles demonstrate antibiofilm effects and
prolonged ion release, making them promising adjuncts in
caries prevention strategies, especially in high-risk populations

[8].

Within the dental sciences, green-synthesized nanoparticles
have demonstrated considerable potential across multiple
domains. In cariology and periodontology, these nanoparticles
have been effectively incorporated into toothpastes, mouth-
washes, and composite resins to inhibit or reduce microbial
colonization by key oral pathogens such as Streptococcus
mutans, Lactobacillus spp., and Candida albicans [27,28].
Their antimicrobial efficacy contributes to disrupting biofilm
formation and controlling infection processes fundamental to

dental caries and periodontal disease progression.

In periodontal therapy, green-synthesized nanoparticles have
been formulated into bioadhesive gels, local delivery systems,
and coated dental flosses to sustain antimicrobial release in
periodontal pockets [18]. Such approaches improve the control
of periodontopathogens such as Porphyromonas gingivalis and
Aggregatibacter actinomycetemcomitans, reducing inflamma-
tion and supporting adjunctive treatment to scaling and root
planing. Regenerative strategies are also being developed, in
which nanoparticle-functionalized membranes have shown
potential to modulate host immune response and stimulate peri-

odontal tissue repair [72].

In the field of endodontics, biosynthesized AgNPs and ZnO-
NPs have been employed as adjuvants to conventional irrigants
and intracanal dressings, thereby enhancing the disinfection
efficacy of root canal systems [21]. The nanoscale properties of

these particles facilitate deeper penetration into complex canal

Applications with green synthesis of nanoparticles
mouthwashes [4,12,13,15,16,20,41,44,60,61], toothpastes [15,20,44,58,59], composites

irrigants [15,61-63], filling [62], intracanal medicament [4], nonspecific [64,65]
gels [66], systems with controlled release of nanoparticles [67], dental floss [68], nonspecific

coating of implants with nanoparticles [72], nonspecific [59]
nonspecific [15,59,72], orthodontic wire [73], brackets with antimicrobial coatings [19]

anatomies and improve antimicrobial action against resistant
endodontic pathogens, which is critical for preventing reinfec-

tion and ensuring treatment success.

The incorporation of biogenic nanoparticles into irrigating solu-
tions, intracanal medicaments, and filling materials enhances
their penetration and antibacterial action against resistant micro-
organisms, including Enterococcus faecalis [8,43,44]. Green-
synthesized AgNPs and ZnO-NPs are particularly relevant due
to their ability to disrupt biofilm architecture within dentinal
tubules [8,43]. Moreover, their use in nanoparticle-coated gutta-
percha cones has been proposed to improve long-term disinfec-

tion and reduce reinfection risks [44].

Furthermore, within dental tissue engineering, recent studies
have reported promising outcomes using biogenic nanoparti-
cles incorporated into scaffolds and regenerative membranes
designed to stimulate osteogenesis and promote periodontal
tissue regeneration [16,17]. These nanoparticles not only
provide antimicrobial protection but also actively modulate cel-
lular behavior, such as proliferation and differentiation, thereby
enhancing the regenerative potential of biomaterials applied in
clinical settings.

Implantology is another emerging area of application, where
nanoparticle-based coatings are used to reduce peri-implant
biofilm formation and enhance osseointegration [9,19]. Tita-
nium implants functionalized with green-synthesized AgNPs or
iron oxide nanoparticles doped with silver (Ag-Fe,0O3) exhib-
ited dual properties, that is, antimicrobial protection and stimu-
lation of osteoblastic activity. In prosthodontics, biogenic nano-
particles have been incorporated into denture base resins and
soft liners, demonstrating significant antifungal activity against
Candida albicans, which is crucial for denture stomatitis
management [18,59].

In orthodontics, nanoparticles have been applied as antimicrobi-

al coatings on brackets and archwires to mitigate plaque accu-
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mulation and white spot lesions during treatment. Additionally,
mouth rinses and gels containing biogenic AgNPs are being in-
vestigated as adjunctive therapies to improve oral hygiene in
patients with fixed orthodontic appliances [8,37,44]. These
strategies aim to balance microbial control while preserving the
mechanical performance of orthodontic devices.

Green-synthesized nanoparticles also hold promise in regenera-
tive dentistry. Incorporated into scaffolds, membranes, and
hydrogels, they have demonstrated the ability to enhance osteo-
genesis and angiogenesis while simultaneously reducing micro-
bial contamination [19]. These multifunctional biomaterials not
only support bone and periodontal regeneration but also repre-
sent sustainable alternatives for next-generation regenerative

therapies [8].

Conclusion

In conclusion, this review emphasizes the growing significance
of green nanotechnology in dentistry while underscoring the
imperative for interdisciplinary collaboration and stringent
regulatory oversight. The prominent use of silver and zinc oxide
nanoparticles, produced through environmentally sustainable
phytochemical-mediated synthesis, underscores a convergence
of advanced antimicrobial functionality, enhanced biocompati-
bility, and alignment with global sustainability goals. These
findings affirm that green nanotechnology represents a para-
digm shift in dental material innovation, offering promising
avenues to enhance oral health outcomes while integrating eco-
logical responsibility. Future research must prioritize transla-
tional approaches, including comprehensive clinical trials and
toxicological assessments, to validate the safety and efficacy of
these innovative materials and facilitate their responsible inte-
gration into routine dental practice, as green-synthesized nano-
particles are pioneering agents on the verge of redefining the
future of dental therapeutics and biomaterials.

Review Guidelines

Review protocol and objective

This scoping review followed the PRISMA guidelines for
systematic reviews and was registered in “Open Science Frame-
work” (https://osf.io/n3htg/). The main objective was to iden-

Table 2: Boolean expression used in this scoping review.

Beilstein J. Nanotechnol. 2025, 16, 1851-1862.

tify and analyze studies on the application of metallic nanoparti-

cles synthesized via green chemistry in dentistry.

Search strategy and information sources

This review was guided by the PCC framework, that is, popula-
tion (P): metallic nanoparticles (e.g., silver, gold, copper,
zinc oxide); concept (C): green synthesis using plant-based
extracts or eco-friendly biosynthetic routes; context (C): dental
applications (e.g., oral microbiology, materials science, cari-
ology, periodontology, endodontics). Thus, we used a combina-
tion of Boolean expressions that correspond to the PCC
(Table 2).

Eligibility criteria

Inclusion criteria were original research articles evaluating the
use of green-synthesized metallic nanoparticles in dental
contexts, articles published in English, studies with experimen-
tal or in vitro/in vivo design, full publication until May 2025,
and peer-reviewed publications. Exclusion criteria included
reviews, editorials, letters to the editor, conference abstracts,

and studies not focused on dentistry.

Study selection and data management

A total of 2,223 articles were retrieved (PubMed = 355;
Scopus = 441; Embase = 1,172; Web of Science = 255). After
removal of 617 duplicates using Rayyan QCRI
(RRID:SCR_017584), 1,606 studies were screened based on
titles and abstracts by two independent reviewers.

Data extraction

Data were extracted regarding authorship, publication year,
country, type of metal used, part of the plant, synthesis method,
nanoparticle characterization techniques, biological evaluations,
and application within dentistry.
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Abstract

Mosquitoes of the Aedes genus are responsible for the transmission of arboviruses that seriously affect public health. Given the in-
creasing resistance to traditional insecticides and their negative environmental impacts, the need for safer alternatives arises. In this
context, natural produts such as essential oils (EOs) have been studied for their larvicidal and repellent properties against Aedes
aegypti, due to the presence of compounds such as terpenoids and phenols. However, the usage of EOs is limited due to some prop-
erties such as poor water solubility, high volatility, and intrinsic oxidation sensitivity. Thus, the development of novel formulations
to efficiently deliver bioactives represents an innovative approach for Aedes aegypti control. In this context, nanothecnology
provides smart formulations with improved drug solubility, controlled release, and protection against degradation. Nanoemulsions
are colloidal systems with droplets of 20 to 500 nm, which improve the dispersion of the compounds, protect their active properties,
and enhance their efficacy. This review addresses the potential of nanoemulsions as efficient carriers of EOs, and how this ap-
proach could emerge as ecological alternatives to synthetic insecticides. Herein, the focus was kept on targeting larvicidal and
repellent activities against Ae. aegypti. For that, 23 studies were analyzed, which demonstrated a significant increase in the efficacy

of nanoemulsions with EOs compared to that of free EOs, in both activities. However, the repellent activity has been less explored,
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present in only three of the studies evaluated, in the last 10 years. Correlatingh with this, other aspects such as botanical species of

EOs, mechanisms of action, composition, and characteristics of nanoemulsions are discussed. In addition, this review highlights

challenges and perspectives on pharmaceutical nanotechnology towards nanoemulsions as safe, effective, and eco-friendly tools for

controlling Ae. Aegypti.

Introduction

Arboviruses (arthropod-borne viruses) are viruses transmitted
by arthropods, including mosquitoes, sandflies, and ticks. Cur-
rently, more than 615 arboviruses have been recognized and re-
ported in the literature. Their transmission cycle typically
begins when a vector, such as a mosquito, feeds on the blood of
an infected host [1]. Thus, the virus undergoes a replication
process in the midgut of the mosquito, being disseminated to
different organs, mainly the salivary glands. Upon contact with
a new host, the virus is inoculated through the bite of the vector,
continuing the transmission cycle [2,3]. Most diseases caused
by arboviruses are zoonoses, meaning they are primarily infec-
tions of vertebrates which can occasionally trigger incidental

infections in humans [3,4].

The main vectors are mosquitoes of the Aedes genus, primarily
Aedes aegypti and Aedes albopictus, which are capable of trans-
mitting various arboviruses on a global scale [5]. Ae. aegypti is
generally considered the most efficient and important vector for
the transmission of these viral diseases, due to its evolutionary
adaptations, its strong association with human environments,
and its high vector competence [5,6]. However, Ae. albopictus
has been reported as the main or even the sole vector responsi-
ble for arbovirus transmission in certain regions of the world,
demonstrating significant epidemiological relevance under spe-
cific ecological conditions [7]. Therefore, these arthropods play
a crucial role in the transmission of arboviruses of global
epidemiological relevance, such as dengue (DENV), yellow
fever (YFV), zika (ZIKV), and chikungunya (CHIKV).

In these diseases, high morbidity and mortality rates are ob-
served, and they have a global distribution, particularly in trop-
ical and subtropical regions, where climatic conditions favor the
reproduction and proliferation of mosquitoes. Due to the
growing threat posed by arboviruses, the Global Arbovirus
Initiative [8] highlights integrated vector control as a critical
pillar for reducing transmission risks worldwide, advocating for
the use of multiple complementary approaches as an essential
strategy for effective disease control. These include the rational
use of chemical insecticides, aimed at minimizing the develop-
ment of resistance; biological control, through the use of natural
predators and larvicidal microorganisms such as Bacillus
thuringiensis israelensis (Bti); mechanical control, based on im-
proving basic sanitation and infrastructure to eliminate breeding

sites; and behavioral control, which promotes the adoption of

practices such as the use of traps to capture mosquitoes at dif-
ferent life stages [9-12]. In this context, the development of
nanoemulsions based on essential oils emerges as a promising
innovation within integrated control strategies, offering envi-
ronmentally friendly larvicidal and repellent alternatives specif-
ically targeted at Aedes aegypti [12-14].

Although chemical insecticides are important tools in vector
control, the development of resistance and the consequent de-
crease in their effectiveness have become a major concern [15-
18]. Several cases of resistance to pyrethroids, carbamates,
organochlorines, and organophosphates have been reported over
the years [11,19]. Additionally, repellents based on DEET (N,N-
diethyl-meta-toluamide) are recognized as the gold standard for
mosquito repellents; however, these repellents are not widely
used in regions at risk for arbovirus transmission, mainly due to
accessibility issues, cost, and concerns about long-term safety.
Additionally, commonly used components have been associat-
ed with allergic reactions, skin irritation, and adverse effects on
the nervous, cardiovascular, and respiratory systems of humans
because these chemicals are highly toxic to non-target organ-
isms and are not selective for the vector [11,20,21]. Further-
more, these products also contribute to environmental pollution
[14]. Given this scenario, the search for more sustainable alter-
natives, such as the use of natural products, becomes a promis-
ing strategy to tackle these challenges [22].

Among natural products are essential oils, secondary metabo-
lites with complex chemical composition extracted from differ-
ent parts of plants [23]. They stand out for their efficiency in
combating the vector at different stages of the evolutionary
cycle, especially as larvicides, wherein the mosquito is at its
most vulnerable stage [24]. In addition, they can act as insecti-
cides, ovicides, pupicides, oviposition deterrents, and repellents
[25,26]. The main advantages include low toxicity, biodegrad-
ability, and action in multiple locations due to the variety of
compounds [12,19].

On the other hand, essential oils in their natural form are not
stable under environmental stress, being easily degradable or
evaporated upon exposure to air, light, heat, and humidity
during processing, use, or storage [27,28]. Their volatile nature,
susceptibility to oxidation, and insolubility in water limit their

industrial application [29]. To overcome these limitations,
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nanotechnological strategies have been used, such as polymeric
nanocarriers [30], solid lipid nanoparticles [31], liposomes [32],

and nanoemulsions [13,14,33].

Among these strategies, nanoemulsions, kinetically stable nano-
metric dispersions (20-500 nm) of two immiscible liquids,
stabilized by surfactants, have stood out [34]. These are not
affected by moderate changes in pH or temperature, making
them ideal for the protection of solubilized bioactives [35].
They also promote the protection of essential oils against
oxidation caused by external factors, maintaining or increasing
their functional properties [28]. Furthermore, they increase the
water solubility of poorly soluble compounds, improve the
dispersion of essential oils in vector control, and provide a con-
trolled release of the bioactives. Finally, these systems can be
obtained at low cost and through more sustainable technologies
[36].

Given these advantages, nanoemulsions containing essential
oils have been used as a promising strategy for mosquito control
[33]. These systems can improve the efficacy of essential oils
(EOs) against these vectors, providing the abundance of these
bioactives in their structures at different stages of their cycle
[37]. Therefore, this review focuses on mapping nanoemulsions
based on essential oils and their potential as an innovative
strategy for controlling Aedes aegypti and consequently related

arboviruses.

Review
Aedes aegypti: General aspects and control
strategies

Insects are important vectors in the transmission of bacteria and
viruses, contributing to the spread of various diseases in
humans. Among these pathogens, arboviruses form a diverse
group of viruses primarily transmitted by arthropods such as
mosquitoes, ticks, and flies [38]. More than 500 arboviruses
have been identified globally, but only about 150 cause diseases
in humans. Among them, the Flaviviridae family includes
pathogens such as dengue (DENV) and zika (ZIKV) viruses,
while Alphaviruses include the chikungunya virus (CHIKV)
[39,40]. These viruses are primarily transmitted by the
Ae. aegypti mosquito, which relies on humans as its main
amplification hosts [2,41,42].

Aedes aegypti is a species of mosquito of the Culicidae family,
order Diptera, native to Africa and distributed throughout
various regions of the world. This extensive distribution occurs
due to the sum of several factors, such as dispersion favored by
high temperatures and high humidity, and inefficient urban and

rural development planning measures. Thus, due to climatic and
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social conditions, tropical and subtropical regions are consid-

ered favorable for the development of this mosquito [43].

Ae. aegypti mosquitoes are small in size, black in color, and
have white spots [44]. Regarding their life cycle, they present
complete metamorphosis, including the egg, larva, pupa, and
adult stages (Figure 1) [45]. The complete cycle, which takes
approximately seven to 14 days, encompasses the transition
from an Ae. aegypti mosquito egg to an adult mosquito, and it is
influenced by environmental factors such as temperature,
nutrient availability, water quality, and ecological interactions.
Higher temperatures accelerate growth, while food scarcity and
competition can prolong this phase [46-48].

The life cycle of Ae. aegypti (Figure 1) begins with the deposi-
tion of eggs by adult female mosquitoes. These eggs are capable
of surviving for a prolonged period in the absence of water and
can withstand extreme environmental conditions, thereby
persisting in aridand/or cold environments [20,48]. Upon con-
tact with water, the eggs hatch, resulting in the hatching of
larvae corresponding to the 1st instar stage (L.1). Larvae rapidly
progress to the 2nd instar stage (L2), and subsequently to the
3rd instar stage (L3) larvae. The transition from L3 to the 4th
instar stage (L4) occurs more gradually, as larvae must achieve
sufficient size and weight to initiate metamorphosis into pupae.
Pupae also live exclusively in aquatic habitats and represent a
transitional phase of metamorphosis between larval and adult
stages. During this phase, pupae develop into adult mosquitoes,
which are capable of flying short distances. Aedes aegypti
mosquitoes generally disperse within 50 to 100 meters from
their emergence site [49], although in less populated areas this
range may extend up to 560 meters in rural or more open envi-
ronments [45,48,50,51].

Environmental factors, such as improper water storage and
climatic conditions, influence the proliferation of Ae. aegypti,
increasing arbovirus transmission. According to data from the
World Health Organization [52], arboviroses are seen as a
major obstacle to public health, especially to dengue, zika, and
chikungunya viruses, especially in subtropical and tropical
countries [3]. In this scenarium, DENV causes more than
400 million infections annually, presenting symptoms such as
high fever, headaches, and, in severe cases, hemorrhagic shock
[53]. CHIKYV, present in over 100 countries, leads to fever,
severe joint pain, and, in critical cases [54,55], to neurological
and cardiac complications [55]. Initially overlooked, ZIKV
gained global attention after outbreaks in the Americas, being
linked to severe complications such as congenital zika syn-
drome and Guillain—Barré syndrome [56]. In addition to mos-
quito transmission, ZIKV can spread through sexual contact
[57], blood transfusions [58], and from mother to child [59].
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Figure 1: Life cycle of Aedes aegypti mosquitoes. After oviposition, the eggs hatch into larvae within one to two days. Larvae develop through four
instar stages over four to seven days before becoming pupae. Pupae mature into adult mosquitoes within two to three days. Males usually emerge
first. Only females need to feed on blood to develop their eggs and continue the cycle. The scale of the image in cm provides a reference for the ap-
proximate size of the mosquitoes and their stages of development. Created in BioRender. Rocha Formiga, F. (2025) https://BioRender.com/ssghykj.

This content is not subject to CC BY 4.0.

Given the persistence and severity of arboviral diseases, effec-
tive strategies to control Ae. aegypti are crucial for preventing
their spread. The absence of vaccines and effective treatments
for most arboviruses further reinforces the importance of vector
control as an important strategy to reduce the transmission of
these diseases [60]. For that, a variety of methods targeting dif-
ferent stages of the mosquito life cycle have been employed to
control their populations. Traditional strategies focus on elimi-
nating breeding sites, such as water containers and discarded
tires that collect rainwater, which serve as ideal habitats for
mosquito larvae. Additionally, the application of larvicides, in-
cluding chemical and biological agents, insect growth regula-
tors, and bacterial toxins, has been widely used to reduce
mosquito populations. Internal residual spraying to eliminate
adult mosquitoes and the use of insecticide-treated nets are also
common control measures [61,62].

Historically, the Pan American Health Organization (PAHO), in

collaboration with Latin American governments, led efforts to

eradicate Ae. aegypti in the Americas during the 1950s and
1960s, primarily using dichloro-diphenyl-trichloroethane
(DDT) and other persistent insecticides. Although effective at
the time, DDT use was discontinued due to its environmental
persistence and the emergence of resistance in mosquito popula-
tions [60,63]. Another widely used insecticide is temephos, an
organophosphate larvicide applied in water reservoirs to control
mosquito reproduction. However, its direct correlation with
reduced dengue cases remains inconclusive [60].

Despite their effectiveness, the excessive use of chemical insec-
ticides poses health risks and contributes to the development of
resistance in mosquito populations [63]. These concerns high-
light the need for safer, more sustainable vector control strate-
gies that minimize risks to human health and delay the onset of
insecticide resistance. In this context, natural products have
emerged as a promising alternative for mosquito control, partic-
ularly as larvicides, given that many insecticides are derived

from natural compounds [64]. Various classes of natural prod-
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ucts and secondary metabolites have been evaluated, with a par-
ticular focus on plant essential oils and their constituents

[65,66].

Essential oils in vector control

Essential oils are hydrophobic, aromatic, volatile liquid
compounds mainly secreted by glandular trichomes, which
are the secretory tissues present in different vegetative parts of
plants, such as leaves, flowers, roots, fruits, or stems [67].
These can be obtained by distillation with water or steam,
microwave or ultrasound assisted extraction, or from the
epicarp of fruits by a mechanical process, or by “dry distilla-
tion”. They and are made of a complex mixture of low molecu-
lar weight chemical substances including terpenes, terpenoids,
phenylpropanoids, aldehydes, ketones, and ethers which are
directly related to the defense of plants against different
pathogens [68-70].

The chemical compounds present in the essential oils of some
plant species (such as Cymbopogon excavatus, Mentha piperita,
Azadirachta indica, Eucalyptus maculata, and Cymbopogon
nardus) [62,66], exhibit, either alone or in synergy, larvicidal,
ovicidal, pupicidal, and repellent properties. These characteris-
tics make these oils sustainable and effective alternatives for
controlling disease-carrying insects, including Ae. aegypti
[71,72]. Chemical components such as limonene, menthol,
linalool, thymol, eugenol, citral, and camphor are widely used
in commercial insecticide and repellent formulations around the
world [67,73,74]. These constituents and others have been
found in the composition of different species producing EOs,
presenting significant biological activities against Ae. aegypti
[72,75-77].

The action of these components consists of interfering with
larval physiology, preventing its development and contributing
to the reduction of the adult mosquito population. Ovicidal ac-
tivities are also reported, which prevent eggs from hatching,
interrupting the life cycle of the vector. Furthermore, essential
oils exhibit repellent properties that keep mosquitoes away,
reducing the incidence of bites and, consequently, the transmis-
sion of diseases [10,24].

Despite the potential of essential oils, their use in vector control
faces several limitations. The high volatility of the active com-
pounds can reduce long-term efficacy, requiring frequent
reapplications. In addition, the low polarity of the components
of essential oils makes their use unfeasible in aqueous environ-
ments, which are common for larval development. Furthermore,
chemical instability and variation in the consistency of the
composition of the oils can affect the efficacy of the products
[78].

Beilstein J. Nanotechnol. 2025, 16, 1894-1913.

To overcome these limitations, pharmaceutical nanotechnology
strategies such as nanoemulsions have been used as tools for
vector control [79]. Numerous studies have shown that
nanoemulsions can increase the solubility and prolong the larvi-
cidal and/or repellent activity of essential oils, making them a
promising solution to improve the efficacy of herbal products
for mosquito control [80,81].

Nanoemulsions: Concepts and applications

in larvicides and repellents

Pharmaceutical nanotechnology offers innovative solutions for
the delivery and targeting of molecules for therapeutic, prophy-
lactic, or diagnostic purposes [82]. In 1995, the Food and Drug
Administration (FDA) agency approved the first nanomedicine,
Doxil® (doxorubicin-loaded liposomes) for chemotherapy. Over
the past 30 years, research and development in nanotechnology
have expanded significantly, with more than 70 nanomedicines
approved by FDA or EMA [83-86].

Beyond liposomes, other lipid-based nanosystems have gained
prominence, such as nanoemulsions (NEs) [87]. NEs are kineti-
cally stable dispersed systems composed of two immiscible
phases, typically an oil and aqueous phases, with droplets
(20-500 nm) stabilized by surfactants. NEs can be classified as
oil-in-water (O/W), water-in-oil (W/O), or multiple emulsions
(W/O/W or O/W/O) (Figure 2), depending on the preparation
techniques and the choice and interaction of formulation com-
ponents [34,88,89].

Nanoemulsions exhibit several advantages, making them prom-
ising systems for pharmaceutical and biomedical applications.
These include: (a) superior stability during storage compared to
that of macroemulsions, attributed to their small droplet size,
which prevents flocculation, creaming, and sedimentation;
(b) enhanced bioavailability and improved aqueous solubility of
lipophilic molecules; (c) increased cutaneous permeability of
various molecules; (d) reduced emulsifier concentrations com-
pared to that of macro- and microemulsions; (e) protection of
molecules from adverse environmental conditions such as
pH-induced hydrolysis and oxidation; and (f) versatile applica-
tions allowing administration in various forms, including gels,
creams, aerosols, and sprays, via oral, topical, intravenous, pul-
monary, and ocular routes [88,90-93].

Given these numerous advantages, nanoemulsions have been
successfully explored for the treatment of diverse cancers [94],
inflammatory processes [95], photodynamic therapy [96], anti-
microbial applications [97], intracellular parasites such as
Trypanosoma cruzi and Leishmania spp. [98,99], and for anti-
oxidant potential [100], larvicidal, and repellent activities

against arthropod vectors [101]. Nanotechnology has shown the
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potential to enhance the performance and significantly improve
the physical, chemical, and biological properties of essential
oils, phytocompounds, and other insecticidal materials [102].

Wei et al. (2023) demonstrated the larvicidal potential of
fenpropathrin NEs against Helicoverpa armigera larvae at the
L3 stage, reporting superior efficacy compared to commercial
emulsions, along with lower toxicity to non-target organisms

and improved environmental compatibility [103].

Similarly, Shaari et al. (2021) developed palm-oil-based
nanoemulsions containing deltamethrin, which exhibited en-
hanced insecticidal performance against Ae. aegypti mosqui-
toes using thermal fogging techniques in outdoor environments
[104]. This superior performance was attributed to the reduced
droplet size, which facilitates penetration through mesothoracic
spiracles and into the inner walls of the mesothoracic trachea,

thereby increasing insect mortality.

Against the Ae. aegypti vector, Duarte et al. (2024) developed
NEs loaded with two monoterpenes, cymene and myrcene, and
evaluated their larvicidal potential against L3 larvae [36]. The
NEs showed significant lethality to Ae. aegypti larvae, with
insecticidal activity equal to or greater than that of free terpenes

but with enhanced safety for Galleria mellonella larvae and

human keratinocyte cells (HaCaT). Additionally, NEs facili-

tated dispersion in aqueous environments.

In conclusion, nanoemulsions are safe, eco-friendly, and effec-
tive nanosystems capable of enhancing the larvicidal and insec-
ticidal effects of various compounds. Developing essential oil-
based nanoemulsions represents an intelligent and promising al-
ternative for vector control, as further detailed in the following
sections.

Nanoemulsions based on essential oils to
control Aedes aegypti

There have been reports in recent years regarding the use of
nanoemulsions as effective active EO carriers. In this review,
we compiled studies of nanoemulsions containing essential oils
against Ae. aegypti, a vector of arboviruses such as zika,
chikungunya, and dengue. We found 23 studies with different
types of nanoemulsified essential oils. Most of the studies were
related to larvicidal activity, with less investigation regarding
repellent potential in recent years. These aspects are detailed
and discussed in the sections below.

