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Abstract
Schistosomiasis is a neglected tropical disease associated with poor sanitation and caused by parasitic trematodes of the 
genus Schistosoma. Its transmission cycle involves freshwater snails of the Biomphalaria genus as intermediate hosts. 
Niclosamide is recommended by the World Health Organization (WHO) for controlling Biomphalaria spp. populations, 
and concerns about its environmental toxicity and resistance highlight the need for the development of new alternatives. 
Curcuma longa L. essential oil is reported to have antimicrobial and insecticidal properties, suggesting its potential for 
application in mollusk control strategies. However, its lipophilicity limits its application in aqueous environments. This 
study aimed to develop C. longa nanoemulsions and evaluate their molluscicidal activity toward Biomphalaria gla-
brata. The essential oil, obtained by hydrodistillation, was characterized by GC‒MS and GC‒FID, revealing ar-turmerone 
(38.72%), turmerone (27.94%), and curlone (25.38%) as major components. Nanoemulsions prepared via the low-energy 
method with polysorbate 80 as a surfactant presented a droplet size of 11.8 ± 0.25  nm and a polydispersity index (PdI) 
of 0.183 ± 0.028 and remained stable between 25 and 45  °C. The polysorbate 20 nanoemulsion had a droplet size of 
115.9 ± 0.72 and a PdI of 0.209 ± 0.010 and remained stable up to 50 °C. Molluscicidal assays with the nanoformulations 
followed WHO protocols. The LC90 values ranged from 44.84 to 89.72 µg/mL and from 33.86 to 126.42 µg/mL for the 
nanoformulations containing polysorbate 80 and polysorbate 20, respectively. The nanoemulsion formulated with poly-
sorbate 80 showed promising molluscicidal activity against Biomphalaria glabrata, since its values remained within the 
efficacy criteria established by the World Health Organization (OMS), which recommends an LC90 of less than or equal 
to 100 µg/mL. These results highlight the potential of nanoemulsions as environmentally friendly alternatives to assist in 
schistosomiasis control programs, especially through the control of intermediate hosts involved in disease transmission.
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1  Introduction

Schistosomiasis is a neglected parasitic disease that can 
present in both acute and chronic forms and is caused by 
trematodes of the genus Schistosoma [1]. Transmission 
begins with the release of parasite eggs in human feces, 
which, upon reaching freshwater environments, hatch and 
release miracidia. These larvae penetrate snails of Biom-
phalaria sp., which act as intermediate hosts. The second 
infective larval stage (cercariae) takes place within these 
mollusks [2]. After being released into the water, cercariae 
actively penetrate human skin upon contact with the host, 
completing their life cycle by differentiating into adult 
forms inside the organism [3].

Owing to the complexity of its transmission cycle and its 
strong association with inadequate sanitation and exposure 
to contaminated freshwater, schistosomiasis remains a major 
public health issue worldwide [4]. The disease is present in 
78 countries, and in Brazil, approximately 25 million people 
are estimated to live in areas at risk of infection, particularly 
in regions with poor sanitation [5]. Globally, more than 250 
million people are currently infected, with approximately 
280,000 deaths per year [6]. In endemic areas, continuous 
exposure to contaminated environments facilitates reinfec-
tion, potentially leading to a progressive increase in parasite 
load in the absence of treatment, making schistosomiasis a 
serious public and economic health concern [7].

As a complementary strategy, schistosomiasis involves 
the control of intermediate hosts, especially in areas with 
high prevalence rates or during outbreaks of acute cases 
[8]. This control is carried out via the use of niclosamide, 
a synthetic molluscicidal agent with well-documented 
environmental toxicity [9]. Its molluscicidal activity is 
associated with disruption of aerobic respiration and mito-
chondrial oxidative phosphorylation, resulting in impaired 
energy production and ultimately leading to mollusk death 
[4, 10]. The low selectivity of this compound, coupled with 
its potential to induce resistance in Biomphalaria glabrata, 
highlights the need for alternative molluskicidal agents that 
are eco-friendly and nontoxic to nontarget organisms [11].

In this context, plant-derived products have emerged as 
promising sources of biologically active compounds pro-
duced through specialized metabolism [12]. Among the nat-
ural products investigated as molluscicidal agents against 
Biomphalaria glabrata, notable examples include the aque-
ous stem extract of Serjania spp. (“cipó-timbó”), the latex of 
Euphorbia milii var. hislopii, and the essential oil of Cymbo-
pogon winterianus, all of which have demonstrated poten-
tial in the control of this mollusk species [13].

In this study, we investigated the species Curcuma longa 
L., a member of the Zingiberaceae family known for its 
broad pharmacological potential and diverse applications. 