Larvicidal properties

Essential oils have gained attention due to their larvicidal prop-

erties against different vector larvae, including Ae. aegypti, and
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have been enhanced in nanoemulsions thanks to their proper-
ties [105-107]. Nanostructured plant-based larvicides could be
associated with larvae morphological alterations, formation of
reactive oxygen species that cause genotoxicity, and inhibition
of acetylcholinesterase (Figure 3).

Morphological
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Figure 3: Schematic representation of the larvicidal mechanism of
nanoemulsions based on essential oils against Aedes aegypti larvae.
Created in BioRender. Rocha Formiga, F. (2025) https://
BioRender.com/qu9I3j9. This content is not subject to CC BY 4.0.

In this context, Romano et al. (2024) investigated the use of a
nanoemulsion formulated with an essential oil extracted from
the leaves of Murraya koenigii to evaluate its efficacy as a
larvicide against the Ae. aegypti mosquito [108]. This plant,
known as curry in India, is widely distributed in tropical and
subtropical regions of the world and has culinary and medicinal
applications [109]. Its leaves can be used to extract essential
oils rich in sesquiterpenes, whose major components are -phel-
landrene (38.3%), a-fenchene (10.5%), and sabinene (9.6%),
which are important for its larvicidal activity [108]. Thus, a
nanoemulsion with an average droplet size of 140 nm contain-
ing 1% of essential oils was evaluated on third-instar larvae
(treated for 24 hours) at 1:100 and 1:200 (v:v) dilutions. The
results reveal high mortality at different concentrations, with
LCs¢ values of 11.8 pg/mL and 12.5 ug/mL, LCyq values of
22.6 pg/mL and 21.6 pg/mL for laboratory and field, respec-
tively. In comparison to the unformulated essential oil, the
nanoemulsion maintained its effectiveness for an extended
period of up to 29 days. While genotoxic effects were not ob-
served in Allium cepa cells, a decrease in cellular proliferation
was evidenced.

De Sousa dos Santos et al. (2024) investigated the larvicidal
effects of a nanoemulsion containing essential oil from Ocimum
basilicum [76]. This species is known as basil or alfavaca and it
is native to tropical regions of Africa and Asia [110]. It presents
high levels of linalool (32.66%) and anethole (32.48%), in addi-

tion to a-selinene (0.82%) in their composition, which showed
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promising molecular affinity in in silico studies, despite its low
concentration [76]. The oil was obtained by hydrodistillation
and incorporated into the nanoemulsion through a low-energy
method, using polysorbate 20 as a surfactant. The formulation
presented an average droplet size ranging from 244.6 to
280.4 nm, a polydispersity index of less than 0.25, and a nega-
tive zeta potential (—15.7 to —18.6 mV), maintaining stability
for 14 days. In the bioassays, fourth-stage larvae (L4) of Aedes
aegypti and Culex quinquefasciatus were exposed to concentra-
tions of 10 to 50 mg/L for 24 and 48 hours. LCs values ranged
from 38 to 42 mg/L for both vectors throughout the evaluated
periods. Distilled water, polysorbate 20, and commercial larvi-
cides (Temephos and Pyriproxyfen) were used as controls. It
should be noted that the study did not perform comparisons
with the free essential oil nor did it evaluate the formulation in

non-target species [111,112].

Machado et al. (2023) developed an oil-in-water nanoemulsion
containing 5% of surfactants and 5% of the essential oil of
Ocotea indecora leaves and evaluated the larvicidal activity
against Ae. Aegypti [113]. This species is an endemic plant
native to Brazil found in the remaining Atlantic Forest in the
southern and southeastern regions of Brazil [113,114]. Among
these metabolites, there are reports of bicyclogermacrene, vale-
rianol, B-pinene, and sesquirosefuran being the major
substances in the essential oil of leaves (81.4%), suggesting a
key role of this metabolites in larvicidal activity [113,115]. The
oil was extracted using hydrodistillation and incorporated into
the nanoemulsion by the low-energy method by phase inver-
sion, using polysorbate 80 and sorbitan monooleate 20 as sur-
factants. The NE presented an average size of 105.3 nm (£1.36)
and a polydispersity index of 0.263 (£ 0.004). The larvicidal
bioassays against third-stage Aedes aegypti larvae produced an
LCsp of 61.4 pg/mL at 48 hours and 26.8 pg/mL at 144 hours.
The toxicity of NE in Apis mellifera was evaluated, proving that
the formulated nanoemulsion did not present toxicity for this
non-target species.

Viana et al. (2023) explored the larvicidal activity of a
nanoemulsion formulated with an essential oil extracted from
the leaves of Xylopia ochrantha, a plant native to the restinga
ecosystem of Brazil [111]. The oil has a composition rich in
sesquiterpenes, the main ones being germacrene D (17.8%),
bicyclogermacrene (17.4%), and d-elemene (13.9%). The ex-
traction was performed by hydrodistillation, and the nanoemul-
sion was prepared using a low-energy method with sorbitan
monooleate 80 and polysorbate 20. The NE presented an aver-
age droplet size of 74.5 nm (+1.939) and a polydispersity index
of 0.271 (*0.007), remaining physicochemically stable for up to
180 days. Larvicidal bioassays against third-stage Aedes aegypti
larvae produced an LCsq of 192.5 pg/mL at 48 hours. Further-
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more, acute oral toxicity tests in Danio rerio (zebrafish), a non-
target model organism, showed no adverse effects. Although the
study did not compare the nanoemulsion to the corresponding
free essential oil, it highlights the potential of this formulation
as a safe and environmentally friendly bioinsecticide for the
control of arbovirus vectors.

Subaharan et al. (2022) evaluated the larvicidal efficacy of
nanoemulsions of Trachyspermum ammi essential oil and its
main component, thymol, against Ae. aegypti. The plant, native
to India, has seeds rich in thymol (54.22%), p-cymene
(15.04%), and y-terpinene (10.46%) [116,117]. The oil was
extracted by hydrodistillation (1.8% yield), and the nanoemul-
sions were prepared with 5% of oil or thymol, 5% of Tween®
80, and 90% of water by ultrasound at 50 °C. The nanoemul-
sions presented average sizes of 65 to 83 nm (oil) and 167 to
230 nm (thymol), with stability of up to 60 days. In bioassays
with third-instar larvae, thymol nanoemulsion demonstrated
greater efficacy (LCsg = 34.89 ppm), followed by oil (LCsq =
46.73 ppm), both outperforming conventional emulsions. Elec-
tron microscopy revealed damage to the larvae, and enzymatic
analysis showed that thymol nanoemulsion inhibited 83.48% of
acetylcholinesterase, while oil inhibited 53.62%, suggesting
multiple mechanisms of action.

Gupta et al. (2022) investigated the larvicidal efficacy of a
Thymus vulgaris essential oil nanoemulsion against Ae. Aegypti
[118]. Thyme, a plant native to the Mediterranean, has antimi-
crobial and insecticidal properties, with main compounds such
as 1,3,8-p-menthatriene (45.58%) and 2-ethyl-4,5-dimethyl-
phenol (41.50%) [119]. The essential oil was extracted by steam
distillation. The nanoemulsion was prepared by ultrasound, with
a ratio of 1:0.5 (oil/surfactant, polysorbate 80) and Milli-Q
water. It presented an average size of 52.18 nm (+4.53), a poly-
dispersity index of 0.237 (+0.006), and thermal stability. In
bioassays, third instar larvae exposed to concentrations be-
tween 5 and 150 ppm showed LCsqy of 58.72 ppm after
24 hours. Morphological analysis revealed significant damage
to the larvae, such as cuticular deformations, especially in the
anal segment. The rapid release of the essential oil (91.68% in
48 hours) indicated high bioavailability, contributing to the effi-
cacy of the nanoemulsion.

Bosly et al. (2022) developed an oil-in-water nanoemulsion
containing Santalum album (sandalwood) essential oil and eval-
uated its larvicidal activity against Ae. aegypti [120]. The essen-
tial oil was extracted by hydrodistillation from the wood and
roots of Santalum album, a tree native to India, East Asia,
northern Australia, and the Hawaiian Islands [121]. This oil is
rich in sesquiterpene alcohols, such as a-santalol (24.27%) and
B-santalol (27.65%) [120,122]. The NE presented an average
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droplet size of 195.7 nm, a polydispersity index of 0.342, and a
negative zeta potential (—20.1 mV). Third-instar larvae were
exposed to concentrations ranging from 62.5 to 1500 ppm. The
nanoemulsion showed LCs( values of 232.18 and 182.37 ppm
after 24 and 48 hours, showing greater efficacy than that of the
free essential oil, which required higher concentrations. Further-
more, the nanoemulsion significantly reduced the activity of the
enzymes a-esterase, f3-esterase, and glutathione S-transferase
(GST) in the larvae, suggesting interference in the detoxifica-
tion mechanisms and indicating the involvement of enzymatic

pathways in the larvicidal action.

Almadiy and Nenaah (2022) developed an oil-in-water
nanoemulsion containing Origanum vulgare essential oil,
composed mainly of carvacrol, thymol, y-terpinene, and
p-cymene — monoterpenes widely present in species from the
mediterranean and temperate regions of Asia [72,123]. The
formulation was composed of EO, polysorbate 80 (surfactant),
and purified water, and it was stabilized at 25 °C for 30 days.
The nanoemulsion showed physicochemical stability with an
initial average size of 64.1 nm (£6.3), polydispersity index of
0.21 (£0.04), and initial pH of 5.8. After 30 days, the average
size increased to 71.8 + 8.3 nm, with a polydispersity index of
0.18 + 0.03 and pH of 4.9 + 0.06. In larvicidal bioassays
with Ae. aegypti (exposure: 24 hours), the nanoemulsion
presented a LCs of 13.9 pug/mL, higher than that of isolated EO
(29.2 pg/mL) and pure terpenes (carvacrol: 31.9 pug/mL;
thymol: 45.3 pg/mL; y-terpinene: 50.4 pg/mL; p-cymene:
75.7 pg/mL). The 40 pg/mL dose of the nanoemulsion elimi-
nated 100% of the larvae tested. No toxicity data for non-target
organisms were reported.

Rodrigues et al. (2021) evaluated the larvicidal potential of
nanoemulsions formulated with essential oils from two morpho-
types of Ayapana triplinervis, a plant native to South America
and widely distributed in Brazil, Ecuador, Peru, and other coun-
tries [124,125]. The plant material was collected in the state of
Amapé (Brazil), and the morphotypes were differentiated by
morphological characteristics and chemical composition deter-
mined by GC-MS. The morphotype A presented B-caryophyl-
lene (45.93%) and thymohydroquinone dimethyl ether (32.93%)
as the main constituents, while the morphotype B was dominat-
ed by the latter compound (84.53%). Nanoemulsions were ob-
tained by the low-energy method, with average sizes of
101.4 nm (morphotype A) and 104.6 nm (morphotype B), poly-
dispersity < 0.17, and zeta potentials between —19.3 and
—27.7 mV. Third-instar larvae of Aedes aegypti were treated
with concentrations of 50-150 pug/mL (A) and 20-100 pg/mL
(B), with the morphotype B formulation being the most effec-
tive (LCs50 = 35.57 pg/mL in 48 hours), surpassing the free

essential oil. Acute oral toxicity tests in Mus musculus mice
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(2000 mg/kg) did not result in mortality, although inflammato-

ry changes were observed in the lungs and liver.

Faustino et al. (2021) investigated the larvicidal potential of a
nanoemulsion formulated with an essential oil extracted from
the resin of Protium heptaphyllum, a species native to the
Amazon region. The chemical composition of the oil was domi-
nated by p-cymene (27.70%) and a-pinene (22.31%), com-
pounds recognized for their insecticidal activity [126,127]. The
nanoemulsion was obtained by a low-energy method, presenting
ideal physicochemical characteristics, with an average diameter
of 109.7 nm (+0.75), a polydispersity index of 0.29 (£0.007),
and a zeta potential of —21.7 mV (£1.10), conferring stability to
the system. The larvicidal tests were performed with third-stage
larvae of Ae. aegypti, exposed to the samples for a period of 24
and 48 hours. The nanoemulsion demonstrated high efficacy,
with a LCsg of 2.91 ug/mL after 48 hours, outperforming the
free essential oil. Finally, tests with zebrafish revealed only
mild changes in the gills at concentrations higher than those
used in the bioassays, demonstrating low toxicity of the

nanoemulsion.

Folly et al. (2021) developed a nanoemulsion with an essential
oil from the leaves of Annona acutiflora, a plant native to trop-
ical regions of South America, with occurrences recorded in
Brazil, Colombia, Peru, Ecuador, and Venezuela. The chemical
composition of the essential oil is rich in sesquiterpenes, with
a-santalene, bicyclogermacrene, and a-zingiberene as the main
constituents [128,129]. The nanoemulsion was prepared with
essential oil, polysorbate 20, and distilled water using magnetic
stirring and aqueous titration, followed by emulsification. The
resulting formulation had an average size of 171.1 nm (£1.2), a
polydispersity index of 0.171 (+0.011), and a zeta potential of
—15.0 mV (£0.53). In larvicidal bioassays performed with third-
instar larvae of Ae. aegypti, concentrations of 12.5, 25.0, and
50.0 ppm were evaluated, with exposure times of 24 and
48 hours. The LCsq values were 36 ppm (24 hours) and
21.2 ppm (48 hours), with maximum mortality of 100% being

observed at the concentration of 50 ppm after 48 hours.

Martins et al. (2021) prepared a nanoemulsion containing essen-
tial oil from the leaves of Aeollanthus suaveolens to evaluate its
larvicidal efficacy against Ae. aegypti and its toxicity to non-
target organisms [130]. This species belongs to the Lamiaceae
family, native to Africa, and is also distributed in the north and
northeast of Brazil [131,132]. The main constituents of its
essential oil are massoialactone (64.79%), linalool (7.83%), and
(E)-p-farnesene (6.17%) [130]. The NE presented an average
size of 104.3 nm (£0.47), a polydispersity index of 0.156
(¥0.01), and a zeta potential of —13.63 mV (+0.83). The L3
larvae were treated with NE (100, 80, 60, 40, and 20 ug/mL) in
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a 100 mL container. An aqueous dispersion with the surfactant
was used as the negative control and sbiotrin as the positive
control. The larvicidal bioassay demonstrated that the concen-
tration of 100 mg/mL resulted in 98% mortality in 24 hours and
100% after 48 hours. The LCsg was 54.23 mg/mL after
24 hours and 46.06 mg/mL at 48 hours.

De Oliveira et al. (2020) developed a nanoemulsion containing
Piper alatipetiolatum essential oil and evaluated its ovicidal,
larvicidal and pupicidal efficacy against Aedes aegypti [133].
This native brazilian species presented essential oil composi-
tions mainly consisting of ishwarona (78.6%), ishwarol (8.2%),
B-elemene (6.9%), selin-11-en-4a-ol (2.9%), and ishwaran
(2.4%), which have been reported to possess biological activi-
ties such as larvicidal effects [134]. Based on this, a nanoemul-
sion was prepared and evaluated against eggs, L3 larvae, and
pupae. The NE presented a size of 316 nm (%8), a polydisper-
sity index of 0.44 (+0.01), and a zeta potential of —-8.5 mV
(*¥0.14). The essential oil showed lower ovicidal (19 to 100%),
larvicidal (LCsq of 33.74 ppm), and pupicidal (LCsq of
65.06 ppm) activity when compared to those of the nanoemul-
sion containing this oil. The formulation showed higher ovicidal
(47.7 to 100%), larvicidal (LCsq of 6.37 ppm), and pupicidal
(LCsp of 9.33 ppm) activity against Aedes aegypti.

Rodriguez Amado et al. (2020) developed a nanoemulsion with
5% of essential oils extracted from the leaves of Croton
linearis, a species widely distributed throughout the Americas
[135,136]. The oil, with a yield of 1.5%, is mainly composed of
eucalyptol (26.66%), sabinene (9.37%), and 10-epi-y-eudesmol
(6.83%) [135]. The NE presented an average size of 175 nm, a
polydispersity index of 0.074, and a negative zeta potential
(=27.02 mV). In bioassays, fourth-instar larvae of Ae. aegypti
were exposed to concentrations of 10 to 100 pg/mL of the free
essential oil and the nanoemulsion in distilled water. The
nanoformulation presented an LCsq of 17.86 pug/mL after
24 hours, demonstrating superior efficacy to the free oil (LCsq =
64.24 pg/mL). Controls included surfactant-treated water and
temephos (12 pg/L). Finally, toxicity was evaluated in Vero
(Chlorocebus sabaeus) kidney cells and in adult Wistar rats via
oral administration. The assays revealed no hemolytic, cyto-
toxic, or toxic effects, with ICsy above 2000 mg/kg, indicating a
good environmental safety profile of the formulation.

Suresh et al. (2020) investigated the use of nanoemulsions
containing Crithmum maritimum essential oil to control
Ae. aegypti. The plant, typical of coastal areas, is widely distri-
buted along the Mediterranean coast, including countries in
Europe, North Africa, and regions of Western Asia [137,138].
Chemical analysis of the oil revealed compounds with insecti-

cidal activity, such as dillapiole, myristicin, y-terpinene, and
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thymol methyl ether. The nanoemulsion was prepared using a
low-energy method, combining 5% of essential oil, 5% of
polysorbate 20, and 90% of water. The most stable formulation
was obtained with a 1:3 ratio between oil and surfactant,
presenting droplets with a diameter between 50 and 70 nm and
a zeta potential of —18.3 mV, indicating good stability. In bio-
logical tests, the nanoemulsion demonstrated efficacy against
the immature stages of the vector. The LCs( values ranged from
27.467 to 63.134 pL/L for larvae and from 49.662 to
96.436 puL/L for pupae, with greater toxicity observed in the
larval stage. In addition, tests were conducted with Artemia
salina, a non-target species, which showed mortality below
10%, even at high concentrations of the formulation. This sug-
gests a low ecotoxicological risk and potential for safe applica-

tion in mosquito control.

Ferreira et al. (2020) investigated the larvicidal effects of a
nanoemulsion containing essential oil from Siparuna guia-
nensis, a native Brazilian plant rich in oxygenated sesquiter-
penes, the major components being curzerenone (18.86%) and
a-muurolol (11.75%), in addition to the presence of the com-
pounds curzerene and y-muurolene [112]. The oil was extracted
by hydrodistillation and incorporated into the nanoemulsion
using a low-energy method, without heating and without sol-
vents, using polysorbate 80 as the surfactant. The nanoemul-
sion had an average droplet size of 176.0 nm (£12.3) and a
polydispersity index of 0.38 (£0.004). In the bioassays,
third-stage larvae of Aedes aegypti were exposed for 24 and
48 hours. The nanoemulsion demonstrated significantly superi-
or efficacy to the free essential oil, with CL5(y values of
24.75 pug/mL after 24 hours and CLgg of 54.17 pg/mL after
48 hours, while the free essential oil presented CLsqg of
86.52 pg/mL and CLgq of 134.81 pg/mL after 24 hours, and
CL50 of 82.81 pg/mL and CLgg of 128.39 ug/mL after
48 hours. It is noteworthy that the formulation was not tested in
non-target organisms.

Kaur et al. (2019) developed an optimized nanoemulsion con-
taining Eucalyptus globulus essential oil for larvicidal control of
Ae. Aegypti [139]. The plant, originally from Australia, is
widely cultivated in tropical and subtropical regions. Although
the oil used was not characterized in the study, its composition
is known to be rich in compounds such as eucalyptol (1,8-
cineole), gamma-terpinene, globulol, and gamma-pinene, with
eucalyptol being considered the main agent responsible for the
larvicidal action [139,140]. The nanoemulsion formulation was
obtained in a 1:2 (v/v) ratio between the oil phase (oil +
polysorbate 20) and water, prepared by magnetic stirring fol-
lowed by ultrasonication (40 kHz). This formulation demon-
strated physicochemical stability, with good optical trans-

parency and absence of phase separation. Characterization by
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TEM revealed spherical droplets with sizes between 20 and
40 nm. In the larvicidal bioassay, fourth-instar larvae of
Ae. aegypti were exposed to different concentrations of the
nanoemulsion. The dose of 70 ug/mL was the most effective,
promoting 100% mortality within 24 hours. The LCsq and LCyq
values were 60.33 and 92.29 pg/mL, respectively.

Mishra et al. (2018) developed a nanoemulsion using
Azadirachta indica (neem) oil, urea, and Tween® 20 as surfac-
tant, by microfluidization [141]. Neem, originating from the
Indian subcontinent and widely distributed in tropical and
subtropical regions, has as its major constituents azadirachtin,
nimbin, and salanin, recognized for their bioinsecticidal proper-
ties. The nanoemulsion presented an average droplet size of
12.3 £ 0.06 nm, polydispersity index of 0.249, and zeta poten-
tial of —21.7 £ 1.22 mV. In larvicidal bioassays with L3 larvae
of Aedes aegypti (exposure: 24 hours), the LCsq value was
99.26 pg/mL, lower than that of the neem oil alone
(123.59 pg/mL) and Tween 20 (169.30 pg/mL), indicating
greater efficacy of the nanoformulation. No toxicological tests

on non-target organisms were reported.

Balasubramani et al. (2017) developed a nanoemulsion with
essential oil from Vitex negundo L., an Asian plant used for me-
dicinal purposes [69,142]. The oil, rich in compounds such as
2R-acetoxymethyl-1,3,3-trimethylcyclohexanol (27.2%), nero-
lidol (14.6%), and B-caryophyllene (11.9%), was extracted by
hydrodistillation (0.5% yield) [69,143]. The nanoemulsion was
formulated with 5% essential oil, 5% polysorbate 80, and 90%
water, resulting in droplets smaller than 200 nm and stability for
30 days. In bioassays with Ae. aegypti larvae, concentrations of
25 to 400 ppm of the nanoemulsion and free oil showed greater
larvicidal efficacy of the nanoemulsion, with LCsq of
28.84 ug/mL (second instar, 24 hours) and 43.29 pg/mL (third
instar, 24 hours), compared to the free oil, which presented
LCs¢ of 77.35 pg/mL and 56.13 pg/mL, respectively.

Botas et al. (2017) developed a nanoemulsion based on the
essential oil of Baccharis reticularia, a plant native to Brazil,
also found in Paraguay, Bolivia, and Argentina. The oil is
mainly composed of mono- and sesquiterpenes, including
p-limonene, a key precursor in the biosynthesis of monoter-
penes [73,144]. The formulation was obtained by a low-energy
method, presenting an average droplet diameter of 92.9 nm
(+0.4), polydispersity index of 0.412 (+0.009), and zeta poten-
tial of —20.4 mV (£0.6). In larvicidal tests with fourth-instar
larvae of Ae. aegypti for 24 hours and 48 hours, the LCsq was
221.273 pg/mL and 144.685 pug/mL, respectively. Histological
damage, such as changes in intestinal cells, was observed, indi-
cating a potentially harmful effect on the larvae. Tests in non-

target species were not performed.
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Oliveira et al. (2016) prepared a nanoemulsion based
on Pterodon emarginatus essential oil and evaluated its
larvicidal activity [145]. This species Pterodon emarginatus,
popularly known as white sucupira or faveira, is a tree which is
native to the Brazilian Cerrado [145,146]. The diterpenes
methyl 6a,7B-dihydroxyvouacapan-17-3-oate (MHV), geranyl-
geraniol, and the sesquiterpene f-caryophyllene, reported
in the literature for their larvicidal activity, stand out as
constituents [145]. The formulation was tested against
fourth-instar Ae. aegypti larvae at concentrations ranging from
12.5 to 250 pg/mL, with assessments conducted at 24
and 48 hours. Maximum mortality occurred at 250 ug/mL,
while a notable increase in efficacy at 75 ppm was observed
over extended exposure. Toxicological evaluation in Mus
musculus revealed no signs of systemic toxicity, supporting the
selective action of the formulation and safety for non-target

organisms.

The studies (Table 1) suggest that nanoemulsions enhance the
larvicidal properties of essential oils against Ae. aegypti, with
efficacy varying according to the plant, composition, and
formulation method. Many nanoemulsions have demonstrated
stability over time and low toxicity to non-target species,
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making them a promising and sustainable solution for mosquito
control.

Repellent properties

Essential oils have repellent properties against mosquitoes such
as Ae. aegypti. Their efficacy has been enhanced when incorpo-
rated into nanoemulsions [147-150]. These nanostructured
systems improve the stability, volatility, and skin permeation of
the active compounds, prolonging the repellent effect due to the
controlled release of these compounds [151,152]. The mecha-
nism of action may involve interference with the olfactory
system of the mosquitoes, masking host signals and disrupting
orientation behavior [147] (Figure 4).

Despite the increased efficacy and potential of nanoemulsions
containing essential oils against this vector, only three studies
have evaluated the repellent efficacy of these nanoformulations
in the last 10 years, the data for which are compiled in Table 2
and detailed below.

In addition to the larvicidal efficacy reported by Faustino and
collaborators (2021), the authors also evaluated the efficacy of a

nanoemulsion containing Protium heptaphyllum essential oil

Table 1: Overview of studies on the use of nanoemulsions with essential oils in the larvicidal control of Aedes aegypti.

Nanoemulsion
characterizations

Species
the Ae. aegypti

(size, polydispersity tested
index, and zeta
potential)
Murraya koenigii  size = 140.00 nm L3 24
Pdl =0.24
ZP =-16.10 mV
Ocimum basilicum size = 244.60 to 280.40 L4 24
Pdl = Less than 0.25 48
ZP =-15.70 to
-18.60 mV
Ocotea indecora  size = 105.30 nm L3 48
(+1.36) 144
Pdl = 0.26 (£0.004)
ZP =-23.8 mV (+2.01)
Xylopia ochrantha size = 74.50 nm L3 48
(+1.939)
Pdl = 0.27 (£0.007)
ZP =-2515mV
(+0.65)
Trachyspermum  size = 65.00 nm (+0.7) L3 24
ammi t0 83.00 nm (£0.09)
Pdl = between 0.18
(+0.003) and 0.20
(£0.07)
Thymus vulgaris ~ size =52.18 nm L3 24
(+4.53)

Pdl = 0.23 (+0.006)
ZP = 1.62 mV (£0.052)

Larval stage of Time (hours)

LC50 LCgO Ref.
11.80 ug/mL (lab) 22.60 pg/mL (lab) [108]
12.50 pg/mL 21.60 pg/mL

(field) (field)

42.15 pg/mL 50.35 pg/mL [76]
40.94 pg/mL 48.87 pug/mL

61.40 pg/mL ND [113]
26.80 pg/mL

192.50 pg/mL ND [111]
46.73 pg/mL ND [117]
58.70 pg/mL ND [118]
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Table 1: Overview of studies on the use of nanoemulsions with essential oils in the larvicidal control of Aedes aegypti. (continued)

Santalum album

Origanum vulgare

Ayapana
triplinervis

Protium
heptaphyllum

Annona acutiflora

Aeollanthus
suaveolens

Piper
alatipetiolatum

Croton linearis

Crithmum
maritimum

Siparuna
guianensis

Eucalyptus
globulus

Azadirachta indica

Vitex negundo

Baccharis
reticularia

Pterodon
emarginatus

ND: not defined;

size = 195.70 nm

Pdl =0.34

ZP =-20.10 mV

size = 64.10 nm (+6.3)
Pdl = 0.21 (+0.04)

size = 88.83 nm

(+0.948) to morphotype
A and 99.637 nm
(x0.529) to morphotype

B

Pdl = 0.138 (x0.012) to
morphotype A and
0.213 (¥0.011) to

morphotype B

ZP = -23.20 mV
(+0.458) to morphotype
A and -22.00 mV
(x1.153) to morphotype

B

size = 109.7 nm
(+0.75)

Pdl = 0.29 (+0.007)
ZP = —21.7 mV (+1.10)

size =171.10 nm

(£1.2)

Pdl = 0.17 (+0.011)
ZP = -15.0 mV (+0.53)

size = 104.83 nm

(£0.47)

Pdl = 0.16 (+0.01)
ZP =-13.63 mV

(+0.83)

size = 316.0 nm (£8)
Pdl = 0.44 (+0.01)
ZP = -8.50 mV (+0.14)

size =175.0 nm
Pdl =0.074

ZP =-27.02 mV

size = 50.0 and
70.0 nm
ZP =-18.3 mV

size =176.0 nm
(x12.3)

Pdl = 0.381 (+0.004)
sizes between 20 and

40 nm

size = 12.30 nm
(+0.06)

Pdl = 0.25

ZP =-21.70 mV

(+1.22)

size = smaller than

200 nm

size = 92.9 nm (+0.4)
Pdl = 0.412 (x0.009)
ZP = -20.4 mV (+0.6)
size = 135.8 nm (+0.2)
Pdl = 0.173 (£0.002)
ZP = -27.2 (x0.6)

Pdl: polydispersity index;

ZP: zeta potential.

L3

L3

L3

L3

L3

L3

L3

L4

Larval stage
Pupae

L3

L4

L3

L2
L3
L4

L4

24
48

24

24

48

24
48

24
48

24
48

24

24

24
48

24

24

24

48

24
48

232.18 pg/mL
182.37 pg/mL

13.90 pg/mL

96.23 pg/mL
(morphotype A)

and 44.76 pg/mL

(morphotype B)

87.43 pg/mL
(morphotype A)

and 35.57 pg/mL

(morphotype B)

2.91 pg/mL
12.44 pg/mL

36.00 pg/mL
21.20 pg/mL

54.23 pg/mL
46.06 pg/mL

6.370 pg/mL

17.86 pg/mL

27.47 to
48.94 pLL

63.13 pL/L
24.75 pg/mL
NI

60.33 pg/mL

99.26 pg/mL

28.84 pg/mL
43.29 pg/mL
221.27 pg/mL
144.69 pg/mL

34.75 pg/mL

ND

21.60 pg/mL

202.04 pg/mL
(morphotype A)

and 100.47 pg/mL

(morphotype B)

177.21 pg/mL
(morphotype A)

and 117.45 pg/mL

(morphotype B)

0.17 pg/mL and
8.87 pg/mL

ND

96.96 pug/mL
75.31 pg/mL

21.70 pg/mL

ND

65.80 to
105.14 pL/L

121.95 pL/L
75.24 pg/mL
54.17 pg/mL

92.29 pg/mL

ND

ND

[120]

[72]

[125]

[127]

[128]

[130]

[133]

[135]

[138]

[112]

[139]

[141]

[69]

[73]

[145]
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Application of EO-based nanoemulsion

to exposed areas

Beilstein J. Nanotechnol. 2025, 16, 1894-1913.

/R ‘
M .4 ~ mosquitoes
™ avoid landing
= [ " | ‘

Disruption of orientation behavior

EO-based nanoemulsion (20 -500 nm) on skin‘

Figure 4: Schematic representation of the repellent mechanism of essential oil-based nanoemulsions against Aedes aegypti mosquitoes. Created in
BioRender. Rocha Formiga, F. (2025) https://BioRender.com/7d1odbe. This content is not subject to CC BY 4.0.

Table 2: Recent studies (last 10 years) evaluating the repellent efficacy of nanoemulsions containing essential oils against Aedes aegypti.

Species Nanoemulsion Concentration
characterizations
(size, polydispersity
index, and zeta potential)
Protium size = 109.00 nm (x0.75) 200 pg/mL
heptaphyllum Pdl = 0.29 (+0.007)
ZP = -21.70 mV (+1.10)
Myristica fragrans ~ size =217.00 nm ND
Pdl = 0.25
ZP = -44.20 mV
Mentha piperita and size = 137.00 nm ND
Eucalyptus globulus Pdl = 0.28
ZP = -43.10 mV

ND: not defined;
Pdl: polydispersity index;
ZP: zeta potential.

[150]. This demonstrated significant repellent activity against
adult females of Ae. aegypti. The repellency tests were con-
ducted in a laboratory under controlled conditions, where sam-
ples of the nanoemulsion were applied to simulated human skin
(using an artificial membrane) and exposed to previously fasted
adult females of Ae. aegypti. The formulation, at a concentra-
tion of 200 ng/mL, provided a protection rate of 77.67% over
180 minutes (3 hours), demonstrating prolonged effect in rela-
tion to the free essential oil, which showed rapid loss of activi-

ty due to volatilization.

Protection Time Release Ref.

(percentage)

77.67% 3h ND [150]

87.81% 8h 53.3% in 8 h and [148]
71.5% after 24 h

85.40% 8h 51.7% after 8 hand [149]

69.6% after 24 h

Mohd Narawi et al. (2020) developed a nanoemulsion with
nutmeg essential oil (Myristica fragrans), an aromatic plant
native to the Moluccan Islands and widely cultivated in tropical
regions [148,153]. The oil, rich in a-pinene, safrole, and
terpinen-4-ol, was encapsulated with Montanov 82, glycerol,
and distilled water, resulting in droplets of approximately
217 nm, with a PdI of 0.248 and a zeta potential of —44.2 mV.
The incorporation efficiency reached 85.4%, according to gas
chromatography analysis. In the tests, Sprague Dawley rats

received the formulation applied to their backs before being
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exposed to 50 female Ae. aegypti for 8 hours. The average
protection was 87.81%, surpassing the pure oil (54.57%) and
falling below DEET (100%). The study also demonstrated con-
trolled release of the active ingredient, with 53.3% released in
8 hours (33.31 mg/mL) and 71.5% after 24 hours. Finally, cyto-
toxicity tests were conducted, wherein the nanoemulsion main-
tained high cellular compatibility, with viability greater than
97% in murine fibroblasts (L929) up to concentrations of
400 pg/mL.

Finally, Mohammadi and colleagues (2020) evaluated the repel-
lent efficacy of a nanoemulsion containing Mentha piperita and
Eucalyptus globulus essential oils against Ae. aegypti [149].
These oils are widely found in tropical and temperate regions
and are used for their aromatic and medicinal properties [154].
The chemical profiles of the oils include major constituents
such as p-limonene, thymol, and carvacrol in M. piperita, and
1,8-cineole and y-terpinene in E. globulus [149]. Thus, the oils
were combined and incorporated using the high-pressure
homogenization method, resulting in droplets with an average
size of 137 nm, PdI of 0.279, and zeta potential of —43.1 mV.

Unlike previous authors, they verified the repellent efficacy in
humans. The nanoemulsion was applied to the skin of volun-
teers before exposure to 50 female Ae. aegypti for 8 hours. The
treatment obtained 85.4% protection, compared to that of the
pure essential oil, which had a 57.4% efficacy. In addition, the
formulation demonstrated a controlled release of the active
compounds, with 51.7% released after 8 hours and 69.6% after
24 hours. Regarding safety, the cell viability of murine fibro-
blast cultures (L929 cells) was greater than 90% up to concen-

trations of 400 ug/mL, indicating low toxicity to human cells.

In summary, nanoemulsions improved the repellent efficacy of
essential oils against Aedes aegypti, with efficacy varying ac-
cording to the plant and the composition of the essential oils.
Furthermore, these nanoemulsions demonstrate low toxicity
given the high cell viability in tests with murine fibroblasts and
safety in rats and humans, which makes them a promising and

safe option for mosquito control.

General discussion and final considerations
This review gathered recent advances in the use of nanoemul-
sions containing essential oils as an alternative and eco-friendly

tool for controlling Aedes aegypti.

Botanical diversity and chemical composition of
essential oils

Regarding the plant species used, a wide botanical and
geographic diversity was observed, including plants native to

South America, Asia, and Europe. This variety is reflected in
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the chemical richness of the essential oils used, in which com-
pounds such as thymol, carvacrol, B-caryophyllene, citronellol,
and a-santalol stand out as the main agents responsible for the
larvicidal and repellent effects. These metabolites act in a multi-
factorial manner, including inhibition of acetylcholinesterase,
generation of reactive oxygen species, morphological damage,
and impairment of the larval cuticular barriers.

In addition to the technical and methodological gaps, the chal-
lenges associated with the seasonality of the plant species used
stand out. The variation in the chemical composition of essen-
tial oils throughout the year, influenced by environmental and
phenological factors, can significantly impact the biological
efficacy of formulations and hinder standardization on an indus-
trial scale. This factor represents a significant practical obstacle,
especially when seeking reproducibility of results and stability
of products over time.

Surfactants composition of nanoemulsions

Among the technical and formulation aspects observed, the
recurring use of nonionic surfactants, such as polysorbate 20,
polysorbate 80, and sorbitan monoleate 80, stands out. These
agents are widely used due to their low toxicity and high emul-
sifying capacity [155]. These agents promote the emulsification
and stabilization of nanoemulsions. They can also influence
aspects such as entrapment efficiency and release of active
ingredients, aspects that still lack standardization in the studies
evaluated. Additionally, nonionic surfactants can present zeta
potential values below —30 mV, conferring steric stability on
part of their chains, as observed in most studies reported in dilu-
tions in purified water. Values above =30 mV may reflect EO
compounds with ionizable groups, which confer electrical
double layers and/or a diluent rich in salts, not reported by the
authors [155]. Furthermore, although not evaluated by studies,
the concentration and size of surfactant chains may influence
droplet size distribution [156].

Challenges in the development of repellent
nanoformulations

Despite the emphasis on the larvicidal activity, only three
studies have addressed the repellent potential of these formula-
tions, revealing a critical gap in the literature. The scarcity of
data on repellency may be linked to the limitations imposed by
ethics committees when conducting tests with humans and
animals. In view of this, there is an urgent need to develop alter-
native and ethical approaches, such as predictive computational
models (QSAR), diffusion systems with synthetic membranes,
and automated bioassays to assess mosquito behavior.

The lack of studies on skin permeation and photostability also

represents an important limitation. Repellent products intended

1907



for topical application require validation regarding their ability
to cross the epidermal barrier and resist degradation induced by
sunlight. These characteristics are essential to ensure prolonged
efficacy and user safety, especially under real-world conditions
of use. The lack of such tests in the publications analyzed
reveals a critical point that needs to be overcome in order to
enable the translation of these nanostructured systems for com-

mercial applications.

Another fundamental point is the lack of data on incorporation
efficiency and in vitro release tests. These variables are crucial
to ensuring the stability of the system, the maintenance of the
content of bioactive compounds over time, and the correlation
between the release of the active ingredient and the time of
protection or larvicidal action. The lack of methodological stan-
dardization in this regard compromises not only the repro-
ducibility of studies, but also the scalability of the products de-
veloped.

Assessment in non-target species

Additionally, the environmental and biological safety of formu-
lations is a dimension that deserves greater attention. Although
some authors have evaluated toxicity in non-target organisms
such as Danio rerio, Apis mellifera, Mus musculus, Galleria
mellonella, and Artemia salina, these tests are still isolated and
do not predominate in the literature. Similarly, some studies
have performed in vitro tests with human and murine cell lines,
such as HaCaT (human keratinocytes) and L.929 (murine fibro-
blasts), demonstrating low cytotoxicity at certain concentra-
tions. However, these cellular safety assessments are still not
prevalent among the reviewed studies, being treated more as

complements than as fundamental validation steps.

Finally, even in view of the demonstrated potential, nanotech-
nology products such as nanoemulsions face considerable trans-
lational barriers. The lack of clear and specific regulations for
the registration of nanostructured formulations for entomolog-
ical purposes makes their regulation and commercialization
difficult. This regulatory gap generates legal uncertainty and
limits the advancement of innovative technologies in the
market. Therefore, it is essential that regulatory frameworks be
updated and adapted to contemplate the specific safety, effi-
cacy and quality requirements of these new technological plat-
forms.

Therefore, although nanoemulsions with essential oils show
promising performance in controlling Aedes aegypti, the consol-
idation of this strategy requires an interdisciplinary effort aimed
at standardizing critical parameters, deepening the mechanisms
of action, validating safety and efficacy, and overcoming tech-

nical, regulatory, and environmental barriers. Future studies
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should prioritize the integration of physicochemical, biological,
and toxicological data, as well as strategies for standardizing
plant raw materials to ensure the development of effective, safe,

and sustainable products.

Conclusion

The use of nanoemulsions based on essential oils is emerging as
a viable and environmentally responsible alternative for control-
ling the Aedes aegypti vector. In addition to gathering evidence
on their effectiveness, this review highlights the need for a para-
digm shift in the way nanobiotechnological products are de-
veloped and evaluated. The future of this approach will depend
not only on technical and scientific advances, but also on a
regulatory environment prepared to welcome innovations with
safety, transparency, and real applicability. This will consoli-
date the foundations for the development of safer and more effi-
cient solutions that are compatible with current global public
health challenges.

Acknowledgements

The Graphical Abstract was created in BioRender. Rocha
Formiga, F. (2025) https://BioRender.com/flppu3h. This
content is not subject to CC BY 4.0.

Funding

This work was supported by Programa Inova Fiocruz (VPPIS-
004-FIO0-22-2-91), FACEPE (BCT-0722-4.03/22; IBPG-2291-
2.10/22; IBPG-0652-4.03/24), PIBIC-Fiocruz/CNPq and CNPq
(313931/2021-6). In addition, this study was financed in part by
the Coordenagdo de Aperfeicoamento de Pessoal de Nivel Su-
perior — Brasil (CAPES) — Finance Code 001.

Conflict of Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

Author Contributions

Laryssa Ferreira do Nascimento Silva: conceptualization; inves-
tigation; methodology; visualization; writing — original draft;
writing — review & editing. Douglas Dourado: conceptualiza-
tion; investigation; methodology; project administration; super-
vision; visualization; writing — original draft; writing — review
& editing. Thayse Silva Medeiros: investigation; methodology;
supervision; visualization; writing — original draft; writing —
review & editing. Mariana Alice Gonzaga Gabu: investigation;
methodology; visualization; writing — original draft. Maria
Cecilia Queiroga dos Santos: investigation; methodology; visu-
alization; writing — original draft. Daiane Rodrigues dos Santos:
investigation; methodology; visualization; writing — original

draft. Mylena Lemos dos Santos: methodology; validation; vi-

1908


https://BioRender.com/flppu3h

sualization; writing — original draft. Gabriel Bezerra Faierstein:

visualization; writing — original draft; writing — review &

editing. Rosangela Maria Rodrigues Barbosa: supervision; visu-

alization; writing — review & editing. Fabio Rocha Formiga:

conceptualization; project administration; supervision; valida-

tion; visualization; writing — review & editing.

ORCID® iDs

Laryssa Ferreira do Nascimento Silva -
https://orcid.org/0000-0002-6001-6659

Douglas Dourado - https://orcid.org/0000-0003-3445-5217

Mariana Alice Gonzaga Gabu - https://orcid.org/0009-0008-2029-3839
Maria Cecilia Queiroga dos Santos -
https://orcid.org/0000-0001-7605-7300

Daiane Rodrigues dos Santos - https://orcid.org/0000-0003-1767-9892
Mylena Lemos dos Santos - https://orcid.org/0009-0001-3125-9352
Gabriel Bezerra Faierstein - https://orcid.org/0000-0002-1663-7642

Data Availability Statement

Data sharing is not applicable as no new data was generated or analyzed
in this study.

References

1.

Huang, Y.; Wang, S.; Liu, H.; Atoni, E.; Wang, F.; Chen, W.; Li, Z.;
Rodriguez, S.; Yuan, Z.; Ming, Z.; Xia, H. Sci. Data 2023, 10, 305.
doi:10.1038/s41597-023-02226-8

Huang, Y.-J. S.; Higgs, S.; Vanlandingham, D. L. Curr. Opin. Virol.
2019, 34, 104—109. doi:10.1016/j.coviro.2019.01.001

Cortes, N.; Lira, A.; Prates-Syed, W.; Dinis Silva, J.; Vuitika, L.;
Cabral-Miranda, W.; Duraes-Carvalho, R.; Balan, A.;
Cabral-Marques, O.; Cabral-Miranda, G. Front. Immunol. 2023, 14,
1281667. doi:10.3389/fimmu.2023.1281667

Young, P. R.; Ng, L. F. P.; Hall, R. A.; Smith, D. W.; Johansen, C. A.
Arbovirus Infections. Manson's Tropical Infectious Diseases; Elsevier:
Amsterdam, Netherlands, 2014; pp 129-161.e3.
doi:10.1016/b978-0-7020-5101-2.00015-7

Patterson, J.; Sammon, M.; Garg, M. West. J. Emerg. Med. 2016, 17,
671-679. doi:10.5811/westjem.2016.9.30904

Goémez, M.; Martinez, D.; Muioz, M.; Ramirez, J. D. Parasites Vectors
2022, 15, 287. doi:10.1186/s13071-022-05401-9

Kraemer, M. U. G.; Reiner, R. C., Jr.; Brady, O. J.; Messina, J. P.;
Gilbert, M.; Pigott, D. M.; Yi, D.; Johnson, K.; Earl, L.; Marczak, L. B.;
Shirude, S.; Davis Weaver, N.; Bisanzio, D.; Perkins, T. A; Lai, S.;
Lu, X.; Jones, P.; Coelho, G. E.; Carvalho, R. G.; Van Bortel, W.;
Marsboom, C.; Hendrickx, G.; Schaffner, F.; Moore, C. G.; Nax, H. H.;
Bengtsson, L.; Wetter, E.; Tatem, A. J.; Brownstein, J. S.; Smith, D. L,;
Lambrechts, L.; Cauchemez, S.; Linard, C.; Faria, N. R.; Pybus, O. G.;
Scott, T. W.; Liu, Q.; Yu, H.; Wint, G. R. W.; Hay, S. I.; Golding, N.
Nat. Microbiol. 2019, 4, 854-863. doi:10.1038/s41564-019-0376-y
World Health Organization (WHO). Report on the global arbovirus
surveillance and response capacity survey 2021-2022.
https://www.who.int/publications/i/item/9789240107380 (accessed
April 27, 2025).

World Health Organization (WHO). Global vector control response:
progress in planning and implementation.
https://www.who.int/publications/i/item/9789240007987 (accessed
April 27, 2025).

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

Beilstein J. Nanotechnol. 2025, 16, 1894-1913.

Abbas, M. G.; Azeem, M.; Bashir, M. U.; Ali, F.; Mozdratis, R.;
Binyameen, M. Molecules 2024, 29, 2657.
doi:10.3390/molecules29112657

Parveen, A.; Abbas, M. G.; Keefover-Ring, K.; Binyameen, M.;
Moziraitis, R.; Azeem, M. Molecules 2024, 29, 1359.
doi:10.3390/molecules29061359

de Andrade Silva, J. R.; de Oliveira, A. A.; Franga, L. P.;

da Cruz, J. D.; Amaral, A. C. F. Molecules 2024, 29, 2240.
doi:10.3390/molecules29102240

Radwan, I. T.; Khater, H. F.; Mohammed, S. H.; Khalil, A.;

Farghali, M. A.; Mahmoud, M. G.; Selim, A.; Manaa, E. A.; Bagato, N.;
Baz, M. M. Sci. Rep. 2024, 14, 6884.
doi:10.1038/s41598-024-56802-y

Sonter, S.; Dwivedi, M. K.; Mishra, S.; Singh, P.; Kumar, R.; Park, S;
Jeon, B.-H.; Singh, P. K. Sci. Rep. 2024, 14, 16325.
doi:10.1038/s41598-024-67148-w

Akoton, R.; Sovegnon, P. M.; Djihinto, O. Y.; Medjigbodo, A. A.;
Agonhossou, R.; Saizonou, H. M.; Tchigossou, G. M.; Atoyebi, S. M.;
Tossou, E.; Zeukeng, F.; Lagnika, H. O.; Mousse, W.; Adegnika, A. A.;
Djouaka, R.; Djogbénou, L. S. Malar. J. 2023, 22, 385.
doi:10.1186/s12936-023-04815-9

Abbasi, E.; Daliri, S. PLoS Negl. Trop. Dis. 2024, 18, e0011991.
doi:10.1371/journal.pntd.0011991

Carrera, L. C.; Piedra, L.; Torres-Cosme, R.; Castillo, A. M.; Bruno, A.;
Ramirez, J. L.; Martinez, D.; Rodriguez, M. M.; Bisset, J. A.

Trop. Med. Health 2024, 52, 69. doi:10.1186/s41182-024-00637-w
Estep, A. S.; Sanscrainte, N. D.; Okech, B. A.

J. Am. Mosgq. Control Assoc. 2024, 40, 102—-108. doi:10.2987/23-7160
Farag, S. M.; Moustafa, M. A. M.; Fénagy, A.; Kamel, O. M. H. M.;
Abdel-Haleem, D. R. Parasitol. Res. 2024, 123, 110.
doi:10.1007/s00436-024-08118-z

Priya, S. S.; Vasantha-Srinivasan, P.; Altemimi, A. B.; Keerthana, R.;
Radhakrishnan, N.; Senthil-Nathan, S.; Kalaivani, K.;

Chandrasekar, N.; Karthi, S.; Ganesan, R.; Alkanan, Z. T.; Pal, T.;
Verma, O. P.; Pro¢kéw, J. Molecules 2023, 28, 2386.
doi:10.3390/molecules28052386

Dutta, R. S.; Sahu, S.; Baishya, R.; Pachuau, L.; Kakoti, B. B.;
Mazumder, B. J. Vector Borne Dis. 2024, 61, 107-116.
doi:10.4103/0972-9062.392256

Tavares, M.; da Silva, M. R. M.; de Oliveira de Siqueira, L. B.;
Rodrigues, R. A. S.; Bodjolle-d'Almeida, L.; dos Santos, E. P.;
Ricci-Junior, E. Int. J. Pharm. 2018, 539, 190-209.
doi:10.1016/j.ijpharm.2018.01.046

Khan, S.; Sahar, A.; Tariq, T.; Sameen, A.; Tariq, F. Essential Oils in
Plants: Plant Physiology, the Chemical Composition of the Oil, and
Natural Variation of the Oils (Chemotaxonomy and Environmental
Effects, Etc.). Essential Oils; Academic Press: London, UK, 2023;

pp 1-36. doi:10.1016/b978-0-323-91740-7.00016-5

Tang, Y.; Li, H.; Song, Q. Parasitol. Res. 2024, 123, 315.
doi:10.1007/s00436-024-08338-3

Fikru, S.; Tolossa, K.; Lindemann, P.; Bucar, F.; Asres, K.

J. Trop. Med. 2024, 1051086. doi:10.1155/2024/1051086

Vilvest, J.; Milton, M. C. J.; Yagoo, A.; Balakrishna, K. Exp. Parasitol.
2024, 267, 108858. doi:10.1016/j.exppara.2024.108858

Linan-Atero, R.; Aghababaei, F.; Garcia, S. R.; Hasiri, Z.; Ziogkas, D.;
Moreno, A.; Hadidi, M. Antioxidants 2024, 13, 488.
doi:10.3390/antiox13040488

Medeleanu, M. L.; Farcas, A. C.; Coman, C.; Leopold, L.;
Diaconeasa, Z.; Socaci, S. A. Food Chem.: X 2023, 20, 100960.
doi:10.1016/j.fochx.2023.100960

1909


https://orcid.org/0000-0002-6001-6659
https://orcid.org/0000-0003-3445-5217
https://orcid.org/0009-0008-2029-3839
https://orcid.org/0000-0001-7605-7300
https://orcid.org/0000-0003-1767-9892
https://orcid.org/0009-0001-3125-9352
https://orcid.org/0000-0002-1663-7642
https://doi.org/10.1038%2Fs41597-023-02226-8
https://doi.org/10.1016%2Fj.coviro.2019.01.001
https://doi.org/10.3389%2Ffimmu.2023.1281667
https://doi.org/10.1016%2Fb978-0-7020-5101-2.00015-7
https://doi.org/10.5811%2Fwestjem.2016.9.30904
https://doi.org/10.1186%2Fs13071-022-05401-9
https://doi.org/10.1038%2Fs41564-019-0376-y
https://www.who.int/publications/i/item/9789240107380
https://www.who.int/publications/i/item/9789240007987
https://doi.org/10.3390%2Fmolecules29112657
https://doi.org/10.3390%2Fmolecules29061359
https://doi.org/10.3390%2Fmolecules29102240
https://doi.org/10.1038%2Fs41598-024-56802-y
https://doi.org/10.1038%2Fs41598-024-67148-w
https://doi.org/10.1186%2Fs12936-023-04815-9
https://doi.org/10.1371%2Fjournal.pntd.0011991
https://doi.org/10.1186%2Fs41182-024-00637-w
https://doi.org/10.2987%2F23-7160
https://doi.org/10.1007%2Fs00436-024-08118-z
https://doi.org/10.3390%2Fmolecules28052386
https://doi.org/10.4103%2F0972-9062.392256
https://doi.org/10.1016%2Fj.ijpharm.2018.01.046
https://doi.org/10.1016%2Fb978-0-323-91740-7.00016-5
https://doi.org/10.1007%2Fs00436-024-08338-3
https://doi.org/10.1155%2F2024%2F1051086
https://doi.org/10.1016%2Fj.exppara.2024.108858
https://doi.org/10.3390%2Fantiox13040488
https://doi.org/10.1016%2Fj.fochx.2023.100960

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41,

42,

43.

44,

45,

46.

47.

Moreira da Silva, T. L.; Beltrame, F. L.; Ferrari, P. C.

Arch. Pharm. (Weinheim, Ger.) 2024, 357, 2300726.
doi:10.1002/ardp.202300726

Khandehroo, F.; Moravvej, G.; Farhadian, N.; Ahmadzadeh, H.

Sci. Rep. 2024, 14, 18567. doi:10.1038/s41598-024-69318-2
Sanei-Dehkordi, A.; Agholi, M.; Shafiei, M.; Osanloo, M.

Acta Parasitol. 2022, 67, 1265—-1272.
doi:10.1007/s11686-022-00580-y

Sanei-Dehkordi, A.; Heiran, R.; Montaseri, Z.; Elahi, N.; Abbasi, Z.;
Osanloo, M. Acta Parasitol. 2024, 69, 216-226.
doi:10.1007/s11686-023-00735-5

AnnaDurai, K. S.; Chandrasekaran, N.; Velraja, S.; Hikku, G. S.;
Parvathi, V. D. Acta Trop. 2024, 257, 107290.
doi:10.1016/j.actatropica.2024.107290

de Souza, R. L.; Dantas, A. G. B.; Melo, C. d. O.; Felicio, I. M.;
Oliveira, E. E. J. Drug Delivery Sci. Technol. 2022, 76, 103834.
doi:10.1016/j.jddst.2022.103834

Rehman, M.; Tahir, N.; Sohail, M. F.; Qadri, M. U.; Duarte, S. O. D;
Brandao, P.; Esteves, T.; Javed, |.; Fonte, P. Pharmaceutics 2024, 16,
1376. doi:10.3390/pharmaceutics16111376

Duarte, J. L.; Di Filippo, L. D.; de Faria Mota Oliveira, A. E. M.;
Sébio, R. M.; Marena, G. D.; Bauab, T. M.; Duque, C.; Corbel, V.;
Chorilli, M. Beilstein J. Nanotechnol. 2024, 15, 104—114.
doi:10.3762/bjnano.15.10

Theochari, |.; Giatropoulos, A.; Papadimitriou, V.; Karras, V.;
Balatsos, G.; Papachristos, D.; Michaelakis, A. Insects 2020, 11, 740.
doi:10.3390/insects11110740

Lorenz, C.; Chiaravalloti-Neto, F. Travel Med. Infect. Dis. 2022, 49,
102428. doi:10.1016/j.tmaid.2022.102428

Stiasny, K.; Kiermayr, S.; Heinz, F. X. Entry Functions and Antigenic
Structure of Flavivirus Envelope Proteins. New Treatment Strategies
for Dengue and Other Flaviviral Diseases; Novartis Foundation
Symposium, Vol. 277; John Wiley & Sons.
doi:10.1002/0470058005.ch5

Musso, D.; Gubler, D. J. Clin. Microbiol. Rev. 2016, 29, 487-524.
doi:10.1128/cmr.00072-15

Holmes, A. C.; Basore, K.; Fremont, D. H.; Diamond, M. S.

PLoS Pathog. 2020, 16, e1008876. doi:10.1371/journal.ppat.1008876
Brown, R. S.; Wan, J. J.; Kielian, M. Viruses 2018, 10, 89.
doi:10.3390/v10020089

Carvalho, F. D.; Moreira, L. A. Neotrop. Entomol. 2017, 46, 243-255.
doi:10.1007/s13744-017-0520-4

Ferreira, Q. R.; Lemos, F. F. B.; Moura, M. N.;

Nascimento, J. O. d. S.; Novaes, A. F.; Barcelos, I. S;

Fernandes, L. A.; Amaral, L. S. d. B.; Barreto, F. K.; Melo, F. F. d.
Viruses 2023, 15, 779. doi:10.3390/v15030779

Rodrigues dos Santos, D.; Lopes Chaves, L.; Couto Pires, V.;
Soares Rodrigues, J.; Alves Siqueira de Assungéo, M.;

Bezerra Faierstein, G.; Gomes Barbosa Neto, A.;

de Souza Rebougas, J.;

Christine de Magalhdes Cabral Albuquerque, E.;

Alexandre Beisl Vieira de Melo, S.; Costa Gaspar, M.;

Maria Rodrigues Barbosa, R.; Elga Medeiros Braga, M.;

Cipriano de Sousa, H.; Rocha Formiga, F. Int. J. Pharm. 2023, 643,
123221. doi:10.1016/j.ijpharm.2023.123221

Reinhold, J.; Lazzari, C.; Lahondére, C. Insects 2018, 9, 158.
doi:10.3390/insects9040158

Edillo, F.; Ymbong, R. R.; Bolneo, A. A.; Hernandez, R. J.;

Fuentes, B. L.; Cortes, G.; Cabrera, J.; Lazaro, J. E.; Sakuntabhai, A.
Parasites Vectors 2022, 15, 74. doi:10.1186/s13071-022-05186-x

48.

49,

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Beilstein J. Nanotechnol. 2025, 16, 1894-1913.

Oliveira, L. M. S.; Brito, T. B.; de Sena Filho, J. G.;

Cavalcanti, S. C. d. H. Rev. Bras. Farmacogn. 2023, 34, 48—64.
doi:10.1007/s43450-023-00445-z

David, M. R.; Lourengo-de-Oliveira, R.; Freitas, R. M. d.

Mem. Inst. Oswaldo Cruz 2009, 104, 927-932.
doi:10.1590/s0074-02762009000600019

Harrington, L. C.; Scott, T. W.; Lerdthusnee, K.; Coleman, R. C;
Costero, A.; Clark, G. G.; Jones, J. J.; Kitthawee, S.; Kittayapong, P.;
Sithiprasasna, R.; Edman, J. D. Am. J. Trop. Med. Hyg. 2005, 72,
209-220. doi:10.4269/ajtmh.2005.72.209

Mundim-Pombo, A. P. M.; de Carvalho, H. J. C.;

Rodrigues Ribeiro, R.; Ledn, M.; Maria, D. A.; Miglino, M. A.
Parasites Vectors 2021, 14, 531. doi:10.1186/s13071-021-05024-6
World Health Organization. Global Arbovirus Initiative.
https://www.who.int/initiatives/global-arbovirus-initiative (accessed
April 27, 2025).

Roy, S. K.; Bhattacharjee, S. Can. J. Microbiol. 2021, 67, 687-702.
doi:10.1139/cjm-2020-0572

Vairo, F.; Haider, N.; Kock, R.; Ntoumi, F.; Ippolito, G.; Zumla, A.
Infect. Dis. Clin. North Am. 2019, 33, 1003—1025.
doi:10.1016/j.idc.2019.08.006

Goupil, B. A.; Mores, C. N. Open Rheumatol. J. 2016, 10, 129-140.
doi:10.2174/1874312901610010129

Leta, S.; Beyene, T. J.; De Clercq, E. M.; Amenu, K.;

Kraemer, M. U. G.; Revie, C. W. Int. J. Infect. Dis. 2018, 67, 25-35.
doi:10.1016/}.ijid.2017.11.026

D’Ortenzio, E.; Matheron, S.; de Lamballerie, X.; Hubert, B.;
Piorkowski, G.; Maquart, M.; Descamps, D.; Damond, F.;
Yazdanpanah, Y.; Leparc-Goffart, I. N. Engl. J. Med. 2016, 374,
2195-2198. doi:10.1056/nejmc1604449

Ferraris, P.; Yssel, H.; Missé, D. Microbes Infect. 2019, 21, 353-360.
doi:10.1016/j.micinf.2019.04.005

Besnard, M.; Lastere, S.; Teissier, A.; Cao-Lormeau, V. M.; Musso, D.
Eurosurveillance 2014, 19, 20751.
doi:10.2807/1560-7917.es2014.19.13.20751

Achee, N. L.; Grieco, J. P.; Vatandoost, H.; Seixas, G.; Pinto, J.;
Ching-NG, L.; Martins, A. J.; Juntarajumnong, W.; Corbel, V.;
Gouagna, C.; David, J.-P.; Logan, J. G.; Orsborne, J.; Marois, E.;
Devine, G. J.; Vontas, J. PLoS Negl. Trop. Dis. 2019, 13, e0007275.
doi:10.1371/journal.pntd.0007275

Callaway, E. Nature 2016, 539, 17—18.
doi:10.1038/nature.2016.20878

Aliota, M. T.; Walker, E. C.; Uribe Yepes, A.; Dario Velez, |;
Christensen, B. M.; Osorio, J. E. PLoS Negl. Trop. Dis. 2016, 10,
e€0004677. doi:10.1371/journal.pntd.0004677

Gubler, D. J.; Vasilakis, N. The Arboviruses: Quo Vadis?. Arboviruses:
Molecular Biology, Evolution and Control; Caister Academic Press,
2016; pp 1-6. doi:10.21775/9781910190210.01

Newman, D. J.; Cragg, G. M. J. Nat. Prod. 2016, 79, 629-661.
doi:10.1021/acs.jnatprod.5b01055

Asbahani, A. E.; Miladi, K.; Badri, W.; Sala, M.; Addi, E. H. A_;
Casabianca, H.; Mousadik, A. E.; Hartmann, D.; Jilale, A.;

Renaud, F. N. R.; Elaissari, A. Int. J. Pharm. 2015, 483, 220-243.
doi:10.1016/j.ijpharm.2014.12.069

Mohamed, A. A.; Alotaibi, B. M. J. Umm Al-Qura Univ. Appl. Sci.
2023, 9, 40-49. doi:10.1007/s43994-022-00018-1

Movahedi, F.; Nirmal, N.; Wang, P.; Jin, H.; Grgndahl, L.; Li, L.

J. Anim. Sci. Biotechnol. 2024, 15, 110.
doi:10.1186/s40104-024-01067-8

1910


https://doi.org/10.1002%2Fardp.202300726
https://doi.org/10.1038%2Fs41598-024-69318-2
https://doi.org/10.1007%2Fs11686-022-00580-y
https://doi.org/10.1007%2Fs11686-023-00735-5
https://doi.org/10.1016%2Fj.actatropica.2024.107290
https://doi.org/10.1016%2Fj.jddst.2022.103834
https://doi.org/10.3390%2Fpharmaceutics16111376
https://doi.org/10.3762%2Fbjnano.15.10
https://doi.org/10.3390%2Finsects11110740
https://doi.org/10.1016%2Fj.tmaid.2022.102428
https://doi.org/10.1002%2F0470058005.ch5
https://doi.org/10.1128%2Fcmr.00072-15
https://doi.org/10.1371%2Fjournal.ppat.1008876
https://doi.org/10.3390%2Fv10020089
https://doi.org/10.1007%2Fs13744-017-0520-4
https://doi.org/10.3390%2Fv15030779
https://doi.org/10.1016%2Fj.ijpharm.2023.123221
https://doi.org/10.3390%2Finsects9040158
https://doi.org/10.1186%2Fs13071-022-05186-x
https://doi.org/10.1007%2Fs43450-023-00445-z
https://doi.org/10.1590%2Fs0074-02762009000600019
https://doi.org/10.4269%2Fajtmh.2005.72.209
https://doi.org/10.1186%2Fs13071-021-05024-6
https://www.who.int/initiatives/global-arbovirus-initiative
https://doi.org/10.1139%2Fcjm-2020-0572
https://doi.org/10.1016%2Fj.idc.2019.08.006
https://doi.org/10.2174%2F1874312901610010129
https://doi.org/10.1016%2Fj.ijid.2017.11.026
https://doi.org/10.1056%2Fnejmc1604449
https://doi.org/10.1016%2Fj.micinf.2019.04.005
https://doi.org/10.2807%2F1560-7917.es2014.19.13.20751
https://doi.org/10.1371%2Fjournal.pntd.0007275
https://doi.org/10.1038%2Fnature.2016.20878
https://doi.org/10.1371%2Fjournal.pntd.0004677
https://doi.org/10.21775%2F9781910190210.01
https://doi.org/10.1021%2Facs.jnatprod.5b01055
https://doi.org/10.1016%2Fj.ijpharm.2014.12.069
https://doi.org/10.1007%2Fs43994-022-00018-1
https://doi.org/10.1186%2Fs40104-024-01067-8

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Sharma, A. D.; Kaur, I.; Chauhan, A. J. Umm Al-Qura Univ. Appl. Sci.
2024, 10, 313-329. doi:10.1007/s43994-023-00108-8
Balasubramani, S.; Rajendhiran, T.; Moola, A. K.; Diana, R. K. B.
Environ. Sci. Pollut. Res. 2017, 24, 15125-15133.
doi:10.1007/s11356-017-9118-y

Maurya, A.; Prasad, J.; Das, S.; Dwivedy, A. K.

Front. Sustainable Food Syst. 2021, 5, 653420.
doi:10.3389/fsufs.2021.653420

Nascimento, A. M. D.; Maia, T. D. S.; Soares, T.E. S ;

Menezes, L. R. A.; Scher, R.; Costa, E. V.; Cavalcanti, S. C. H;

La Corte, R. Neotrop. Entomol. 2017, 46, 223-230.
doi:10.1007/s13744-016-0457-z

Almadiy, A. A.; Nenaah, G. E. J. Essent. Oil Res. 2022, 34, 424—438.
doi:10.1080/10412905.2022.2091673

Botas, G.; Cruz, R.; De Almeida, F.; Duarte, J.; Araujo, R.; Souto, R.;
Ferreira, R.; Carvalho, J.; Santos, M.; Rocha, L.; Pereira, V.;
Fernandes, C. Molecules 2017, 22, 1990.
doi:10.3390/molecules22111990

Manh, H. D.; Tuyet, O. T. Insects 2020, 11, 198.
doi:10.3390/insects11030198

Zhu, J.; Zeng, X.; Liu, T.; Qian, K.; Han, Y.; Xue, S.; Tucker, B.;
Schultz, G.; Coats, J.; Rowley, W.; Zhang, A.

J. Am. Mosgq. Control Assoc. 2006, 22, 515-522.
doi:10.2987/8756-971x(2006)22[515:aralao]2.0.co;2

de Sousa dos Santos, E. L. V.; Cruz, J. N.; da Costa, G. V.;

de S4, E. M. F.; da Silva, A. K. P.; Fernandes, C. P.;

de Faria Mota Oliveira, A. E. M.; Duarte, J. L.; Bezerra, R. M.;
Tavares, J. F.; da Costa, T. S.; dos Anjos Ferreira, R. M.;

dos Santos, C. B. R.; Souto, R. N. P. Separations 2024, 11, 97.
doi:10.3390/separations11040097

Muturi, E. J.; Ramirez, J. L.; Doll, K. M.; Bowman, M. J.

J. Med. Entomol. 2017, 54, 1684—1691. doi:10.1093/jme/tjx168
Pavela, R.; Benelli, G. Trends Plant Sci. 2016, 21, 1000—1007.
doi:10.1016/j.tplants.2016.10.005

Yi, T.; Wan, J.; Xu, H.; Yang, X. Eur. J. Pharm. Biopharm. 2008, 70,
439-444. doi:10.1016/j.ejpb.2008.05.001

Singh, Y.; Meher, J. G.; Raval, K.; Khan, F. A.; Chaurasia, M.;

Jain, N. K.; Chourasia, M. K. J. Controlled Release 2017, 252, 28—49.

doi:10.1016/j.jconrel.2017.03.008

Oliveira, A. E. M. F. M.; Bezerra, D. C.; Duarte, J. L.; Cruz, R. A. S.;
Souto, R. N. P.; Ferreira, R. M. A.; Nogueira, J.; da Conceigéo, E. C.;
Leitdo, S.; Bizzo, H. R.; Gama, P. E.; Carvalho, J. C. T ;

Fernandes, C. P. Sustainable Chem. Pharm. 2017, 6, 1-9.
doi:10.1016/j.scp.2017.06.001

Duarte, J.; Sharma, A.; Sharifi, E.; Damiri, F.; Berrada, M.;

Khan, M. A.; Singh, S. K.; Dua, K.; Veiga, F.; Mascarenhas-Melo, F.;
Pires, P. C.; Paiva-Santos, A. C. Appl. Mater. Today 2023, 35,
102001. doi:10.1016/j.apmt.2023.102001

Jia, Y.; Jiang, Y.; He, Y.; Zhang, W.; Zou, J.; Magar, K. T;

Boucetta, H.; Teng, C.; He, W. Pharmaceutics 2023, 15, 774.
doi:10.3390/pharmaceutics 15030774

Chen, J.; Zhao, Z.; Alantary, D.; Huang, J. Eur. J. Pharm. Biopharm.
2025, 207, 114597. doi:10.1016/j.ejpb.2024.114597

Haftcheshmeh, S. M.; Jaafari, M. R.; Mashreghi, M.; Mehrabian, A.;
Alavizadeh, S. H.; Zamani, P.; Zarqi, J.; Darvishi, M. H.; Gheybi, F.
J. Drug Delivery Sci. Technol. 2021, 62, 102351.
doi:10.1016/j.jddst.2021.102351

Zhang, X.; Chan, H. W.; Shao, Z.; Wang, Q.; Chow, S.; Chow, S. F.
Int. J. Pharm. 2025, 671, 125202. doi:10.1016/j.ijpharm.2025.125202

Beilstein J. Nanotechnol. 2025, 16, 1894-1913.

87. Gravan, P.; Aguilera-Garrido, A.; Marchal, J. A.;
Navarro-Marchal, S. A.; Galisteo-Gonzélez, F.
Adv. Colloid Interface Sci. 2023, 314, 102871.
doi:10.1016/j.cis.2023.102871

88. Moghassemi, S.; Dadashzadeh, A.; Azevedo, R. B.; Amorim, C. A.
J. Controlled Release 2022, 351, 164—173.
doi:10.1016/j.jconrel.2022.09.035

89. Pahwa, R.; Sharma, G.; Chhabra, J.; Haider, T.; Anitha, K.; Mishra, N.
J. Drug Delivery Sci. Technol. 2024, 101, 106227.
doi:10.1016/j.jddst.2024.106227

90. de Souza, M. L.; Oliveira, D. D.; Pereira, N. d. P.; Soares, D. M.
Int. J. Dermatol. 2018, 57, 894—900. doi:10.1111/ijd.14028

91. Musakhanian, J.; Osborne, D. W. AAPS PharmSciTech 2025, 26, 31.
doi:10.1208/s12249-024-02997-2

92. Begum JP, S.; Sahu, P.; Vinode, R.; Patel, A.; Alomary, M. N.;
Begum, M. Y.; Jamous, Y. F.; Siddiqua, A.; Al Fatease, A.;
Ansari, M. A. J. Saudi Chem. Soc. 2024, 28, 101896.
doi:10.1016/j.jscs.2024.101896

93. Preeti; Sambhakar, S.; Malik, R.; Bhatia, S.; Al Harrasi, A.; Rani, C.;
Saharan, R.; Kumar, S.; Geeta; Sehrawat, R. Scientifica 2023,
6640103. doi:10.1155/2023/6640103

94. Meghani, N.; Patel, P.; Kansara, K.; Ranjan, S.; Dasgupta, N.;
Ramalingam, C.; Kumar, A. Colloids Surf., B 2018, 166, 349-357.
doi:10.1016/j.colsurfb.2018.03.041

95. de Souza, R. L.; Opretzka, L. C. F.; de Morais, M. C.;
de Oliveira Melo, C.; de Oliveira, B. E. G.; de Sousa, D. P.;
Villarreal, C. F.; Oliveira, E. E. Pharmaceuticals 2023, 17, 17.
doi:10.3390/ph17010017

96. Ma, H. L.; Varanda, L. C.; Perussi, J. R.; Carrilho, E.
J. Photochem. Photobiol., B 2021, 223, 112303.
doi:10.1016/j.jphotobiol.2021.112303

97. Jiang, H.; Zhong, S.; Schwarz, P.; Chen, B.; Rao, J. Food Chem.
2023, 400, 134016. doi:10.1016/j.foodchem.2022.134016

98. Streck, L.; Sarmento, V. H. V.; de Menezes, R. P. R. P. B.;
Fernandes-Pedrosa, M. F.; Martins, A. M. C.; da Silva-Junior, A. A.
Int. J. Pharm. 2019, 555, 36—48. doi:10.1016/j.ijpharm.2018.11.041

99. Kawakami, M. Y. M.; Zamora, L. O.; Araujo, R. S.; Fernandes, C. P;
Ricotta, T. Q. N.; de Oliveira, L. G.; Queiroz-Junior, C. M,;
Fernandes, A. P.; da Conceicéo, E. C.; Ferreira, L. A. M;
Barros, A. L. B.; Aguiar, M. G.; Oliveira, A. E. M. F. M.
Biomed. Pharmacother. 2021, 134, 111109.
doi:10.1016/j.biopha.2020.111109

100.Tan, T. N.; Mnocaran, Y. P. A.; Ramli, M. E.; Utra, U.; Ariffin, F.;
Yussof, N. S. ACS Food Sci. Technol. 2023, 3, 150-160.
doi:10.1021/acsfoodscitech.2c00296

101.Duarte, J. L.; Duchon, S.; Di Filippo, L. D.; Chorilli, M.; Corbel, V.
PLoS One 2024, 19, €0293124. doi:10.1371/journal.pone.0293124

102.Sharma, S.; Loach, N.; Gupta, S.; Mohan, L.
Environ. Nanotechnol. Monit. Manage. 2020, 14, 100331.
doi:10.1016/j.enmm.2020.100331

103.Wei, N.; Hou, C.; Liu, Z.; Liang, Q.; Lv, Z.; Meng, X.; Feng, J.
Colloids Surf., A 2023, 656, 130442.
doi:10.1016/j.colsurfa.2022.130442

104.Shaari, A.; Yunus, R.; Raman, I. A.; Omar, D.; Shahar, M. K.;
Awang Biak, D. R.; Kania, D.; Aulia, A. Acta Trop. 2021, 224, 106107.
doi:10.1016/j.actatropica.2021.106107

105.Firooziyan, S.; Osanloo, M.; Basseri, H. R.; Moosa-Kazemi, S. H.;
Mohammadzadeh Hajipirloo, H.; Amani, A.; Sedaghat, M. M.
Arabian J. Chem. 2022, 15, 104064.
doi:10.1016/j.arabjc.2022.104064

1911


https://doi.org/10.1007%2Fs43994-023-00108-8
https://doi.org/10.1007%2Fs11356-017-9118-y
https://doi.org/10.3389%2Ffsufs.2021.653420
https://doi.org/10.1007%2Fs13744-016-0457-z
https://doi.org/10.1080%2F10412905.2022.2091673
https://doi.org/10.3390%2Fmolecules22111990
https://doi.org/10.3390%2Finsects11030198
https://doi.org/10.2987%2F8756-971x%282006%2922%5B515%3Aaralao%5D2.0.co%3B2
https://doi.org/10.3390%2Fseparations11040097
https://doi.org/10.1093%2Fjme%2Ftjx168
https://doi.org/10.1016%2Fj.tplants.2016.10.005
https://doi.org/10.1016%2Fj.ejpb.2008.05.001
https://doi.org/10.1016%2Fj.jconrel.2017.03.008
https://doi.org/10.1016%2Fj.scp.2017.06.001
https://doi.org/10.1016%2Fj.apmt.2023.102001
https://doi.org/10.3390%2Fpharmaceutics15030774
https://doi.org/10.1016%2Fj.ejpb.2024.114597
https://doi.org/10.1016%2Fj.jddst.2021.102351
https://doi.org/10.1016%2Fj.ijpharm.2025.125202
https://doi.org/10.1016%2Fj.cis.2023.102871
https://doi.org/10.1016%2Fj.jconrel.2022.09.035
https://doi.org/10.1016%2Fj.jddst.2024.106227
https://doi.org/10.1111%2Fijd.14028
https://doi.org/10.1208%2Fs12249-024-02997-2
https://doi.org/10.1016%2Fj.jscs.2024.101896
https://doi.org/10.1155%2F2023%2F6640103
https://doi.org/10.1016%2Fj.colsurfb.2018.03.041
https://doi.org/10.3390%2Fph17010017
https://doi.org/10.1016%2Fj.jphotobiol.2021.112303
https://doi.org/10.1016%2Fj.foodchem.2022.134016
https://doi.org/10.1016%2Fj.ijpharm.2018.11.041
https://doi.org/10.1016%2Fj.biopha.2020.111109
https://doi.org/10.1021%2Facsfoodscitech.2c00296
https://doi.org/10.1371%2Fjournal.pone.0293124
https://doi.org/10.1016%2Fj.enmm.2020.100331
https://doi.org/10.1016%2Fj.colsurfa.2022.130442
https://doi.org/10.1016%2Fj.actatropica.2021.106107
https://doi.org/10.1016%2Fj.arabjc.2022.104064

106.Wardani, A. T.; Kusumaningsih, T.; Ainurofig, A. Biodiversitas 2024,
25, 990-997. doi:10.13057/biodiv/d250311

107.Bendjazia, R.; Dris, D.; Seghier, H.; Essid, R.; Jallouli, S.;
Tabbene, O.; Bouabida, H. S. Afr. J. Bot. 2025, 180, 512-519.
doi:10.1016/j.sajb.2025.03.029

108.Romano, C. A.; de Oliveira Neto, J. R.; da Cunha, L. C.;
dos Santos, A. H.; de Paula, J. R. Ind. Crops Prod. 2024, 208,
117836. doi:10.1016/j.indcrop.2023.117836

109.Balakrishnan, R.; Vijayraja, D.; Jo, S.-H.; Ganesan, P.; Su-Kim, |;
Choi, D.-K. Antioxidants 2020, 9, 101. doi:10.3390/antiox9020101

110.Etsassala, N. G. E. R.; Hussein, A. A.; Nchu, F. Plants 2021, 10, 279.
doi:10.3390/plants 10020279

111.Viana, V. C. R.; Machado, F. P.; Esteves, R.; Duarte, J. A. D.;
Enriquez, J. J. S.; Campaz, M. L. M;; Oliveira, E. E.; Santos, M. G.;
Ricci-Junior, E.; Ruppelt, B. M.; Rocha, L. Sustainable Chem. Pharm.
2023, 32, 100992. doi:10.1016/j.scp.2023.100992

112.Ferreira, R. M. d. A.; D’haveloose, N. P.; Cruz, R. A. S.; Aradjo, R. S.;
Carvalho, J. C. T.; Rocha, L.; Fernandes, L. P.; Da Costa, T. S.;
Fernandes, C. P.; Souto, R. N. P. J. Med. Entomol. 2020, 57,
788-796. doi:10.1093/jme/tjz221

113.Pinto, L. d. A.; Machado, F. P.; Esteves, R.; Farias, V. M.;
Képtcke, F. B. N.; Ricci-Junior, E.; Rocha, L.; Keller, L. A. M.
Molecules 2023, 28, 3437. doi:10.3390/molecules28083437

114.Paiva Machado, F.; da Silva Rangel, L.; Nunes Farias Gomes, K.;
Albuquerque dos Santos, J. A.; Xavier Faria, R.; Santos, M. G.;
Fernandes, C. P.; Rocha, L. Exp. Parasitol. 2024, 259, 108717.
doi:10.1016/j.exppara.2024.108717

115.de Almeida Gongalves, R.; Pinheiro, A. B.; de Oliveira, M. A;;
do Nascimento, R. T.; Rosalem, P. F.; Garcia, V. L.; Martins, A. R.
Rev. Bras. Farmacogn. 2018, 28, 1-8. doi:10.1016/j.bjp.2017.11.008

116.Hosseinizadeh, Z.; Osanloo, M.; Alipour, H.; Heiran, R.;
Shabhriari-Namadi, M.; Moemenbellah-Fard, M. D. Exp. Parasitol.
2023, 255, 108644. doi:10.1016/j.exppara.2023.108644

117.Subaharan, K.; Senthamarai Selvan, P.; Subramanya, T. M,;
Senthoorraja, R.; Manjunath, S.; Das, T.; Pragadheesh, V. S.;
Bakthavatsalam, N.; Mohan, M. G.; Senthil-Nathan, S.; Uragayala, S.;
Samuel, P. P.; Govindarajan, R.; Eswaramoorthy, M.
Environ. Sci. Pollut. Res. 2022, 29, 71326-71337.
doi:10.1007/s11356-022-20870-2

118.Gupta, P.; Preet, S.; Ananya; Singh, N. Sci. Rep. 2022, 12, 4335.
doi:10.1038/s41598-022-07676-5

119.Vassiliou, E.; Awoleye, O.; Davis, A.; Mishra, S. Int. J. Mol. Sci. 2023,
24, 6936. doi:10.3390/ijms24086936

120.Bosly, H. A. E.-K. Saudi J. Biol. Sci. 2022, 29, 103455.
doi:10.1016/j.sjbs.2022.103455

121.Pullaiah, T.; Karuppusamy, S. Botany of Sandalwood (Santalum
Album L.). Sandalwood: Silviculture, Conservation and Applications;
Springer: Singapore, 2021; pp 21-48.
doi:10.1007/978-981-16-0780-6_3

122.Misra, B. B.; Dey, S. Trees (Heidelberg, Ger.) 2013, 27, 1071-1086.
doi:10.1007/s00468-013-0858-0

123.Khan, M.; Khan, S. T.; Khan, N. A.; Mahmood, A.; Al-Kedhairy, A. A.;
Alkhathlan, H. Z. Arabian J. Chem. 2018, 11, 1189-1200.
doi:10.1016/j.arabjc.2018.02.008

124.Bhattacharyya, M.; Easmin, S.; Pal, K.; Sahu, R.; Nandi, G.;
Sahariah, B. J.; Dutta, K. N.; Deka, M. K.; Maiti, P. P.; Dua, T. K.
Pharmacol. Res. Nat. Prod. 2023, 1, 100002.
doi:10.1016/j.prenap.2023.100002

Beilstein J. Nanotechnol. 2025, 16, 1894-1913.

125.Lobato Rodrigues, A. B.; Martins, R. L.; Rabelo, E.d. M.; Tomazi, R.;
Santos, L. L.; Brandao, L. B.; Faustino, C. G.; Ferreira Farias, A. L.;
dos Santos, C. B. R.; de Castro Cantuéria, P.; Galardo, A. K. R;;
de Almeida, S. S. M. d. S. PLoS One 2021, 16, €0254225.
doi:10.1371/journal.pone.0254225

126.Mobin, M.; De Lima, S. G.; Almeida, L. T. G.; Takahashi, J. P.;
Teles, J. B.; Szeszs, M. W.; Martins, M. A.; Carvalho, A. A.;
Melhem, M. S. C. Rev. Bras. Plant. Med. 2016, 18, 531-538.
doi:10.1590/1983-084x/15_110

127.Faustino, C. G.; de Medeiros, F. A.; Ribeiro Galardo, A. K.;

Lobato Rodrigues, A. B.; Lopes Martins, R.;

de Medeiros Souza Lima, Y.; Fechine Tavares, J.;
Alves de Medeiros, M. A.; dos Santos Cruz, J.;
Almeida, S. S. M. d. S. d. Molecules 2020, 25, 5333.
doi:10.3390/molecules25225333

128.Folly, D.; Machado, F. P.; Esteves, R.; Duarte, J. L.; Cruz, R. A. S.;
Oliveira, A. E. M. F. M.; Ferreira, R. M. A.; Souto, R. N. P.;

Santos, M. G.; Carvalho, J. C. T.; Ruppelt, B. M.; Fernandes, C. P.;
Rocha, L. J. Essent. Oil Res. 2021, 33, 559-566.
doi:10.1080/10412905.2021.1966847

129.Joseph, S. M.; Dev, A. R. A.; A, K. J. Mol. Struct. 2023, 1292, 136082.
doi:10.1016/j.molstruc.2023.136082

130.Lopes Martins, R.; Bruno Lobato Rodrigues, A.;
de Menezes Rabelo, E.; Lima Santos, L.; Barreto Brandao, L.;
Gomes Faustino, C.; Luzia Ferreira Farias, A.;

Maria da Cunha S4, D.; de Castro Cantuéria, P.;

Kardec Ribeiro Galardo, A.; Susan Moreira da Silva de Almeida, S.
Arabian J. Chem. 2021, 14, 103148.
doi:10.1016/j.arabjc.2021.103148

131.Martins, R. L.; Simdes, R. C.; Rabelo, E. d. M.; Farias, A. L. F.;
Rodrigues, A. B. L.; Ramos, R. d. S.; Fernandes, J. B.;

Santos, L. d. S.; de Almeida, S. S. M. d. S. PLoS One 2016, 11,
e0166684. doi:10.1371/journal.pone.0166684

132.Simionatto, E.; Porto, C.; Stiker, C. Z.; Dalcol, I. |.; Silva, U. F. d.
Quim. Nova 2007, 30, 1923-1925.
doi:10.1590/s0100-40422007000800024

133.de Oliveira, A. C.; S4, |. S. C.; Mesquita, R. S.; Pereira, B. L,;
Pocrifka, L. A.; de Souza, T. P.; Rodriguez Amado, J. R.;

Azevedo, S. G.; Sanches, E. A.; Nunomura, S. M.; Roque, R. A;;
Tadei, W. P.; Nunomura, R. C. S. Rev. Bras. Farmacogn. 2020, 30,
667-677. doi:10.1007/s43450-020-00092-8

134.da Costa, M. L. L.; de Oliveira, A. C.; Roque, R. A.

Pestic. Biochem. Physiol. 2024, 200, 105809.
doi:10.1016/j.pestbp.2024.105809

135.Amado, J. R. R.; Prada, A. L.; Diaz, J. G.; Souto, R. N. P.;

Arranz, J. C. E.; de Souza, T. P. Environ. Sci. Pollut. Res. 2020, 27,
9410-9423. doi:10.1007/s11356-020-07608-8

136.Garcia Diaz, J.; Tuenter, E.; Escalona Arranz, J. C.;

Llaurad6é Maury, G.; Cos, P.; Pieters, L. J. Ethnopharmacol. 2019,
236, 250-257. doi:10.1016/j.jep.2019.01.049

137.Vukovié, D.; BoZovié, M.; Cakovié, D.; Petrovié, D.; Zivkovié, V.
Nat. Prod. Res. 2024, 1—4. doi:10.1080/14786419.2024.2440514

138.Suresh, U.; Murugan, K.; Panneerselvam, C.; Aziz, A. T.;
Cianfaglione, K.; Wang, L.; Maggi, F. Ind. Crops Prod. 2020, 158,
113033. doi:10.1016/j.indcrop.2020.113033

139.Kaur, N.; Kocher, D. K.; Sidhu, A. Afr. Entomol. 2019, 27, 433.
doi:10.4001/003.027.0433

140.Yip, S. C.; Ho, L. Y.; Wu, T.-Y; Sit, N. W. Ind. Crops Prod. 2024, 222,
120118. doi:10.1016/j.indcrop.2024.120118

1912


https://doi.org/10.13057%2Fbiodiv%2Fd250311
https://doi.org/10.1016%2Fj.sajb.2025.03.029
https://doi.org/10.1016%2Fj.indcrop.2023.117836
https://doi.org/10.3390%2Fantiox9020101
https://doi.org/10.3390%2Fplants10020279
https://doi.org/10.1016%2Fj.scp.2023.100992
https://doi.org/10.1093%2Fjme%2Ftjz221
https://doi.org/10.3390%2Fmolecules28083437
https://doi.org/10.1016%2Fj.exppara.2024.108717
https://doi.org/10.1016%2Fj.bjp.2017.11.008
https://doi.org/10.1016%2Fj.exppara.2023.108644
https://doi.org/10.1007%2Fs11356-022-20870-2
https://doi.org/10.1038%2Fs41598-022-07676-5
https://doi.org/10.3390%2Fijms24086936
https://doi.org/10.1016%2Fj.sjbs.2022.103455
https://doi.org/10.1007%2F978-981-16-0780-6_3
https://doi.org/10.1007%2Fs00468-013-0858-0
https://doi.org/10.1016%2Fj.arabjc.2018.02.008
https://doi.org/10.1016%2Fj.prenap.2023.100002
https://doi.org/10.1371%2Fjournal.pone.0254225
https://doi.org/10.1590%2F1983-084x%2F15_110
https://doi.org/10.3390%2Fmolecules25225333
https://doi.org/10.1080%2F10412905.2021.1966847
https://doi.org/10.1016%2Fj.molstruc.2023.136082
https://doi.org/10.1016%2Fj.arabjc.2021.103148
https://doi.org/10.1371%2Fjournal.pone.0166684
https://doi.org/10.1590%2Fs0100-40422007000800024
https://doi.org/10.1007%2Fs43450-020-00092-8
https://doi.org/10.1016%2Fj.pestbp.2024.105809
https://doi.org/10.1007%2Fs11356-020-07608-8
https://doi.org/10.1016%2Fj.jep.2019.01.049
https://doi.org/10.1080%2F14786419.2024.2440514
https://doi.org/10.1016%2Fj.indcrop.2020.113033
https://doi.org/10.4001%2F003.027.0433
https://doi.org/10.1016%2Fj.indcrop.2024.120118

141.Mishra, P.; Samuel, M. K.; Reddy, R.; Tyagi, B. K.; Mukherjee, A;
Chandrasekaran, N. Environ. Sci. Pollut. Res. 2018, 25, 2211-2230.
doi:10.1007/s11356-017-0591-0

142.Kamal, N.; Mio Asni, N. S.; Rozlan, I. N. A.; Mohd Azmi, M. A. H.;
Mazlan, N. W.; Mediani, A.; Baharum, S. N.; Latip, J.; Assaw, S.;
Edrada-Ebel, R. A. Plants 2022, 11, 1944.
doi:10.3390/plants11151944

143.Issa, M.; Chandel, S.; Pal Singh, H.; Rani Batish, D.; Kumar Kohli, R.;
Singh Yadav, S.; Kumari, A. Ind. Crops Prod. 2020, 145, 112083.
doi:10.1016/j.indcrop.2019.112083

144.Lima, L. A.; Ferreira-S4, P. S.; Garcia, M. D. N., Jr.; Pereira, V. L. P.;
Carvalho, J. C. T.; Rocha, L.; Fernandes, C. P.; Souto, R. N. P.;
Aradjo, R. S.; Botas, G.; Cruz, R. A. S. Ind. Crops Prod. 2021, 162,
113282. doi:10.1016/j.indcrop.2021.113282

145.0liveira, A. E. M. F. M.; Duarte, J. L.; Amado, J. R. R.; Cruz, R. A. S;
Rocha, C. F.; Souto, R. N. P.; Ferreira, R. M. A.; Santos, K;
da Conceigéo, E. C.; de Oliveira, L. A. R.; Kelecom, A.;

Fernandes, C. P.; Carvalho, J. C. T. PLoS One 2016, 11, e0145835.
doi:10.1371/journal.pone.0145835

146.Costa-Singh, T.; Jorge, N. Braz. Arch. Biol. Technol. 2019, 62,
e€19170758. doi:10.1590/1678-4324-2019170758

147.Sakulku, U.; Nuchuchua, O.; Uawongyart, N.; Puttipipatkhachorn, S.;
Soottitantawat, A.; Ruktanonchai, U. Int. J. Pharm. 2009, 372,
105-111. doi:10.1016/j.ijpharm.2008.12.029

148.Mohd Narawi, M.; Chiu, H. I.; Yong, Y. K.; Mohamad Zain, N. N.;
Ramachandran, M. R.; Tham, C. L.; Samsurrijal, S. F.; Lim, V.

Front. Pharmacol. 2020, 11, 214. doi:10.3389/fphar.2020.00214

149.Mohammadi, R.; Khoobdel, M.; Talebi, A. A.; Negahban, M.;

Norani, M.; Moradi, M.; Dehghan, O. Open Biotechnol. J. 2020, 14,
145-152. doi:10.2174/1874070702014010145

150.Faustino, C. G.; de Medeiros, F. A.; Galardo, A. K. R.;

Rodrigues, A. B. L.; da Costa, A. L. P.; Martins, R. L.; Brandéo, L. B.;

Santos, L. L.; de Medeiros, M. A. A.; de Castro Cantuéria, P.;

Farias, A. L. F.; Cruz, J. S.; da Silva de Almeida, S. S. M. Molecules

2021, 26, 6439. doi:10.3390/molecules26216439

.Nwagwu, C.; Onugwu, A.; Echezona, A.; Uzondu, S.; Agbo, C.;

Kenechukwu, F.; Ogbonna, J.; Ugorji, L.; Nwobi, L.; Nwobi, O.;

Mmuotoo, O.; Ezeibe, E.; Loretz, B.; Tarirai, C.; Mbara, K. C.;

Agumah, N.; Nnamani, P.; Ofokansi, K.; Lehr, C.-M.; Attama, A.

Nanoscale Adv. 2024, 6, 4751-4780. doi:10.1039/d4na00474d

152.Dubey, A. K.; Mostafavi, E. Curr. Opin. Green Sustainable Chem.
2023, 41, 100827. doi:10.1016/j.cogsc.2023.100827

153.Ashokkumar, K.; Simal-Gandara, J.; Murugan, M.; Dhanya, M. K.;
Pandian, A. Phytother. Res. 2022, 36, 2839—-2851.
doi:10.1002/ptr.7491

154.Hudz, N.; Kobylinska, L.; Pokajewicz, K.; Hor¢inova Sedlackova, V.;
Fedin, R.; Voloshyn, M.; Myskiv, |.; Brindza, J.; Wieczorek, P. P.;
Lipok, J. Molecules 2023, 28, 7444. doi:10.3390/molecules28217444

155.Zhao, S.; Wang, Z.; Wang, X.; Kong, B.; Liu, Q.; Xia, X.; Liu, H. Foods
2023, 72, 3183. doi:10.3390/foods 12173183

156.Algahtani, M. S.; Ahmad, M. Z.; Ahmad, J. Bioengineering 2022, 9,
384. doi:10.3390/bioengineering9080384

15

=

Beilstein J. Nanotechnol. 2025, 16, 1894-1913.

License and Terms

This is an open access article licensed under the terms of
the Beilstein-Institut Open Access License Agreement
(https://www.beilstein-journals.org/bjnano/terms), which is

identical to the Creative Commons Attribution 4.0
International License

(https://creativecommons.org/licenses/by/4.0). The reuse of

material under this license requires that the author(s),
source and license are credited. Third-party material in this
article could be subject to other licenses (typically indicated
in the credit line), and in this case, users are required to
obtain permission from the license holder to reuse the

material.

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjnano.16.132

1913


https://doi.org/10.1007%2Fs11356-017-0591-0
https://doi.org/10.3390%2Fplants11151944
https://doi.org/10.1016%2Fj.indcrop.2019.112083
https://doi.org/10.1016%2Fj.indcrop.2021.113282
https://doi.org/10.1371%2Fjournal.pone.0145835
https://doi.org/10.1590%2F1678-4324-2019170758
https://doi.org/10.1016%2Fj.ijpharm.2008.12.029
https://doi.org/10.3389%2Ffphar.2020.00214
https://doi.org/10.2174%2F1874070702014010145
https://doi.org/10.3390%2Fmolecules26216439
https://doi.org/10.1039%2Fd4na00474d
https://doi.org/10.1016%2Fj.cogsc.2023.100827
https://doi.org/10.1002%2Fptr.7491
https://doi.org/10.3390%2Fmolecules28217444
https://doi.org/10.3390%2Ffoods12173183
https://doi.org/10.3390%2Fbioengineering9080384
https://www.beilstein-journals.org/bjnano/terms
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.3762/bjnano.16.132

(J BEILSTEIN JOURNAL OF NANOTECHNOLOGY

Beyond the shell: exploring polymer-lipid interfaces in
core-shell nanofibers to carry hyaluronic acid

and B-caryophyllene

Aline Tavares da Silva Barreto¥'-2, Francisco Alexandrino-Junior¥3,

Braulio Soares Arcanjo*24, Paulo Henrique de Souza Piccianit®
and Kattya Gyselle de Holanda e Silva $":2:8

Full Research Paper

Address: Beilstein J. Nanotechnol. 2025, 16, 2015-2033.
TLaboratério de Sistemas Hibridos, Faculdade de Farmacia, https://doi.org/10.3762/bjnano.16.139
Universidade Federal do Rio de Janeiro (UFRJ), Av. Carlos Chagas

Filho, 373 - Cidade Universitaria, Rio de Janeiro - RJ, 21941-170, Received: 20 June 2025

Brasil, 2Programa de Pés-Graduagdo em Nanobiossistemas, Accepted: 14 October 2025

Universidade Federal do Rio de Janeiro, Duque de Caxias, Brasil, Published: 12 November 2025

3Laboratério de Micro e Nanotecnologia (LMN), CDTS, Fundagéo
Oswaldo Cruz (Fiocruz), Brasil Av., 4036, 107 - Maré, Rio de Janeiro -  This article is part of the thematic issue "Advances in nanotechnology

RJ, 21040-361, Brasil, *Divisao de Metrologia e Materiais Instituto applied to natural products”.
Nacional de Metrologia, Qualidade e Tecnologia (INMETRO), Xerém,
RJ, Brasil and SLaboratério de Biomateriais, Instituto de Guest Editor: D. Dourado

Macromoléculas Heloisa Mano, Universidade Federal do Rio de

Janeiro (UFRJ) — Av. Horacio Macedo, 2030, Rio de Janeiro, Brasil © 2025 Barreto et al.; licensee Beilstein-Institut.
By License and terms: see end of document.

Email:
Kattya Gyselle de Holanda e Silva” - gyselle@farmacia.uftj.br

* Corresponding author  F Equal contributors
§ Email: gysaholanda@me.com

Keywords:
co-axial nanofibers; electrospinning; hybrid nanosystem; nanofibers;
nanoemulsion; poly(lactic acid)

Abstract

Hyaluronic acid (HA) and B-caryophyllene (BCp) are two promising agents in biomedical research, each offering unique thera-
peutic benefits. The successful integration of these compounds into a single, functional nanofiber system presents a significant tech-
nical challenge, demanding innovative strategies to ensure their compatibility and sustained activity. This study addresses this criti-
cal challenge through the rational design and fabrication of hybrid core—shell nanofibers manufactured via coaxial electrospinning.
Poly(lactic acid) (PLA) was used as an outer shell providing structural integrity and effectively encapsulating a core comprising a
nanoemulsion containing f-caryophyllene (NE-BCp) alongside HA. A rigorous optimization of the electrospinning process was crit-
ical, involving the systematic evaluation of key parameters. This optimization successfully identified the optimal core formulation
(1% w/w HA, 2% w/w NE) and process parameters (17 kV applied voltage, 6.25 flow rate ratio (0.04 mL/h inner; 0.25 mL/h outer),
12 cm needle-to-collector distance). These conditions provided highly uniform fibers with an average diameter of 439 + 100 nm,

notably 37% larger than fibers without the lipid core. Furthermore, maintaining ambient relative humidity below 45% proved essen-
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tial for processing stability. Comprehensive morphological characterization via scanning electron microscopy confirmed the unifor-

mity of the fibers. At the same time, confocal microscopy, cross-sectional imaging, and attenuated total reflectance with Fourier

transform infrared (ATR-FTIR) spectroscopy provided compelling evidence for the successful formation of the intended core—shell

structure. The resulting nanofibers exhibited surface hydrophobicity, suggesting potential for anti-adhesive membrane applications.

Thermal and crystalline analyses demonstrated improved thermal stability upon NE-BCp incorporation. Collectively, these results

provide robust evidence for the feasibility of producing multifunctional nanofiber membranes that successfully integrate a

polymer-lipid hybrid core encapsulated within a PLA shell, highlighting substantial potential for biomedical applications by over-

coming key material integration hurdles.

Introduction

Driven by the significant potential of biomaterials, recent
decades have seen intensive research into novel therapeutic
strategies for regenerative medicine [1-4]. Within this scenario,
a pivotal current strategy in formulation development focuses
on integrating nanocarriers with nanoscale three-dimensional
biomaterials, enabling major advancements in the controlled
release of diverse bioactive compounds [5-10].

Among the various nanostructured platforms explored for these
purposes, nanofibers have gained attention due to their high sur-
face area, adjustable porosity, and robust mechanical properties,
which set them apart from conventional fibrous materials. Their
flexibility in fabrication allows for integration into a broad
range of applications, from drug delivery scaffolds to compos-
ite biomaterials, contributing to their increasing relevance in

both scientific research and industrial development [11-14].

To leverage the properties of nanofibers and create advanced
structures with enhanced functionality, coaxial electrospinning
can be used to generate nanofibers allowing for the building of
a core—shell structure with desirable properties, taking advan-
tage of the positive characteristics of each component (core and
shell materials) [15]. However, achieving high-quality struc-
tures for biomedical use with tailored properties requires careful
management of various processes, materials, and environ-
mental parameters [16], necessitating thorough optimization of
the electrospinning conditions. This includes precise control
over process variables, such as high voltage, flow rate, and the
distance from the Taylor cone to the collector, which signifi-
cantly impacts nanofiber morphology [17]. Furthermore, selec-
tion of the material to be electrospun is crucial, requiring
control over key attributes such as molecular weight, polymer
concentration, surface tension, conductivity, and solvent
volatility, alongside careful consideration of electrospinning

conditions, such as temperature and humidity [18,19].

The polymer selection of nanofibers intended for biomedical
applications must prioritize not only mechanical strength, con-
trolled degradation, and moderate hydrophilicity, but also bio-

compatibility, non-toxicity, and non-carcinogenicity [5].

Adhering to these critical quality requirements for biomedical
products, polylactic acid (PLA) was selected for nanofiber pro-
duction. This biotechnologically derived aliphatic polyester is a
rigid thermoplastic known for its biodegradability, biocompati-
bility, and bioabsorbability [20,21]. Highly attractive due to its
versatile physical, chemical, and biological properties, PLA is a
suitable option for manufacturing tissue engineering scaffolds,
implantable devices, and drug delivery systems, holding recog-
nition as safe and approved for human use by the U.S. Food and
Drug Administration (FDA). While PLA exhibits relatively
high modulus and strength, it possesses limitations such as low
toughness, a slow degradation rate, and high hydrophobicity
[18,22,23]. Nevertheless, PLA fibers effectively provide me-
chanical strength, assist in managing wound exudates, and
maintain a moist wound bed. Its properties can also be tailored
through blends with different forms of PLA or other biopoly-
mers to achieve desired tensile strength, release profiles, or
biodegradation characteristics [24,25]. The growing commer-
cial interest in biopolymers such as PLA is, in part, driven by
environmental concerns, climate change, and the depletion of
fossil fuel resources, as PLA is derived from renewable sources

and is both readily and completely biodegradable.

Hyaluronic acid (HA) is an extensively used component in
wound healing applications and naturally occurring in verte-
brates [26,27]. It is a key element of the extracellular matrix,
providing a gelatinous structure where collagen and elastin
fibers are embedded. As an endogenous molecule, it demon-
strates ideal biocompatibility and full absorption by human
tissues. Its natural origin, high structural conservatism across
species, and minimal interaction with blood components make
HA and HA-based materials exceptionally biocompatible, a
non-negotiable prerequisite for biomedical use. Hyaluronic acid
is also recognized and listed in the US FDA inactive ingredient

database for various biomedical applications [28,29].

Complementing the regenerative and biocompatible profile of
HA, B-caryophyllene (BCp) is another critical component of sig-
nificant pharmaceutical potential. Among the array of attributes

exhibited by BCp, it notably possesses potent analgesic, antioxi-
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dant, antimicrobial, and anti-inflammatory effects [30,31]. It is
also currently been evaluated as a candidate for skin regenera-
tion due to its effect as a cannabinoid receptor 2 (CB2) ligand,
with studies suggesting that CB2 activation by selective
agonists can enhance re-epithelialization, reduce pain, and
improve inflammatory response during wound healing [32,33].
Chemically, BCp is characterized as a natural bicyclic sesquiter-
pene found in several plants and essential oils, and as expected
for compounds of this class, it exhibits characteristic volatility
and low solubility in water [34]. To address these limitations for
effective pharmaceutical use, Cp is often formulated within
lipid liquid dispersions, such as nanoemulsions, to enhance its
stability and improve therapeutic properties [35-38].

While lipid nanosystems offer undeniable advances for the
delivery of active compounds, their inherent liquid nature can
present formulation challenges, particularly when seeking inte-
gration into solid scaffolds like nanofibers. The strategic combi-
nation of polymers and lipids in hybrid systems has emerged as
a promising approach to overcome these limitations. Incorporat-
ing polymer-lipid interfaces within core—shell nanofibers can
enhance the system in various scenarios (e.g., improving formu-
lation stability, increasing the encapsulation efficiency, and
tailoring the controlled release of therapeutically active mole-
cules [39,40]). This approach has demonstrated promising
results, especially for topical drug administration via dressings
made of biocompatible polymers containing lipid nanosystems
[41-43]. Numerous researchers have successfully encapsulated
nanoemulsions into nanofibers for diverse applications, includ-
ing studies by Kaur et al. (2024) showing superior wound
healing with bakuchiol nanoemulsion-loaded electrospun
scaffolds compared to that of the gel formulation [44], and
Coelho et al. (2021) reporting PVA nanofibers containing
chalcone NE as a potential treatment for cutaneous leishmani-
asis [45].

Despite these advances in nanofiber composite structures incor-
porating various nanosystems, a critical gap persists in thor-
oughly understanding the complex polymer—lipid interactions,
particularly in systems designed for the simultaneous co-encap-
sulation of compounds with vastly different physicochemical
properties, such as hydrophilic HA and lipophilic fCp. An
in-depth understanding of these specific interactions is essential
for precise modulation of encapsulation efficiency, ensuring
system stability and achieving tailored kinetic release. There-
fore, the primary objective of this study was to thoroughly in-
vestigate lipid—polymer interactions within coaxially electro-
spun PLA nanofibers engineered for hyaluronic acid and BCp
co-delivery. The insights gained from this investigation are
crucial for bridging this specific knowledge gap and may guide

the design of optimized hybrid therapeutic platforms.
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Results and Discussion

This study aimed to develop and investigate PLA nanofibers
impregnated with HA and BCp nanoemulsion. The use of fCp
in practice is questioned due to its low aqueous solubility, low
viscosity, extreme volatility, and sensitivity to temperature,
oxygen, and light [38]. The production of a nanoemulsion was
developed as a nanocarrier system designed to enhance both the
stability and bioavailability [35] of the compound and enable its
incorporation into nanofibers. In this study, a Box—Behnken
design was applied to develop an optimized fCp nanoemulsion
(NE-BCp). This experimental design employed ultrasonication
as the manufacturing method with the oil: BCp ratio (0-80%),
surfactant concentration (2-20%), and HLB (10-15) as the in-
dependent variables (data not shown). Based on the preliminary
results, a sample was selected for this study. It can be observed
that formulations exhibited droplet mean sizes in the nanoscale
range, varying from 58 nm. The formulations showed a
unimodal distribution with a polydispersity index (PDI) range
of 0.218. Most of the formed nanoemulsions are small in size
and well distributed (Figure 1).

The most favorable processing conditions for obtaining uniform
fibers — free of surface roughness and with fewer beads — were
determined based on morphological analysis. Varying the
process parameters and the concentration of the constituent(s)
seems to be an effective way to control the morphology of the
electrospun mats, especially the diameter of the fibers, as
demonstrated by Coelho et al. [45]. This study investigated the
influence of core composition on fiber formation by analyzing
the concentrations of the core components and the process flow
rate as variables.

It was observed that the concentration of NE-BCp in the core
had a significant impact on fiber morphology, as illustrated in
Figure 2. The presence of NE-BCp led to an increase in the
number of beads and the formation of fibers with a more
dispersed structure, likely reflecting insufficient polymer chain
entanglement and Taylor cone instability. This behavior appears
to result from interactions between NE-BCp droplets and HA
chains, which may disrupt the jet and hinder solvent evapora-
tion within the core, as also reported by Ricaurte et al. (2022)
[46]. Air relative humidity was additionally found to influence
solvent evaporation and the formation of uniform HA fibers.
Similar to the observations reported by Yao et al. (2013), a
stable process without interruptions was only achieved when the

relative humidity was below 45% [47].

Regarding the NE-BCp concentration, it was evident that values
above 2% (Figure 2B) led to the formation of more heterogen-
eous fibers with a higher density of beads, likely because the in-

creased droplet content hindered proper flow and elongation of
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Figure 1: Hydrodynamic diameter distribution of B-caryophyllene nanoemulsion measured by DLS: (A) intensity distribution and (B) volume distribu-

tion.

the polymer jet. Based on these preliminary results, the NE con-
centration and flow rates (outer flow rate: 0.25 mL/h; inner flow
rate: 0.04 mL/h) were fixed in subsequent experiments to inves-
tigate the influence of HA concentration on nanofiber forma-
tion. Given that HA is a high-viscosity polymer [48], its con-
centration in the core significantly affects the overall viscosity
of the solution, potentially causing instability in the Taylor cone
and leading to bead formation and other morphological defects
in the fibers [49]. Micrographs revealed the morphological
changes resulting from different HA concentrations. Figure 3
shows that no significant variations in the average fiber diame-
ter were observed with increasing HA concentrations: diame-
ters of 257 = 111 nm, 250 * 74 nm, and 242 * 94 nm were ob-
tained for HA concentrations of 0.75%, 1.00%, and 1.25%, re-
spectively. However, the micrograph corresponding to 0.75%
HA showed a higher density of beads, suggesting insufficient
polymer chain entanglement, which may have impaired fiber
stretching during the electrospinning process. Among the tested
concentrations, 1.00% HA yielded the most uniform fibers. This
effect may result from a more favorable balance between chain
entanglement and viscosity: compared to 0.75%, the solution
exhibited increased entanglement, while its viscosity remained
lower than that of the 1.25% solution, facilitating better core
dragging by the shell solution.

In the coaxial electrospinning process, the optimal ratio be-
tween the shell and core flow rates is crucial to ensure proper
incorporation of the core material. When this ratio is exces-
sively high, the core flow becomes insufficient relative to the
shell flow, resulting in fibers with a discontinuous or poorly

defined core [50]. Conversely, when the core flow is too high,

structural instability and bead formation may occur, as the shell
solution may not efficiently envelop or drag the core solution
[51,52]. In this study, a flow rate ratio of 12.5 (outer flow rate:
0.50 mL/h; inner flow rate: 0.04 mL/h) was associated with the
formation of thinner fibers and numerous beads, likely due to
limited core incorporation and the generation of fine PLA
nanofibers with bead-like structures containing core material.
Upon reducing the ratio, the resulting fibers were thicker and
exhibited fewer beads, suggesting improved core incorporation.
Therefore, for sample preparation, a flow rate ratio of 6.25 was
maintained, with an outer flow rate of 0.25 mL/h and an inner
flow rate of 0.04 mL/h, as this ratio prevented severe dripping
and ensured a more stable Taylor cone. Having characterized
the influence of core composition on fiber formation, the next
step involved evaluating the effects of electric field intensity,
which is responsible for polymer chain stretching and the speed
of fiber deposition, on fiber morphology. Specifically, the
impact of varying the needle-to-collector distance (12 and
15 cm) and the applied voltage (15, 17, and 19 kV) was
assessed. The important physicochemical properties of these
structures are highly related to conformational changes in the
polymeric chain caused by the spinning process [49,53].

Initially, the influence of the travel distance of the polymer jet
on fiber formation was examined (Figure 4). This critical pa-
rameter exerts a notable influence on the characteristics of the
resultant nanofibers. A reduction in the needle-to-collector dis-
tance from 15 (Figure 4D) to 12 cm (Figure 4B) resulted in a
significant increase in the average fiber diameter, from 250 + 74
to 439 = 100 nm. This phenomenon is likely associated with the
enhancement of the electric field strength at shorter distances,
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Figure 2: SEM images of nanofibers obtained from the composition: (A) PLA 20%ww) and HA 1%ww); (B) PLA 20%ww), HA 1%wmw), and NE
5%wiw); (C) PLA 20%(ww), HA 1%ww), and NE 2%ww); and (D) picture of a nanofiber mat. The scale bars are 10 ym and the magnification is 8000x.

which accelerates fiber deposition and reduces the time avail-
able for jet elongation, ultimately leading to the formation of
thicker fibers. Additionally, a stronger electric field may reduce
Rayleigh instability and stabilize the Taylor cone [49]. Al-
though the diameter distribution was narrower at 15 cm, the
12 cm distance was selected for subsequent experiments due to
the enhanced Taylor cone stability and reduced bead formation.
The influence of the distance between the needle and the
collector is dependent on the polymer system used. For this
study, we determined the optimal distance required to maxi-
mize the flight time for solvent evaporation, without compro-
mising the applied electric field, to favor the formation of fibers
with adequate morphology and uniformity.

With a fixed distance of 12 cm between the needle and the
collector, the influence of voltage variation on fiber morpholo-
gy was then investigated. Similar to other process parameters,
the critical voltage varies among different polymer systems, and
optimizing this value is crucial for achieving optimal morpholo-
gy in the resulting fibers [54]. Increasing the voltage from 17
(Figure 4B) to 19 kV (Figure 4A) resulted in the formation of
thinner fibers (292 = 117 nm), probably due to the amplified
repulsive forces which consequently induced stretching. How-
ever, it was also observed that more beads and a broader diame-
ter distribution were present, suggesting that the critical voltage
threshold may have been exceeded, resulting in the formation of
two separate jets: one from the core and another from the shell,
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ultimately producing monolithic fibers. Reducing the voltage to
15 kV (Figure 4C) yielded fibers with an average diameter of
266 = 139 nm, no observable beads, and a heterogeneous diam-

eter distribution.

Structural characterization of nanofibers

Core—shell nanofibers create a protective environment for bio-
active agents within the core, preserving their activity while
enabling controlled release. By tailoring the shell architecture,
the release profile can be modulated, and the initial burst release
minimized [7]. Beyond drug delivery, an ideal biomedical scaf-
fold should support cellular attachment while providing effec-
tive drug release; balancing these functions is crucial for
promoting tissue formation. Achieving this balance in electro-
spun scaffolds remains challenging, as modifications that
improve release kinetics or protect the core can sometimes

compromise biocompatibility or cellular interactions [55].

To evaluate the structure of the nanofibers produced, confocal
microscopy was used under a fluorescent filter to study the mor-
phologies of scaffold types throughout their thickness and
assess the core structure of HA+NE2/PLA nanofibers. Fluores-
cein, a fluorescent dye, was added to the HA+NE mixture to
facilitate its encapsulation within the core during the electro-
spinning process. As shown in Figure 5, the presence of fluores-
cein was confirmed by its fluorescence emission under incident
light, indicating that the electrospun fibers predominantly
displayed continuous cores. This suggests that the established
coaxial electrospinning parameters successfully supported the

Beilstein J. Nanotechnol. 2025, 16, 2015-2033.

formation of nanofibers with HA+NE cores. The limited
discontinuities identified in the fiber structure were attributed to
instabilities in the electrospinning process, likely resulting from
the low core flow rate (0.04 mL/h). Despite these minor defects,
the majority of the fibers exhibited continuous and well-defined
cores, confirming the consistency of the process and their
potential suitability for subsequent applications. The observed
discontinuities could act as preferential sites for accelerated
diffusion and burst release of encapsulated compounds, poten-
tially compromising a sustained release profile while being ad-
vantageous for applications requiring an initial burst. To
improve fiber homogeneity, strategies such as fine-tuning the
core—shell flow rate ratio and optimizing solution viscosities
can be employed, enhancing coaxial jet stability and promoting

more continuous cores [16].

The evaluation of the cross-section before and after core
removal is a key technique for assessing the core—shell struc-
ture of coaxial fibers. This method provides insight into the
structural changes resulting from the release of hydrophilic core
content and potential pore formation on the shell surface. For
this study, the HA+NE2/PLA sample was analyzed before and

after core removal.

Before core removal, the fibers exhibited a filled core structure,
as depicted in Figure 6A. Sequential washing with water and
ethanol, followed by drying and cryofracture, effectively solubi-
lized and removed the core material, yielding hollow fiber
structures (Figure 6B). These observations confirmed the suc-

Figure 5: Confocal microscopy images of nanofibers containing fluorescein. The scale bar is 50 ym.
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cessful formation of a core—shell structure via coaxial electro-
spinning, using the optimized parameters from the morphology
study. Additionally, Figure 6B highlights the presence of pores
on the PLA shell surface after washing, suggesting that core
removal occurred through diffusion facilitated by these pores.
The pore formation on the shell surface is a potential mecha-
nism for regulating the release of the core content [56,57]. A
biomedical scaffold must possess suitable pore size and a high
level of porosity. The porosity of the scaffold in tissue engi-
neering applications should be adequate. A study by Nguyen et
al. (2012) compared the release profiles of salicylic acid encap-
sulated within cores protected by porous and nonporous PLA
shells. Over a period of five days, the release from fibers with
porous shells was approximately five times greater than that
from nonporous counterparts, likely due to increased water
ingress through the pores, facilitating access to the core [58].
This possibility is also described by Wang and Xu (2018), who
successfully prepared tea polyphenol-loaded porous core—shell
fibers by controlling coaxial electrospinning parameters [56].

ATR-FTIR spectroscopy has been widely used to evaluate the
integrity of core—shell structures and confirm the presence of
the core material within electrospun fibers. A well-formed
core—shell structure is indicated by FTIR spectra showing the
absence of characteristic core bands and the exclusive presence
of shell bands [59-61]. As reported by da Silva et al. (2019),
inadequate flow rates during the production of coaxial
nanofibers can lead to incomplete core incorporation, resulting

in monolithic fibers that are identifiable by their spectral signa-

tures [61]. To evaluate the surface composition of nanofiber
membranes, ATR-FTIR analysis was performed on PLA
(monolithic), HA/PLA, and HA+NE2/PLA nanofiber samples,
along with pure HA powder.

The obtained spectra (Figure 7) confirmed effective shell
coating, as only the characteristic bands of PLA were detected
in the core—shell nanofibers. All three nanofiber membranes
(NF-PLA, NF-HA/PLA, and NF-HA+NE2/PLA) exhibited
PLA-specific bands at 2995, 2946, 1759, and 1089 cmfl, corre-
sponding to the asymmetric stretching vibration of -CH3z, sym-
metric stretching of -CHj3, and stretching vibrations of C=0 and
C-0, respectively [62]. The HA powder spectrum displayed
bands at 3300, 1605, 1410, and 1030 cm_l, which were attri-
buted to the overlapping O—H and N-H stretching of hydroxyl
and amide groups, the amide I C=0 stretching, the symmetric
stretching of C=0, and the C-O stretching, respectively [63,64].
In comparison, the absence of HA-specific bands at 3300 and
1605 cm™! in the nanofiber spectra confirmed the complete en-
capsulation of the core material by the PLA shell. This observa-
tion aligns with the cross-sectional analysis results, where a
coated core—shell structure was evident following the removal
of the HA+NE2 core.

Thermal behavior and crystallinity of

nanofibers
The thermal properties and crystallinity of NF-PLA (mono-
lithic), NF-HA/PLA, and NF-HA+NE2/PLA nanofibers were

analyzed using thermogravimetric analysis (TGA), X-ray
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diffraction (XRD), and differential scanning calorimetry (DSC).
Thermal behavior and crystallinity of the nanofibers mats of
BCp nanoemulsion-loaded PLA are displayed in Figure 8. The
TGA and DTG curves provide insights into the thermal stability
and decomposition behavior of the nanofibers [65]. At the same
time, the DSC and XRD analyses complement the study by elu-
cidating the crystallinity and thermal transitions of the samples.
Figure 8A and Figure 8B illustrate the mass variation curves as
a function of temperature, along with the first derivative of
mass variation concerning temperature (DTG), obtained from
TGA. In the TGA curve of the HA bulk, a degradation profile
with three main stages of mass loss was observed, as previ-
ously described by Ahire et al. [66]. The first stage of mass loss
occurred at temperatures up to 220 °C. In this stage, approxi-
mately 21% of the mass was lost due to the dehydration of HA
chains, resulting from the evaporation of water molecules. HA
polymer chains are characterized by a high capacity for water
adsorption and retention, owing to their large number of
pendant hydrophilic groups and atoms capable of forming
hydrogen bonds, such as nitrogen and oxygen. The second and
third stages corresponded to the degradation and cleavage of the
HA chains, resulting in mass losses of approximately 40% be-
tween 220 and 300 °C, and 13% between 300 and 700 °C
[66,67]. Therefore, about 26% of the HA remained thermally
stable up to 700 °C, yielding a residual mass that did not

decompose at the analyzed temperature.

Regarding the nanofibers, the TGA and DTG curves indicated a
single decomposition stage associated with the cleavage of
polymer chains. No significant differences were observed in the
Tonset and T, temperatures among the different nanofiber
groups, likely due to the high PLA content (299%). Monolithic
PLA nanofibers exhibited a Tgpge¢ of 286.8 °C and a T, of
322.5 °C, values consistent with those reported by Vidal et al.
[68]. The incorporation of an AH core into the PLA nanofibers
led to an increase in Tgpge¢ to 301.2 C and Thyax to 337.4 °C.
Similarly, the addition of the HA+NE core also increased the
Tonset t0 294.7 °C and the Ty« to 343.6 °C. These results indi-
cate that the presence of the core did not reduce the thermal
stability of the nanofibers, suggesting that the hybrid HA+NE
core may have enhanced this stability, likely due to an interac-

tion between the core and the shell.

Complementing the thermal analysis performed by TGA, DSC
was used to obtain detailed information on the thermal and crys-
tallinity properties of the nanofibers through the values of T,
Tee, Ty, AHy, AH, and X.%. The DSC analysis provided
heating curves and thermal transitions for the first and second
heating cycles of the nanofibers. The first heating cycle offers
insights into the polymers after processing by electrospinning,
while the second heating cycle reveals characteristics of the ma-
terial before processing. The values for each thermal event are
presented in Table 1 (first heating) and Table 2 (second
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Figure 8: Thermal characterization plots of neat HA, PLA, and nanofiber compositions. Thermogravimetric analysis (A), DTG curves (B), and DSC

thermograms: (C) first heating and (D) second heating.

Table 1: DSC data corresponding to the first heating.2

Sample Tq (°C) Tee (°C) AHe (J/9) Tm1 (°C) Tmz2 (°C) AHm (J/9)
NF-PLA 43.7 105.9 37.9 136.6 147.5 335
NF-HA/PLA 443 104.2 427 137.4 148.0 35.7
NF-HA+NE2/PLA 45.6 103.4 33.0 137.8 148.5 29.6

aGlass transition temperature (Tg), crystallization temperature upon cooling (T¢c), melting temperature of the o crystalline form (Ty+,), melting temper-
ature of the B crystalline form (Try2), melting enthalpy (AHy,), and crystallization enthalpy (AHcc).

heating). All fibers exhibited a typical semicrystalline polymer
profile, featuring an endothermic peak corresponding to the

melting of crystallites, an exothermic peak related to the crystal-

lization of polymer chains into spherulites, and a baseline shift
indicative of the glass transition of the amorphous regions. Due
to the high PLA content in the fibers, all three analyzed sam-
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Table 2: DSC data corresponding to the second heating.2

Sample Tec (°C) AH. (J/g)
NF-PLA 72.8 23.8
NF-HA/PLA 76.2 30.5
NF-HA+NE2/PLA 76.3 22.0

Beilstein J. Nanotechnol. 2025, 16, 2015-2033.

Tm (°C) AHp, (J/9) X% (PLA)
147.3 35.4 12.4

148.3 38.3 8.4

148.4 31.0 9.8

aCrystallization temperature upon cooling (T¢c), melting temperature (T,,), melting enthalpy (AHp), crystallization enthalpy (AH.c), and degree of crys-

tallinity (Xc%).

ples exhibited thermal behavior similar to that of monolithic
PLA nanofibers.

In the first heating cycle (Figure 8C), all three samples
displayed an exothermic peak between 72-77 °C, correspond-
ing to the cold crystallization temperature (7.), which indi-
cates the crystallization of chains that were not fully crystal-
lized during the electrospinning process. Additionally, an
endothermic peak at approximately 148 °C was observed in all
samples, characteristic of the PLA melting temperature (7},).
The appearance of two melting peaks between 135-150 °C
during the second heating cycle (Figure 8D) is associated with
two distinct crystalline forms of PLA, the a-form and a meta-
stable B-form. The latter may have formed through recrystal-

lization and reordering of a-crystals upon remelting [69,70]. In

the second heating cycle (Figure 8D), a baseline shift was ob-
served between 43—45 °C, corresponding to the glass transition
temperature (T,) of PLA and related to enthalpic relaxations in

the amorphous regions.

X-ray diffraction (XRD) analysis was also performed to
compare the crystallinity and characteristic peaks of the pro-
duced nanofibers. Figure 9 presents the diffractograms of the
NF-PLA, NF-HA/PLA, and NF-HA+NE2/PLA nanofibers, as
well as the HA and PLA powders for comparison purposes. As
expected, the HA powder exhibited the typical profile of an
amorphous polymer, with a broad amorphous halo between
20 = 15° and 30°. The PLA powder displayed a characteristic
semicrystalline PLA diffraction pattern, with four prominent
peaks at 20 = 14.7°, 16.6°, 18.9°, and 22.2° [22,71], along with

NF-HA+NE2/PLA

Intensity (u.a.)
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[ NF-PLA
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Figure 9: X-ray diffractograms of bulk HA (black), bulk PLA (rose), PLA nanofiber (red), nanofiber composed of HA 1%y and PLA 20%wuw) (blue),
and nanofiber composed of HA 1%ww), NE 2%ww), and PLA 20%ww) (green).
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lower-intensity peaks at 20 = 24.9°, 27.3°, 29.0°, and 31.0°. In
the NF-PLA diffractogram, three additional peaks were ob-
served at 20 = 13.5°, 26.1°, and 37.7°, as well as an increase in
intensity and a shift of the 20 = 18.9° peak to 20 = 17.5°, along
with the disappearance of the 20 = 22.2° peak. The core—shell
nanofiber samples exhibited very similar diffraction patterns,
indicating that the polymers adopted the same structural charac-
teristics during processing. The common peaks between the two
coaxial fiber conditions were observed at 20 = 13.5°, 14.1°,
16.3°, 16.9°, 25.5°, 37.7°, and 43.9°, all of which were also
present in the NF-PLA pattern. Additionally, the NF-HA/PLA
sample exhibited a peak at 20 = 22.6°, which is also present in
the PLA powder pattern.

No crystalline phases of HA or NE were detected. The degree
of crystallinity of the nanofibers and PLA, calculated from the
crystalline fraction area obtained by integration of the diffrac-
tion peaks, is presented in Table 3 using the OriginLab soft-
ware. The crystalline fraction refers to the portion of the materi-
al that exhibits crystallinity relative to the total material. It can
be determined by measuring the area of the diffraction peaks
corresponding to the crystalline structure, excluding the area at-
tributed to the amorphous portion [72]. The PLA powder exhib-
ited a crystallinity degree of 27%, whereas the PLA nanofibers
showed a crystallinity degree of 53%. This increase in crys-
tallinity after the electrospinning process can be attributed to the
stretching of polymer chains, resulting in greater molecular

organization [69].

Table 3: Degree of crystallinity obtained by XRD.

Sample X%
PLA 27
NF-PLA 53
NF-HA/PLA 44
NF-HA+NE2/PLA 52

As also observed in the DSC analysis, the XRD patterns
revealed lower crystallinity for the nanofibers containing an HA
core compared to the monolithic PLA fibers. The prominent
peaks, centered at approximately 20 = 13°, 16°, and 19°,
appeared broadened and merged when the amorphous HA core
was incorporated. This reduction in crystallinity, resulting from
an increase in amorphous regions within the material, may be
attributed to the presence of an amorphous core and/or a de-
crease in the available space for PLA molecular organization
within the shell structure.

The crystallinity of the PLA shell can be correlated with its

hydrolytic degradation behavior and, consequently, with its
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ability to control the release of the active compound incorporat-
ed in the core. These findings indicate that the crystallinity of
the material can be modulated to tailor the degradation rate for
specific applications. The semicrystalline nature of PLA results
in the formation of both crystalline and amorphous regions, and
the arrangement of these two phases directly influences its deg-
radation behavior.

Studies have shown that PLA with higher crystallinity, in both
film [73,74] and fiber forms [65], exhibits a higher rate of
hydrolytic degradation in phosphate-buffered saline (PBS) at
pH 7.4. This is attributed to the higher density of hydrophilic
(carboxyl —COOH and hydroxyl —OH) and catalytic (carboxyl
—COOH) end groups in the amorphous regions between crys-
talline domains. These terminal groups reduce chain packing in
the amorphous regions between crystallites, making them less
densely packed than amorphous polymers and more prone to
defects due to crystallization within a confined space [75]. As a
result, water diffusion in these amorphous regions increases,
and the catalytic effect of the carboxyl groups may accelerate
the hydrolytic degradation of semicrystalline samples
[20,65,73].

Furthermore, the crystallinity of the encapsulated drug also
impacts its release profile. Uncontrolled crystallization of the
drug can affect its distribution, leading to the formation of crys-
tals on the fiber surface. In contrast, an amorphous form tends
to be more uniformly incorporated into the fiber matrix. Such
nonuniform surface distribution may compromise encapsula-

tion efficiency and alter release kinetics [76].

Surface hydrophilicity

The hydrophilicity of the membranes was evaluated through
contact angle measurements. Figure 10 shows photographs of a
water droplet in contact with the surface of the samples:
(a) monolithic PLA, (b) HA/PLA, and (c) HA+NE2/PLA. All
samples exhibited a hydrophobic surface, with contact angles
ranging between 90° and 150°, attributed to the PLA surface.
This result corroborates other characterizations demonstrating

that the shell effectively coats the hydrophilic core.

As expected, the monolithic PLA nanofiber sample showed a
contact angle of 117.1° = 11.3°. For core—shell samples, con-
tact angles of 126.9° + 9.8° and 129.8° + 1.3° were observed for
the samples without NE (HA/PLA) and with NE (HA+NE2/
PLA), respectively. The maintenance of surface hydrophobicity
with the formation of the core—shell structure indicates the
absence of core material at the surface, and that the shell struc-
ture does not possess pores that would allow permeation or
direct contact of water molecules with the core, as evidenced by

scanning electron microscopy (SEM) images.
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129.8°+1.3

(a) PLA

(b)HA/PLA

(c) HA1+NE2/PLA

Figure 10: Water contact angles of electrospun nanofibers from the surface of the samples: (A) monolithic nanofiber composed of PLA 20%ww)s
(B) nanofiber composed of HA 1%ww) and PLA 20%ww), and (C) nanofiber composed of HA 1%ww), NE 2%ww) and PLA 20%ww) electrospun.

Electrospun nanofibers organize into an interconnected nanoar-
chitecture, forming a membrane with porosity that enhances
surface hydrophobicity and promotes strong adhesion forces
with water [61]. In core—shell nanofibers, the use of PLA as the
shell inherently implies that the nanofibers will exhibit a hydro-
phobic surface due to the high hydrophobicity of this polymer.
In cases where not all the hydrophilic core content is fully
coated by the shell, a reduction in membrane hydrophobicity is

observed due to the presence of hydrophilic nanofibers [77].

Surface hydrophilicity assays revealed that the produced
nanofibers exhibit high hydrophobicity, indicating strong anti-
bioadhesive properties. This feature is particularly advanta-
geous for preventing membrane adhesion to tissues, such as in
tendon and abdominal surgeries [78], and can also reduce bacte-
rial adhesion [79], enhance resistance to moisture, and protect
the hydrophilic core from premature degradation. Although
such high hydrophobicity may limit direct cell interactions, it
can be controllably modulated through surface modifications,
such as plasma treatment [80], photopolymerization [81], or
chemical grafting [82]. These approaches introduce polar func-
tional groups and tune wettability without altering the internal
fiber composition. When combined with the presence of
hyaluronic acid in the core, which provides biofunctional poten-
tial, these strategies broaden the scope of possible biomedical
applications, ranging from wound healing and tissue engi-

neering to the controlled release of bioactive molecules [83-85].

Conclusion

The results of this study demonstrate the potential of PLA
coaxial nanofibers as hybrid systems for the controlled release
of bioactive compounds, particularly in topical administration

of both hydrophilic and lipophilic agents, such as hyaluronic

acid and B-caryophyllene. The application of coaxial electro-
spinning allowed the formation of well-defined core—shell
structures, as confirmed by morphological, spectroscopic, and
thermal analyses. Efficient core encapsulation was evidenced by
confocal microscopy, FTIR spectroscopy, and selective core
removal tests, which indicated the effective isolation of the bio-
active components by the PLA shell. From a physicochemical
perspective, the fibers presented good thermal stability without
compromising the properties of the base polymer. The variation
of electrospinning parameters revealed that small changes in
core flow rate, HA, and NE-BCp concentration, as well as elec-
trical voltage, directly influence the morphology of the fibers,
affecting their uniformity and the presence of structural defects
in the form of beads.

Additionally, the presence of porosities in the shell, resulting
from the removal of the core, suggests a viable mechanism for
the controlled release of active ingredients through diffusion.
The high surface hydrophobicity of the nanofibers, confirmed
by contact angle measurements, reinforces their potential use in
applications that require low tissue adhesion, such as non-
adherent dressings. However, for applications where cell adhe-
sion is desired, surface modifications may be necessary. Thus,
the data presented here significantly contribute to the under-
standing of polymer—lipid interactions in coaxial systems and
pave the way for the development of multifunctional nanofibers
in tissue engineering and controlled drug delivery. Despite these
promising results, the present study has some limitations. The
encapsulation efficiency and release kinetics of the bioactive
compounds were not quantified, and biological assessments
were not performed at this stage. Furthermore, morphological
instabilities observed at higher core flow rates limited the range

of processing conditions which could be explored. These limita-
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tions underscore the need for further investigations to establish
the translational potential of the proposed nanofiber systems.
Future studies will therefore focus on evaluating encapsulation
efficiency and conducting in vitro release assays, employing
transmission electron microscopy for more detailed visualiza-
tion of the core—shell structure, and performing biological
assessments such as cytocompatibility and scratch wound
healing tests to validate the performance of these nanofibers as
bioactive dressings. Additionally, surface modification strate-
gies may be explored to tailor adhesion properties according to
the intended biomedical application.

Experimental

Materials

Tween® 80 (polyoxyethylene (20) sorbitan monooleate), Span®
80 (sorbitan monooleate), B-caryophyllene (purity =280%), fluo-
rescein, poly(lactic acid) (M, = 93,156 Da), anhydrous chloro-
form (PA), and PBS tablets (pH 7.2-7.6) were obtained from
Sigma-Aldrich (USA). Captex® 300 was kindly provided by
ABITEC Corporation (USA). Pharmaceutical-grade hyaluronic
acid (95% purity) was purchased from Shandong Focuschem
Biotech Co. (China), saline solution (0.9% sodium chloride)
from Needs (Brazil), and N,N-dimethylformamide (DMF, PA)
from Vetec Quimica Fina Ltda (Brazil).

Manufacturing nanoemulsion via the

sonication method

BCp-loaded nanoemulsions were prepared by the sonication
method. Briefly, an aqueous and an oil phase were prepared
under magnetic stirring, with their composition specified in
Table 4. Subsequently, the aqueous phase was carefully added
to the oil phase. The mixture was subjected to vortex (IKA)
mixing for 5 min, followed by ultrasonication for 5 min at an
amplitude of 40% using an ultrasonic device (Eco-sonics/
Brazil).

Table 4: Composition of the B-caryophyllene-loaded nanoemulsions.

Excipients % (w/w)
B-caryophyllene 25
Captex® 300 25
Span® 80 1.4
Tween® 80 3.6
distilled water 90.0

Electrospinning of nanofibers
Coaxial electrospinning setup
The coaxial electrospinning apparatus consisted of an acrylic

enclosure to isolate the system, a high-voltage power supply
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(positioned atop the enclosure) connected to the tip of a
core—shell needle, two independent syringe pumps, and a
grounded collector. The relative humidity within the enclosure
was maintained between 39% and 60% using a dehumidifier
and an air conditioning system, ensuring consistent fiber forma-

tion conditions.

Preparation of polymer solutions

For the shell solution, a 20% (w/v) PLA solution was prepared
by dissolving PLA in a 2:8 (v/v) mixture of DMF and chloro-
form. The core solution was composed of HA at varying con-
centrations, solubilized in 0.9% (w/v) sodium chloride solution
(physiological saline) under constant stirring at room tempera-
ture until fully dissolved. To incorporate the nanoemulsion into
the fiber core, 2% and 5% (w/w), of NE relative to the total core
solution were added to the HA solution and stirred for 1 h to
ensure homogeneity.

Fabrication of coaxial nanofibers

Coaxial nanofibers were produced using two plastic syringes —
one loaded with the PLA shell solution and the other with the
HA solution or a mix of HA+NE to the core. Each syringe was
connected to an individual syringe pump for independent
control of flow rate. The coaxial needle assembly comprised
two stainless steel needles concentrically aligned, with an 18G
outer needle for the shell solution and a 20G inner needle for

the core solution, coaxially fixed.

Fabrication of monolithic PLA nanofibers

For comparative purposes, monolithic PLA nanofibers were
produced using the same 20% (w/v) PLA solution. An 18-gauge
needle connected to a 5 mL plastic syringe was used, operated
with a single syringe pump. Electrospinning parameters were as
follows: an applied voltage of 17 kV, a flow rate of 0.25 mL/h,
a needle-to-collector distance of 12 cm, and a processing time
of 5 h.

Physicochemical characterizations

Droplet size

NE-BCp were characterized for hydrodynamic diameter (z-aver-
age) and PDI using dynamic light scattering (DLS) with a Zeta-
sizer Nano ZS (Malvern Instruments, UK) at 25 °C. The mea-
surements were based on a refractive index of 1.34 for the mate-
rial. Prior to analysis, the samples were diluted at a ratio of 1:10
(BCp/distilled water). The reported parameters represent the av-
erage of readings performed in triplicate for each sample
analyzed using the ZetaSizer software 7.11.

Scanning electron microscopy

The morphology of the obtained nanofibers (porosity, average

diameter, uniformity, and roughness) was evaluated using a
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scanning electron microscope under different production condi-
tions. This evaluation allowed for the observation of the cross-
sectional structure before and after core removal. The
nanofibers were coated with approximately 10 nm of gold via
sputter deposition for 1 min at 30 mA. Micrographs were
acquired using an acceleration voltage of 2 kV and 0.21 nA on a
Nova 600 NanoLab system (FEI Company, Thermo Fisher
Scientific, USA). The average diameter of the nanofibers
(n = 120) was calculated using the SizeMeter software. Forty
fibers were measured in three distinct regions of the same sam-
ple, and the mean value was obtained.

Cross-sectional analysis

SEM imaging of the cross-section of the HA+NE2/PLA sample
was performed before and after core removal to observe the
core—shell structure. For core removal, a portion of the sample
was washed multiple times with distilled water, followed by
ethanol, and then dried at room temperature. Samples, both
before and after washing, were immersed in liquid nitrogen and
fractured using tweezers. The fractured samples were mounted
on 45 degree stubs to capture cross-sectional images without

requiring the sample holder to be moved.

Confocal microscopy

Confocal microscopy was conducted to observe the distribution
of the core within nanofibers produced via coaxial electrospin-
ning. A disk scanning unit confocal microscope (Olympus,
Japan) was utilized for this analysis. Fluorescein was added to
the core solution (1% HA + 2% NE) to enable fluorescence

imaging during microscopic observation.

Thermogravimetric analysis

The thermal stability of the nanofibers was investigated using a
Q500 thermogravimetric analyzer (TA Instruments, USA)
equipped with platinum (Pt) crucibles. Mass loss as a function
of temperature was recorded from 30 to 700 °C at a heating rate
of 10 °C/min under a nitrogen atmosphere. Samples analyzed
included monolithic PLA nanofibers, HA/PLA, HA+NE2/PLA,
and HA powder.

Differential scanning calorimetry

DSC analysis was performed using a Q2000 differential scan-
ning calorimeter (TA Instruments, USA) to assess the impact of
core—shell formation and NE incorporation on the thermal prop-
erties of the nanofibers. Key parameters evaluated included:
glass transition temperature (Ty), crystallization temperature
upon cooling (7T,.), melting temperature (Ty,), melting enthalpy
(AH,), and crystallization enthalpy (AH.). Furthermore, the
degree of crystallinity (X.%) of PLA within the nanofibers was
calculated. Samples (monolithic PLA, HA/PLA, and HA+NE2/
PLA) were subjected to three heating/cooling cycles. Each

Beilstein J. Nanotechnol. 2025, 16, 2015-2033.

cycle involved heating to 200 °C at a rate of 10 °C/min under
nitrogen, holding for 1 min, and then cooling at the same rate.
The crystallinity of the PLA shell (X.%) was calculated using
the following equation:

X %: m cC , (1)
¢ Xppa —AH

where AH ( is the melting enthalpy of fully crystalline PLA
(93.1 J/g), and Xpp_4 is the mass fraction of PLA in the fiber
(Vidal et al., 2022) [68].

Fourier transform infrared spectroscopy

FTIR analysis was conducted to examine the surface composi-
tion of the nanofibers and confirm core encapsulation within the
PLA shell. An ATR-FTIR spectrometer (Frontier FT-IR/FIR,
PerkinElmer, USA) was used to acquire spectra in the range of
4000-600 cm™! with a resolution of 4 cm™! and 60 scans. Sam-
ples analyzed included monolithic PLA nanofibers, HA/PLA,
HA+NE2/PLA, and HA powder.

X-ray diffraction

XRD analyses of PLA nanofibers (monolithic), HA/PLA,
HA+NE2/PLA, and HA and PLA powders were performed to
investigate and characterize the crystalline structure of the
samples and their polymers. Nanofiber samples were cut into
circular shapes with a diameter of 2.5 cm and placed on the
sample holder. For polymer powders, sieving was conducted
using an ASTM 70 mesh (212 pm) before compressing the
powders onto the sample holder to ensure grain homogeneity.
The analyses were carried out using a LabX XRD-6100 diffrac-
tometer (Shimadzu, Japan) in an angle ranging from 2° to 50°
(20), using a step size of 0.02° (26), and Cu Ka radiation
(A =1.5418 A) with a voltage of 40 kV and a current of 30 mA.
The degree of crystallinity (X.%) of each sample was calcu-
lated from the diffractogram using Equation 2 (Madsen et al.,
2011) [72]. The areas of the peaks in the diffractograms were
determined using OriginPro 8.5 software (OriginLab Corpora-

tion).

X %=

( CrystallineArea
c

CrystallineArea+AmorphousArea

)>< 100. )

Contact angle analysis

Contact angle measurements were conducted to evaluate the
surface wettability of PLA nanofiber samples, including mono-
lithic PLA, HA/PLA, and HA+NE2/PLA, using an OCA 15EC
optical contact angle tensiometer (Dataphysics Instruments,
Germany). Samples were cut into 1.5 cm x 2 cm sections and

fixed to a metal holder. Afterward, a droplet of distilled water
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was placed on three distinct regions on the surface of each sam-
ple, and images were captured to determine the contact angle.
The final contact angle value of each sample was calculated as

the average of the three measurements.

Statistical analysis

All samples were produced in triplicate. Statistical analysis was
performed using OriginPro 8.5 software (OriginLab Corpora-
tion). The diameters of the obtained nanofibers were quantified

from the micrographs using SizeMeter.
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Abstract

Passiflora setacea seed oil is a natural source of bioactive unsaturated fatty acids, notably linoleic acid (w-6) and oleic acid (w-9),
with promising antioxidant and anti-inflammatory potential for dermatological applications. However, its direct use is limited by
poor physicochemical and organoleptic properties. This study aimed to develop and optimize a topical microemulsion (ME) system
incorporating P. setacea seed oil using quality by design principles to address formulation challenges. The oil was extracted via
Soxhlet and characterized by gas chromatography—mass spectrometry and thermal analysis. A full factorial design, followed by a

Box—Behnken design, was employed to optimize the formulation based on critical quality attributes and the defined quality target
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product profile. The optimized ME presented a hydrodynamic diameter of approximately 22 nm and polydispersity index below 0.2

and remained stable for 60 days. The ME was gelled with sodium carboxymethyl cellulose, while vitamin E and Liquid Germall®

Plus were incorporated as antioxidant and preservative agents, respectively, yielding the final topical gel formulation. Cytocompati-

bility assays demonstrated high cell viability for ME at concentrations below 2 mg/mL in RAW 264.7 macrophages and 0.5 mg/mL

in human umbilical vein endothelial cells. Overall, this work presents a promising nanotechnology-based topical delivery platform

for P. setacea seed oil, employing quality by design principles to ensure formulation performance, stability, and skin cell compati-

bility.

Introduction

Species of the Passiflora genus are known for their rich compo-
sition of fixed oils and bioactive compounds, including
flavonoids and alkaloids, which exhibit significant thera-
peutic potential [1]. While Passiflora edulis, P. alata, and
P. incarnata have been extensively studied in phytopharma-
ceutical research, recent investigations have turned attention
toward underexplored wild species, such as Passiflora setacea
[2,3].

Notably, seed oil extracted from P. setacea (OPS) is particular-
ly rich in unsaturated fatty acids, predominantly linoleic acid
(w-6) and oleic acid (w-9). Compared to other wild Passiflora
species, OPS exhibits a markedly higher antioxidant capacity.
De Santana et al. (2015) [3] reported that this enhanced activity,
reflected in both radical scavenging and oxygen radical absorp-
tion capacities, is associated with the elevated levels of toco-
pherol isomers and total phenolic compounds in P. setacea sam-
ples. Overall, the composition of OPS has been linked to
diverse biological effects, including anti-inflammatory, antioxi-
dant, and skin-regenerative activities, underscoring its potential
for dermatological applications [4].

Despite these promising attributes, the direct use of natural oils
in topical applications is often limited by their undesirable
physicochemical and organoleptic properties. These include
(i) unfavorable sensorial characteristics (e.g., greasy texture,
poor spreadability), (ii) strong odor, and (iii) susceptibility to
oxidative degradation, which can negatively impact patient

compliance and therapeutic efficacy [5].

To address these challenges, nanotechnology-based delivery
systems, particularly microemulsions (MEs), offer a promising
solution. Microemulsions are thermodynamically stable,
isotropic mixtures typically composed of oil, water, surfactants,
and co-surfactants [6]. Their spontaneous formation, high solu-
bilization capacity, ability to enhance dermal permeation, and
cost-effectiveness make microemulsions attractive carriers com-
pared with other delivery systems [6,7]. Nevertheless, conven-
tional microemulsions typically require high concentrations of
surfactants, which may raise safety concerns such as cytotoxici-
ty and skin irritation [8]. Furthermore, the optimization of

microemulsion formulations may be time-consuming and

costly, and their stability is often sensitive to environmental
factors (e.g., pH, salinity, and temperature). These challenges
highlight the importance of a comprehensive understanding of
the physicochemical properties and interactions of their
constituents [7,9].

In this context, the quality by design (QbD) framework provides
a systematic and scientifically grounded approach for pharma-
ceutical formulation development. QbD emphasizes predefined
quality objectives, product and process understanding, and risk
management [10]. Key elements include the definition of a
quality target product profile (QTPP), identification of critical
quality attributes (CQAs), and comprehensive risk assessment
(RA) [10]. The QTPP establishes the desired characteristics of
the final product to ensure safety, efficacy, and patient accept-
ability, whereas the CQAs comprise physical, chemical, biolog-
ical, and microbiological characteristics that must remain within
appropriate limits to guarantee product quality [11]. In turn, RA
tools complement this framework by identifying potential
sources of variability and supporting the systematic optimiza-
tion of the formulation [10,12].

Therefore, the present study aimed to develop and optimize a
low-surfactant microemulsion containing PEG-30 castor oil and
Span® 80, based on the approach described by Dourado et al.
(2022) [13], as a topical delivery system for Passiflora setacea
seed oil. QbD principles and experimental design methodolo-
gies were employed to guide formulation development. The
microemulsion was designed to enhance physicochemical
stability, improve skin application performance, and support

future therapeutic applications.

Results and Discussion
Oil extraction and characterization

OPS was extracted using the Soxhlet method with n-hexane as
the solvent, yielding 30.5 + 0.8% (w/w) relative to the initial
seed mass. After extraction, the oil was dried using a rotary
evaporator to remove residual solvent, filtered through a PTFE
membrane (0.45 um), and stored under refrigerated conditions
(4 £2 °C) in amber glass bottles to preserve its quality and
minimize oxidative degradation and microbiological contamina-
tion.
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The extraction yield aligns with values reported in the literature
for the same species, which range from ~32% with ethyl ether
to =34% with hexane [3-5]. Such variations are commonly
influenced by parameters including solvent type, moisture
content of the seeds, extraction time, and temperature condi-
tions [6].

The chemical profile of OPS was determined after transesterifi-
cation to fatty acid methyl esters (FAME), followed by gas
chromatography coupled with mass spectroscopy (GC-MS)
analysis. The relative composition of fatty acids is presented in
Table 1, and the corresponding chromatogram is provided in
Figure S1 (Supporting Information File 1).

The major constituents identified in OPS were linoleic acid
(64.69%), oleic acid (20.67%), palmitic acid (9.32%), and
stearic acid (3.36%). Additional compounds, including iso-
propyl myristate, isopropyl 14-methylpentadecanoate,
10-octadecenoic acid, and isoarachidic acid, were also detected
and are reported here for the first time in this Passiflora species.
It is important to note that the transesterification process used
for GC-MS analysis may yield different proportions of free
fatty acids, triglycerides, and transesterified N-acyl lipids,
potentially affecting the observed lipid profile [14].

The four predominant fatty acids in OPS (i.e., oleic, palmitic,
stearic, and linoleic acids) are physiologically relevant to skin
health. Oleic, palmitic, and stearic acids are the major compo-
nents of the epidermal and dermal lipid matrix [15]. The
balance among these fatty acids is associated with skin homeo-
stasis, influencing the activity of enzymes that regulate
keratinocyte and fibroblast proliferation [15,16]. Furthermore,
linoleic acid and oleic acid serve as precursors to various lipid
mediators, including prostaglandins, leukotrienes, and lipoxins,
which are essential for modulating inflammatory responses and
coordinating immune cell activity during wound healing [17-
19].

Beilstein J. Nanotechnol. 2025, 16, 2116-2131.

In addition to its chemical characterization, the thermal stability
in inert atmosphere (N,) of OPS was assessed. Thermogravi-
metric analysis (TGA) revealed an initial mass loss of less than
1% (Tonset = 60 °C), likely associated with the evaporation of
residual solvent entrapped in the oil matrix. A second thermal
event began (Tgpset = 384 °C) corresponding to the thermal deg-
radation of the oil (Figure 1). This thermal behavior is consis-
tent with that reported for P. edulis seed oil, which exhibited a

similar decomposition profile [20].
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Figure 1: Thermogravimetric analysis, derivative thermogravimetry
(DTG), and differential scanning calorimetry (DSC) of P. setacea seed
oil. Legend: The black line indicates the TGA curve (% mass loss); the
blue line corresponds to the DTG; and the red line shows the DSC
signal (mW/mg).

Quality by design approach

Defining the product profile and critical quality
attributes

In this study, the QTPP and associated CQAs were established
during the pre-formulation phase, guiding the formulation
strategy (Table 2) [21].

Table 1: Chemical composition of fatty acid methyl esters (FAMEs) derived from Passiflora setacea seed oil (OPS) as determined by GC—MS.

Compound Retention time (min)
impurity 2417
isopropyl myristate 31.15
palmitic acid 33.17
isopropyl 14-methylpentadecanoate 35.06
linoleic acid 36.42
oleic acid 36.50
10-octadecenoic acid 36.57
stearic acid 36.93
isoarachidic acid 40.38

Composition (%) Similarity index

0.07 -

0.06 852
9.32 967
1.66 881
64.69 968
20.67 954
0.11 910
3.36 957
0.05 801
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Table 2: Quality target product profile and corresponding justification for the microemulsion system.

QTPP Target

dosage form microemulsion and gelled

microemulsion

route of administration topical

delivery type
appearance clear, yellowish, homogeneous
active pharmaceutical ingredient

(API) strength
shelf stability

higher oil content

temperature (25 + 2 °C)

safety skin-compatible

efficacy enhanced local bioavailability

Based on the QTPP, preformulation-level CQAs were systemat-
ically identified by assessing how their potential directly or
indirectly influences the performance and quality of the final
products (Table 3). These attributes encompass physicochemi-
cal, biological, and microbiological properties that must remain
within defined limits to ensure the desired quality, safety, and
efficacy of the microemulsion system [11].

To further assess potential formulation and process risks, an
Ishikawa (fishbone) diagram was constructed to visualize and
categorize possible sources of variability affecting the identi-
fied CQAs (Figure 2) [22]. Following this qualitative analysis, a
risk estimation matrix (REM) was employed to quantitatively

Table 3: Preformulation-level CQAs and their justification for inclusion.

Quality attribute Target value CQA?
hydrodynamic diameter <100 nm yes
polydispersity index (Pdl) <0.2 yes
pH value neutral to slightly acidic yes
viscosity >103 cP yes
appearance transparent yes
surface tension ultralow yes
physicochemical stability thermodynamic, oxidative,  yes

and microbiological stability

modified-release topical system

minimum of two months at room

Justification

thermodynamically stable systems with high permeability
and biodistribution suitable for topical delivery

appropriate for skin conditions; minimizes systemic toxicity
due to limited absorption and distribution

enables rapid permeation with minimal systemic absorption,
enhancing local therapeutic effect

ensures aesthetic appeal and uniformity, reflecting
formulation quality

vegetable oil-based API is well tolerated and may enhance
therapeutic outcomes

maintains formulation integrity and therapeutic potential
during preliminary storage period

formulation must preserve skin barrier functions, including
pH and cytocompatibility

nanostructures improve drug release kinetics and skin
permeation

evaluate these risks. A three-level interdependence scale
(1: low, 3: medium, 9: high) was applied to assess the relation-
ship between the QTPP and CQAs (Supporting Information
File 1, Table S1), as well as between the CQAs and the
critical material attributes (CMAs) and critical process parame-
ters (CPPs, Supporting Information File 1, Tables S2 and S3)
[23].

To quantify the overall influence of each CMA and CPP on the
final product quality, the two-risk estimation matrices
(QTPP-CQA and CQA-CMA/CPP) were mathematically
combined. The resulting composite scores are presented as a
heatmap in Figure 3, where darker regions indicate variables

Justification

microemulsions are characterized by droplet sizes below
100 nm, which directly impacts system definition and
performance

a narrow size distribution (low Pdl) indicates uniform
droplet size and improved stability, reducing risks like
Ostwald ripening

ensures compatibility with skin physiology and prevents
irritation; pH shifts may signal degradation or instability

sufficient viscosity promotes appropriate spreadability,
skin adherence, and user acceptability for topical
formulations

transparency reflects nanoscale droplet size and
formulation homogeneity

low surface tension facilitates spontaneous formation of
microemulsions and affects drug solubilization and
interfacial behavior

ensures shelf life, safety, and preservation of the
therapeutic properties of a product throughout its use
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Figure 2: Ishikawa (fishbone) diagram illustrating potential sources of variability affecting CQAs in the development of the microemulsion system. Key
influencing categories include people, process, equipment, materials, environment, and measurements, each contributing to formulation performance

and quality consistency.

with a higher potential to compromise the ability of the product
to meet the predefined QTPP. This risk prioritization informed
the selection of input variables for the design of experiments
(DoE) and future control strategies. Specifically, OPS concen-
tration, surfactant mixture (Spix) ratio (PEG-30 castor oil/
Span® 80), and Sy concentration were identified as high-risk
factors and selected for the DoE due to their significant impact
on the CQAs. Other high-risk variables, while not included in
the DoE, were flagged for strict monitoring during formulation
to ensure quality consistency.

Experimental design for the development and
optimization of Passiflora setacea

microemulsion

An initial exploratory 23 full factorial applied was employed to
evaluate the effects and interactions among key formulation
variables (see Supporting Information File 1, Tables S4 to S6).
However, the presence of significant higher-order interactions
limited the predictive capability and overall fit of the model.
These limitations indicated the need for a more refined strategy
with higher resolution and reduced confounding effects. There-

Normalized risk score (%)

OPS concentration

Smix ratio (PEG-30 castor oil:Span 80)
Smix concentration
Antioxidant concentration
Gelling agent concentration
Preservative concentration
Stirring speed

Stirring time

Temperature during mixing
Water addition rate
Homogenization sequence
Cooling rate after formation

CMAs and CPPs

100.0
80.0
60.0
40.0
20.0

D0e , Moy e, Pz, TS, /7@/"8 Ty, ’ceo
] OF 42 3, ) ) ig
& ) 7 /7 ) 2,
n 79 J’,oe Co 9 ’//[
//)'\'S'l‘r
9{,’0
7
QTPP

Figure 3: Heatmap of the normalized risk scores (%) illustrating the impact of CMAs and CPPs on each element of the QTPP. Higher risk scores
(darker shades) indicate stronger influence on final product quality and guide prioritization in formulation control strategies. OPS concentration, Spix
ratio (PEG-30 castor oil/Span® 80), and S, concentration emerged as key high-risk variables.
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fore, a Box—Behnken design (BBD) was selected for the subse-

quent optimization phase [24].

The BBD employs three levels for each factor: in each experi-
ment, two factors vary between their upper (+1) and lower (—1)

|
Te_ae_w
levels, while the third remains at the center point (0) [24]. Using r— — —— =3

this approach, 17 experimental combinations were generated to
systematically explore the formulation space. The specific com-
binations and corresponding response results for all experimen-

tal runs are summarized in Table 4.

Although the BBD does not include extreme combinations of
variables, it improved precision and accuracy for predictions

near the center of the experimental space. The prepared formu- Figure 4: Microemulsion systems obtained from Box—Behnken design

lations corresponding to the experimental design runs are shown experimental runs. Each formulation is labeled according to its stan-
R . . dard order in the design matrix.
in Figure 4, and a summary of the BBD is presented in Table 5.

Table 4: Experimental execution and responses from the Box—Behnken design?.

Standard Execution Factor A (%) FactorB Factor C (%) Response 1 Response 2 Response 3
order order (mass ratio) (nm) (PdI) (visual class)
1 9 5 7:3 15 23.7 0.10 2

2 6 15 7:3 15 59.9 0.21 3

3 15 5 9:1 15 20.3 0.07 1

4 13 15 9:1 15 246.2 0.32 4

5 11 5 8:2 10 27.4 0.10 2

6 8 15 8:2 10 201.2 0.16 4

7 2 5 8:2 20 19.6 0.05 1

8 3 15 8:2 20 45.9 0.19 3

9 17 10 7:3 10 47.0 0.18 3

10 7 10 9:1 10 182.7 0.30 4

11 16 10 7:3 20 24.0 0.16 2

12 12 10 9:1 20 30.1 0.14 2

13 4 10 8:2 15 38.5 0.16 3

14 1 10 8:2 15 41.0 0.14 3

15 10 10 8:2 15 36.4 0.12 3

16 5 10 8:2 15 371 0.20 3

17 14 10 8:2 15 33.4 0.18 3

aFactor A: oil concentration (P. setacea); Factor B: surfactant mixture ratio (PEG 30 castor oil:Span® 80); Factor C: surfactant mixture concentration.
Response 1: hydrodynamic diameter (nm); Response 2: polydispersity index; Response 3: visual classification (1—clear to 4—turbid).

Table 5: Summary of Box—Behnken design responses and model fitting?.

Response Min. Max. Avg. SD Ratio Transformation Model type

Dh (nm) 19.6 246.2 65.6 70.7 12.54 v (Dh) reduced cubic

Pdl 0.05 0.32 0.16 0.07 6.59 1V (Pdl) reduced quadratic
visual score 1 4 2.71 0.99 4.00 none reduced quadratic

aAbbreviations: Dh = hydrodynamic diameter; Pdl = polydispersity index; SD = standard deviation; Ratio = Max/Min; Transformation = Box—Cox trans-
formation applied for model fitting.

2121



To refine the model and improve predictive accuracy, the
response data were subjected to Box—Cox transformation, an
essential step when non-normal distribution is detected [25].
Following transformation, analysis of variance (ANOVA) was
conducted to evaluate the statistical significance of the overall
model and the individual formulation factors. To enhance
model parsimony, backward regression elimination was applied
to remove nonsignificant terms (p > 0.1), while preserving
model hierarchy where required [26]. A detailed summary of
these findings is available in the Supporting Information File 1
(Tables S7 to S9).

The final regression models for hydrodynamic diameter, poly-
dispersity index, and visual classification exhibited strong
statistical performance. Lack-of-fit tests were nonsignificant for
both Dh (p = 0.632) and PdI (p = 0.665), confirming good
model-data agreement. The R? values for Dh, PdI, and visual
classification were 0.99, 0.94, and 0.97, respectively, with
adjusted R? values of 0.99, 0.89, and 0.95. These metrics indi-
cate that the models account for a high proportion of the vari-

ability in the measured responses (Figure 5).

These findings confirm that the selected formulation variables
had a statistically significant and predictable impact on key
microemulsion attributes. The strength of the fitted models
supports their use in optimizing the formulation through the
DoE approach. The predictive models for hydrodynamic diame-
ter, polydispersity index, and visual classification were
expressed as a polynomial function of the encoded factor as
follows:

JDh =6.10+3.51A +1.85B—2.50C + 2.08AB—1.65AC
~1.52BC +1.03A% +1.06B% +0.52C2 + 0.44A%C (1)

~0.69AC?,
A 250.0 p B 04
Dh (nm) PDI
19.64 [N 2462 2000 N 0.049 [N 0.323 )
3 1500 3
3 3 02
2 100.0 3
[N o
50.0 . 0.1
o
L
0.0 0
00 500 100.0 150.0 200.0 250.0 0

Actual
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. 2.57-0.72A-0.05B+0.26C—-0.23AB

PdI )
—0.39AC +0.48A% —0.30B2,

Visual classification =2.89 +1.00A +0.13B-0.63C

3)
+0.50AB—0.25BC —0.39A2.

These equations were then used to generate 3D response sur-
face plots for each response, as shown in Figure 6. The axes
were selected based on the most significant interactions identi-
fied through ANOVA, while the third factor was held constant
at its central level. The resulting plots provide a visual represen-
tation of the individual and interactive effects of the formula-
tion variables. As expected, increasing oil concentration was as-
sociated with higher hydrodynamic diameter, Pdl, and visual
classification scores. In contrast, higher concentrations of the
Smix led to reductions in all three response values, indicating

microemulsion uniformity and clarity.

The objective of this experimental design was to develop a
microemulsion that meets CQAs, specifically achieving a
smaller hydrodynamic diameter, lower polydispersity index,
and improved visual classification. Additionally, minimizing
the concentration of Sp,jx was a priority, given the potential
cytotoxic effects of high surfactant levels. Based on these
criteria, numerical optimization was applied to predict the
optimal combination of formulation factors. This approach
relies on a mathematical desirability function, in which each
factor and response is assigned a value between 0 (unaccept-
able) and 1 (fully desirable). The relative importance of each
goal is then weighted on a scale from 1 to 5, allowing for
balanced multiresponse optimization. These predefined parame-
ters are subsequently processed by the software algorithm to
identify the optimal combination of responses [27]. The

C 5
Visual classification
1 ¢ 2
" B 3 6
= ks
5 s
dles N :
= L}
. 1 .
T 0 -
0.1 0.2 0.3 0.4 0 1 2 3 4 5
Actual Actual

Figure 5: Linear regression plots of actual versus predicted values for: (A) hydrodynamic diameter, (B) polydispersity index, and (C) visual classifica-
tion. The high degree of correlation between predicted and experimental values supports the robustness and predictive capability of the fitted models.
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Figure 6: Surface plots derived from the Box—Behnken design showing the effects of formulation variables on: (A) hydrodynamic diameter, (B) poly-
dispersity index, and (C) visual classification. The plots illustrate the interaction between key input variables, with the third variable held constant at its

central level.

constraints and results of the microemulsion optimization

process are summarized in Table 6.

The optimized microemulsion system, selected based on prede-
fined criteria, comprised 5% of oil, a 9:1 (w/w) Spix ratio of
PEG-30 castor oil to Span® 80, and 15% of this Spiy.
Microemulsions typically require high surfactant and/or co-sur-
factant concentrations to sufficiently reduce interfacial tension
and promote spontaneous formation of stable nanodroplets
[6,28]. However, a previous study from our group (Dourado et
al. (2022) [13]) successfully developed stable microemulsion
regions using the same surfactant blend at similar concentra-
tions (13.2% of PEG-30 castor oil and 1.8% of Span® 80), for
curcumin delivery in a Miglyol® 812N (medium chain triglyc-
erides) oil phase. These findings support the feasibility of devel-
oping microemulsions with reduced surfactant content, in align-
ment with safety considerations and current best practices in

nanocarrier formulation [29].

The application of experimental design in microemulsion devel-
opment is well established, with several studies employing DoE
strategies to obtain and optimize microemulsified systems, par-
ticularly for topical use [30-34]. The primary advantage of this

approach lies in its regulatory relevance within the QbD frame-

work, as it allows the identification of operational factor ranges
that ensure compliance with CQAs.

Gelled microemulsion

For topical administration, the incorporation of adjuvants is
necessary to enhance the performance of the formulation. One
of the main limitations of microemulsions for this route is their
inherently low viscosity, which is undesirable for cutaneous ap-
plication. Moreover, polyunsaturated fatty acids are prone to
oxidative degradation, compromising their biological efficacy.
Another frequent issue in emulsified systems is microbial con-
tamination, which can result in physical and chemical insta-
bility, such as pH shifts, turbidity, degradation of active compo-
nents (e.g., fatty acids), and phase separation [35].

To address these challenges and improve topical suitability, ad-
ditional excipients were incorporated into the formulation
within their commonly employed concentration ranges [36]. So-
dium carboxymethylcellulose (NaCMC, 1.5% w/w) was added
as a gelling agent owing to its excellent biocompatibility, ease
of dispersion in aqueous systems, and ability to enhance
viscosity without compromising droplet stability [37]. Vitamin
E at 0.05% w/w was included as a lipophilic antioxidant to

protect the unsaturated fatty acids in OPS oil from oxidative

Table 6: Constraints and results of numerical optimization for microemulsion development.

Variable/response Goal Lower limit
A: oil concentration (%) in range 5

B: proportion of surfactants (Spix)  in range 7:3

C: Smix concentration (%) minimize 10
hydrodynamic diameter (nm) minimize 19.6
polydispersity index minimize 0.05

visual classification target = 1 1

Upper limit  Importance (1-5) Optimized result
15 3 5

9:1 3 9:1

20 3 15

246.2 5 19.9

0.32 5 0.08

4 5 1
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degradation, thereby improving formulation stability [38]. Ad-
ditionally, 0.2% of Liquid Germall® Plus was selected as a
broad-spectrum preservative for the aqueous phase, with regula-
tory approval for topical applications.

Characterization of microemulsions and
physicochemical stability

Physicochemical stability

As prove of the model prediction capabilities, the optimized
formulation identified through numerical optimization, the base
microemulsion, was produced and characterized to confirm its
quality and alignment with the CQAs. On the first day post-pro-
duction, the formulation exhibited a hydrodynamic diameter of
approximately 22.0 nm and a PdI of 0.14, both of which fall
within the acceptable CQA criteria.

The stability of the system was evaluated over a 60 day period
(Figure 7A). Throughout this time, no significant changes were
detected in particle size, with the hydrodynamic diameter
consistently remaining below 100 nm, and the PdI remaining
below 0.20, confirming the physical stability of the base micro-
emulsion and its preservation of desirable nanostructural fea-
tures over time [39].

It is important to note, however, that NaCMC forms polymeric
networks when dispersed in aqueous media, which scatter light
and may artificially increase the measured hydrodynamic diam-
eter [40]. Consequently, dynamic light scattering (DLS) data
may not accurately reflect the true droplet size distribution in
the MEgel. This phenomenon is evident from the apparent
increase in mean hydrodynamic diameter to 45.1 nm and PdI to
0.27, which is attributed to NaCMC matrix scattering rather
than actual droplet growth [40]. A comparison of the hydrody-
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namic diameter distributions for both systems is provided in
Figure S2 (Supporting Information File 1). The stability profile
of the MEgel formulation is presented in Figure 7B.

Furthermore, as shown in Figure 8, both ME and MEgel formu-
lations maintained stable pH values throughout the storage
period, with mean values of 6.3 £ 0.3 and 6.8 = 0.1, respective-
ly. The slightly acidic pH of healthy skin (typically ranging
from 4 to 6) plays a key role in supporting physiological func-
tions such as keratinocyte differentiation, lipid mantle forma-
tion of the stratum corneum, and preservation of the skin micro-
biome. In contrast, compromised or sensitive skin often exhib-
its a shift toward neutral pH [41]. Given their stability and prox-
imity to the natural skin pH, the observed pH values for ME and
MEgel are considered appropriate for topical application.

81 Ve
o vegel

1 7 15
Days

Figure 8: pH values of ME and MEgel formulations over a 60 day
storage period. Data are presented as mean + SD (n = 3). *p < 0.05 in-
dicates a statistically significant difference.
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Figure 7: Hydrodynamic diameter over a 60 day period for (A) the optimized microemulsion (ME) and (B) the gelled microemulsion (MEgel). Data are
presented as mean + SD (n = 3). *p < 0.05 indicates statistically significant difference.
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Nevertheless, on day 60 the ME formulation exhibited a statisti-
cally significant difference (p < 0.05) in pH compared with
earlier time points. Although the reduction was modest, from
pH 6.4 £ 0.1 to 5.9 £ 0.3, it is hypothesized to result from a
combination of physicochemical and microbiological factors
[42]. One possible explanation involves the oxidative or
hydrolytic degradation of the oil phase, particularly the fatty
acids in OPS, as well as the surfactants. In particular, the autox-
idation of the polyoxyethylene (POE) chains in the hydrophilic
head group of the PEG-30 castor oil and the hydrolysis of the
surfactant hydrophobic tails may have contributed to the ob-
served pH shift [42,43]. These findings underscore the impor-
tance of incorporating preservatives into the MEgel formula-

tion to mitigate such instability.

It is worth noting that although microemulsified systems are
thermodynamically stable, their individual excipients remain
vulnerable to instability phenomena such as chemical degrada-
tion and microbial contamination. These processes can compro-
mise the thermodynamic stability and overall performance of

the system [6].

Thermal analysis

The thermal characteristics of the formulations were also evalu-
ated (Figure 9). The thermograms revealed no evidence of
incompatibility among the excipients, such as the lowering of
degradation temperatures. The thermal events observed in the
DTG and DSC curves correspond to the loss of free water
(=98 °C), solvation water (=110 °C), and thermal degradation of
the oil phase (=417 °C), overlapping with the degradation
profiles of other components such as NaCMC and vitamin E
[44,45].
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Surface tension

The surface tension of the microemulsion was characterized
through six replicates, yielding an average value of
40.27 £ 0.22 mN-m~!. Similar surface tension values have been
reported for microemulsions in the literature [46,47]. This range
is considerably favorable for topical formulations, as lower sur-
face tension enhances spreadability and promotes interaction
with the stratum corneum and its lipidic barrier. Due to instru-
mental limitations associated with the high viscosity resulting
from NaCMC addition, the surface tension of the MEgel could
not be determined. However, NaCMC solutions exhibit negli-
gible surface activity and typically maintain surface tension
values close to that of water [48].

Rheological analysis

Rheological profiling provides key insights into the behavior of
formulations under applied stress or strain, offering critical
information about viscosity, flow characteristics, and structural
stability. According to the proposed QTPP, a higher viscosity
with pseudoplastic (shear-thinning) behavior is preferred for
topical formulations, as it ensures ease application and good
retention on the skin. Accordingly, the microemulsions were
evaluated for their shear stress and viscosity at both room tem-
perature (25 = 2 °C) and skin temperature (32.5 = 2 °C).
Microemulsions can exhibit diverse rheological behaviors
depending on their type, structure, droplet density, and inter-
droplet interactions [49]. As shown in Figure 10A, the base ME
demonstrated Newtonian behavior, with viscosity remaining
constant regardless of shear rate or temperature. This is consis-
tent with microemulsions that possess globular or discontin-
uous droplet structures, which typically exhibit Newtonian flow
characteristics [50,51].
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Figure 9: Thermal analysis of ME and MEgel. (A) Differential thermal and thermogravimetric profiles of the base microemulsion. (B) Differential ther-

mal and thermogravimetric profiles of the gelled microemulsion.
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Figure 10: Shear stress and viscosity profiles of (A) the base microemulsion, and (B) the gelled microemulsion at 25 and 32.5 °C.

However, MEgel exhibited a pseudoplastic, shear-thinning be-
havior, as demonstrated by a decrease in viscosity from approx-
imately 3.0 x 10% to 1.4 x 103 mPaes. with increasing shear rate
(Figure 10B). This rheological profile enhances the residence
time of the formulation on the skin and minimizes runoff,
thereby improving patient compliance.

In vitro cytocompatibility

To assess the safety of the ME formulation for potential topical
use, a proof-of-concept cytocompatibility evaluation was con-
ducted using the MTT assay, which measures mitochondrial
metabolic activity. The assay was performed on two cell lines

A

relevant to wound healing and topical application: murine
macrophages (RAW 264.7) and human umbilical vein endothe-
lial cells (HUVECsS) (Figure 11). According to ISO 10993-13
guidelines, the base ME was considered cytocompatible up to
concentrations of 2 mg/mL for RAW cells and 0.5 mg/mL for
HUVEC:s. The observed cytotoxicity at higher concentrations is
likely due to the increase proportion of surfactants in the formu-
lation. Additionally, under certain experimental conditions,
fatty acids may induce lipid peroxidation and trigger pro-in-
flammatory responses in endothelial cells such as HUVECs,
potentially offsetting the proliferative effects typically ob-
served in keratinocytes such as HaCaT cells [2,52,53].

B
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Figure 11: Mitochondrial activity of (A) RAW 264.7 murine macrophages and (B) HUVECs after 24 h and 48 h of exposure to different concentrations
of the microemulsion, assessed by the MTT assay. Data are presented as mean + SD (n = 3).
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To gain a more comprehensive understanding of the thera-
peutic potential of OPS and its ME formulation in wound
healing and topical applications, it is crucial to extend cytocom-
patibility assessments to include additional cell types, particu-
larly keratinocytes and dermal fibroblasts, which are key
players in skin regeneration and re-epithelialization [17]. Al-
though the MTT assay is a widely accepted and convenient
method for preliminary cytotoxicity screening, it offers limited
insight into the complex biological processes involved in wound
healing. Specifically, it does not evaluate critical mechanisms
such as cell migration, proliferation, extracellular matrix remod-
eling, or the modulation of inflammatory mediators. Therefore,
future investigations should incorporate complementary assays
that capture these dimensions. Ultimately, in vivo models
remain the gold standard for assessing wound healing efficacy,
as they replicate the dynamic, multicellular, and inflammatory
nature of living tissue, providing crucial translational insights
that cannot be obtained through in vitro testing alone [54].

Conclusion

Passiflora setacea seed oil was successfully extracted using the
Soxhlet method, yielding 30.5 + 0.8% (w/w). The oil is rich in
polyunsaturated fatty acids, primarily w-6 (64.7%) and w-9
(20.7%), which are associated with anti-inflammatory, antioxi-
dant, and regenerative properties, key attributes for dermatolog-
ical applications. For topical administration, the base micro-
emulsion was supplemented with vitamin E and Liquid
Germall® Plus and subsequently gelled with NaCMC, resulting
in a pseudoplastic system with suitable viscosity for skin appli-
cation. In cytocompatibility assays, the ME preserved mito-
chondrial activity at concentrations up to 0.5 mg/mL in HUVEC
and 2 mg/mL in RAW 264.7 cells after 48 h. Toxicity observed
at higher concentrations was attributed to increased surfactant
content, highlighting the importance of formulation optimiza-
tion. Despite these promising results, further studies are re-
quired to address the limitations identified, including droplet
size characterization of MEgel, comprehensive cytotoxicity
assessments, and wound healing assays. Overall, the developed
microemulsion system represents a promising nanocarrier-based
strategy for topical delivery, effectively combining the func-
tional benefits of P. setacea seed oil with a QbD-guided formu-
lation process.

Experimental

Materials

Seeds of Passiflora setacea BRS Pérola do Cerrado were kindly
provided by EMBRAPA (Brasilia, DF, Brazil — SisGen Regis-
tration N°. A5S1F883). n-Hexane was purchased from LabSynth
Ltda. (Diadema, Brazil), and HPLC grade n-heptane (Neon
Ltda. — Suzano, Brazil) was donated by the Agricultural School
of Jundiai (EAJ-UFRN). The following excipients were dona-
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tions: Vitamin E (Galena — Campinas, Brazil), Liquid Germall®
plus (Mapric — Sdo Paulo, SP), ALKEST® CSO 300 (poly-
ethoxylated castor oil 30 mol, “PEG 30", Oxiteno — Sdo Paulo,
SP) and sodium carboxymethyl cellulose (NaCMC — All chem-
istry, Sdo Paulo, Brazil). Span® 80 was obtained from Sigma-
Aldrich Inc. (St. Louis, MO — USA).

Extraction of Passiflora setacea oil

Oil extraction was performed using a Soxhlet apparatus with
4:1 ratio of n-hexane to P. setacea seeds, following the method-
ology recommended by the Association of Official Analytical
Chemists [55]. Prior to extraction, dried seeds were grounded,
placed in folded filter paper, and inserted into the Soxhlet
extractor. The extraction was carried out for 6 h at 60 °C. After-
ward, the solvent was removed using a rotary evaporator under
reduced pressure at a water bath temperature of 40 °C. The ob-
tained oil was then filtered through a 0.45 pm PTFE membrane
and stored in amber glass bottles under refrigeration (4 °C) until
use. The oil yield was calculated using the following equation:

weight of oil

Yield(% W/W):( jxlOO )

weight of dried seeds

Characterization of Passiflora setacea oil

Oil composition

The chemical composition of Passiflora setacea oil was deter-
mined through the analysis of its fatty acids methyl esters
(FAMESs) [14,56]. Briefly, 10 mg of oil was solubilized in 1 mL
of freshly prepared 0.5 M methanolic potassium hydroxide. The
base-catalyzed transesterification reaction was carried out at
60 °C for 15 min. After cooling, the reaction was quenched with
20 pL of acetic acid. To extract the FAMEs, 1 mL of n-hexane
and water were added, followed by vigorous agitation. Once
phase separation occurred, the organic (n-hexane) layer was
collected and washed three times with saturated NaCl solution
to remove residual reagents. A 200 pL aliquot of the organic

phase was then dried at room temperature in pre-weighted vials.

FAME quantification was performed using a gas chromato-
graph (GC Agilent 8860, Agilent — Santa Clara, USA) coupled
with a mass spectrometer (5977B GC/MSD, Agilent — Santa
Clara, USA). Prior to injection, samples were dissolved in 1 mL
of n-heptane. The GC system operated with helium as the
carrier gas at a flow rate of 1 mL-min~'. The injection and
detection temperatures were set at 270 °C and 250 °C, respec-
tively. The oven temperature program ranged from 70 °C to
300 °C, increasing at a rate of 3 °C-min~!. Compound identifi-
cation was conducted by matching the mass spectra to those in
the NIST17.
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Simultaneous thermal analysis

The thermal behavior of P. setacea oil was evaluated using a si-
multaneous thermal analysis (STA 449 F3 Jupiter®, NETZSCH
— Selb, Germany). Samples were weighed in alumina crucibles
and analyzed with a heating rate of 10 °C-min~!, under nitrogen

flow of 10 mL-min~!

, over a temperature range of 25 °C to
900 °C. Microemulsion systems were analyzed under the same

conditions for comparative purposes.

Quality by design framework

The development of the microemulsion system was guided by a
QbD strategy, aligned with ICH Q8(R2) guidelines [57]. This
framework was employed to define the QTPP and CQAs,
CMAs, and CPPs relevant to the topical delivery of P. setacea
seed oil.

A risk assessment was conducted to identify and prioritize
factors most likely to affect the CQAs. This included the con-
struction of an Ishikawa diagram followed by a REM [58]. The
REM was based on interdependence scores between QTPP-
CQA and CQA-CMA/CPP relationships, using a three-level
scale (1 = low, 3 = moderate, 9 = high). The multiplication of
the matrices resulted in a final risk score linking each QTPP el-
ement to the corresponding CMA and CPPs, enabling the iden-
tification of high-risk variables for subsequent optimization

steps.

Experimental design for development and
optimization of Passiflora setacea microemulsion
Experimental design is a valuable strategy for minimizing the
number of experiments while maximizing the understand of
how each factor influences a dependent variable [59]. Based on
variables identified during risk assessment, DoE was applied to
investigate the effects of OPS concentration, the surfactants
mixture ratio (Spix), and Spix concentration on the formation of
a microemulsified system with desirable hydrodynamic diame-
ter and transparency (Table 7).

Initially, a full factorial design (2%) with three central points was
employed to explore the experimental domain. Subsequently, a
three-level Box—Behnken design was used to refine the model
and enhance resolution. Microemulsion clarity was visually
classified into four categories: (1) transparent, (2) slightly
cloudy, (3) slightly milky, and (4) milky. The experimental
matrix and statistical analyses were conducted using Design-
Expert® software (M/s Stat-Ease Inc.).

Production method for Passiflora setacea oil-
based systems

The formulations were prepared using the phase inversion com-

position method [60]. Component proportions were defined ac-
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Table 7: Independent and dependent variables used in the experimen-
tal planning for the development of P. setacea oil-based microemul-

sions.

Variable
Independent variable

X1: OPS concentration

X2: surfactant ratio
(PEG 30 Castor Oil/Span® 80)

X3: Spix concentration
Dependent variables

Y1: hydrodynamic diameter
(nm)

Y2: polydispersity index
Y3: visual classification?

Level (coded)

lower central  upper
=1 0) (+1)
5% 10% 15%
73 8:2 9:1
10% 15% 20%

Desired outcomes

less than 100 nm

less than 0.2
category 1 (transparent)

aY3 was used only on the Box—Behnken design.

cording to the experimental matrix (Table 7). Briefly, accu-
rately weighed amounts of OPS and surfactants were homoge-
nized under magnetic stirring for 2 min. Ultrapure water was
then added dropwise (=0.5 mL/min) under continuous stirring
(=900 rpm, IKA® C-MAG HS7 - Staufen, Germany). The en-
tire process was conducted at 75 = 3 °C. After water addition,
the mixture was stirred for an additional 15 min to ensure

system stabilization.

For the preparation of the topical microemulsion, the same
method was followed with slight modifications. Initially,
vitamin E (0.05% w/w) was solubilized in the oil phase. The
microemulsion was then prepared as previously described.
Subsequently, Liquid Germall® Plus (0.2% w/w) and sodium
carboxymethylcellulose (1.5% w/w) were added under mechan-
ical stirring to obtain the gelled topical microemulsion.

Characterization of the emulsified systems
Hydrodynamic diameter distribution

The hydrodynamic diameter and polydispersity index of the
microemulsions were determined by dynamic light scattering
using a Zetasizer® Nano ZS (Malvern Panalytical Ltd. —
Malvern, United Kingdom) at 25 °C with a fixed backscat-
tering angle of 173°. Prior to analysis, samples were diluted in
purified water (1:40 v/v) [13]. All measurements were per-
formed in triplicate.

Surface tension

Surface tension was measured using the pendant droplet method
with a drop-shape analyzer (DAS-100, KRUSS GmbH,
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Hamburg, Germany). Microemulsion droplets (17 uL) were
formed at the tip of a stainless-steel needle and analyzed by
image capture and subsequent software processing to calculate

surface tension [13].

Rheological analysis

The rheological behavior of the ME formulations was
evaluated using an MCR-302 rheometer (Anton Paar) equipped
with a cone-plate geometry (50 mm diameter, 1° angle, and
96 um gap). Samples were subjected to a shear rate ranging
from 0.1 to 100 s~! at both room temperature (25 °C) and skin
temperature (32.5 °C) [13]. All measurements were carried out
in triplicate.

Microemulsion stability tests

The physicochemical stability of the optimized microemulsion
and its gelled form was monitored over 60 days at room temper-
ature (25 % 2 °C). Stability parameters included visual appear-
ance (e.g. signs of haze, creaming, or phase separation), hydro-
dynamic diameter distribution, and pH. The pH was measured
using a pre-calibrated PG 2000 pH meter (Gehaka, Sdo Paulo,
Brazil). Due to its high viscosity, MEgel samples were diluted
with purified water (1:40 w/w) prior to analysis. All tests were
conducted in triplicate.

In vitro cytocompatibility

The cytocompatibility the ME was evaluated using the MTT
[3(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide]
assay. Assays were performed on murine macrophage cells
(RAW 264.7 TIB-71 ") and human umbsilical vein endothelial
cells (HUVEC, C12203).

RAW cells were cultured in Dulbecco’s modified eagle medi-
um (DMEM, Sigma-Aldrich, D0822) supplemented with 10%
(v/v) fetal bovine serum. HUVEC cells were maintained in en-
dothelial cell growth medium (Sigma-Aldrich, C22110). Cells
were seeded in 96-well plates at densities of 3 X 10* (RAW)
and 1.9 x 10* for (HUVEC) cells/well and incubated for 24 h at
37 °C in a humidified atmosphere with 5% (v/v) CO, before

treatment.

Cells were then treated with varying concentrations of ME (0.1
to 10 mg/mL) for 24 or 48 h (n = 3 plates, each with 3 wells per
concentration). Compatibility was assessed by mitochondrial
metabolic activity, based on the conversion of MTT salt into
insoluble formazan crystals. After incubation, formazan crys-
tals were solubilized in DMSO, and absorbance was measured
at 570 nm with a reference at 630 nm using a microplate reader
(EL 800, Bio-TEK Instrument, Inc®, France). Cell viability was
calculated normalizing untreated controls as 100%, according to

the equation:
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ODs7_g3gsample

Mitochondrial activity (%) = x100. (5)

ODs7_g3gcontrol

Statistical analysis

Statistical analyses, excluding those related to DoE, were per-
formed using the Prism® 10 software (GraphPad, California,
USA). Two-way ANOVA followed by Tukey’s pos hoc test
was used to assess statistical significance. Differences were
considered significant when p < 0.05.
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