Its biological activities are associated mainly with com-
pounds that exhibit anti-inflammatory, antimicrobial, anti-
fungal, anthelmintic, and notably antioxidant properties 
[14]. Native to the tropical forests of India, C. longa has 
rhizomes rich in curcuminoids that are responsible for its 
characteristic yellow coloration [15]. The essential oils 
extracted from these rhizomes are composed primarily of 
monoterpenes (such as terpinolene, 1,8-cineole, p-cymene, 
and phellandrene) and oxygenated sesquiterpenes (such as 
aR-curcumene, α-zingiberene, and β-sesquiphellandrene), 
which exhibit a variety of biological activities, including 
antimicrobial and insecticidal effects [16].

Despite their potential, the application of essential oils is 
limited by their high lipophilicity, which hinders their dis-
persion in aqueous media [17]. Nanotechnology presents an 
effective strategy to overcome this limitation by enabling 
the incorporation of essential oils into water-based systems 
through the reduction of droplet size to the nanometer scale 
(20–200 nm) [18]. Nanoemulsions are kinetically stable yet 
thermodynamically unstable systems in which one liquid 
is dispersed within another immiscible liquid [19]. Unlike 
conventional emulsions, the high surface area-to-volume 
ratio characteristic of nanoemulsions enhances the bioavail-
ability and biological efficacy of encapsulated compounds 
by facilitating their interaction with target organisms in 
aquatic environments since this geometric modification 
enhances mass transfer kinetics and the dissolution rate of 
encapsulated compounds [20]. Furthermore, the high cur-
vature of the droplets induces a rise in saturation solubil-
ity, which facilitates the partition of active compounds into 
the target organism’s membranes [21]. Moreover, in aquatic 
environments, a small droplet size ensures superior kinetic 
stability; the predominant Brownian motion counteracts 
gravitational forces, effectively preventing phase separation 
processes such as sedimentation or creating and maintaining 
formulation homogeneity in water systems [21].

These systems generally require surfactants to maintain 
stability and are typically composed of an aqueous phase 
and an oil phase [22]. In this context, the choice of an 
appropriate surfactant, on the basis of its chemical proper-
ties, affinity with the oil, and ability to reduce interfacial 
tension, is a determining factor in nanoemulsion develop-
ment to ensure long-term stability [23]. The selection of the 
surfactant system is critical to ensure the thermodynamic 
stability and functionality of the nanoemulsions. In this con-
text, polysorbates are widely used because of their nonionic 
characteristics, which confer high resistance to variations 
in pH and ionic strength, in addition to minimizing unde-
sirable electrostatic interactions in complex matrices [24]. 
The high hydrophilic‒lipophilic balance (HLB) values of 
these compounds favor the formation of oil-in-water (O/W) 
systems with reduced droplet diameters. From a regulatory 
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and toxicological perspective, polysorbates are preferred for 
their high biocompatibility, biodegradability, and generally 
recognized as safe (GRAS) status by international agencies 
such as the FDA, which guarantees their applicability in 
biological systems [25].

2  Methodology

2.1  Plant Material

The Curcuma longa rhizomes were collected at Lumiar, 
São Pedro da Serra, Rio de Janeiro state, Brazil (coor-
dinates − 22.35471794247414, -42.34565350855477). 
Research on the plant material was authorized by SISGen 
(A491A56).

2.2  Essential Oil Extraction

Curcuma longa essential oil from fresh rhizomes (1290.3 g) 
was obtained by hydrodistillation in a modified Clevenger 
apparatus for 3 h. To do this, the rhizomes were cleaned with 
water to remove dirt, after which the rhizomes were crushed 
in distilled water in a blender (model SPL-052; Spolu-Ben-
esse, Itajobi, SP, Brazil), added to a 5 L round-bottom flask, 
and subjected to extraction. After that, the essential oil was 
dried with sodium sulfate (Na₂SO₄, ≥ 99%, Sigma‒Aldrich, 
St. Louis, MO, USA) and stored in a 5 mL amber glass flask 
with polypropylene caps at -20 °C.

2.3  Essential Oil Characterization

For essential oil chemical characterization, a GC‒MS 
QP2010 (Shimadzu, Kyoto, Japan) gas chromatograph 
equipped with a mass spectrometer was used to identify the 
components, and a GC-2014 (Shimadzu, Kyoto, Japan) gas 
chromatograph equipped with a flame ionization detector 
(FID) was used to determine the relative abundances. One 
microliter of the oil, dissolved in dichloromethane at 1000 
ppm, was injected with a 260 °C injector. The carrier gas 
was helium at a flow rate of 1 mL/min with split injection 
(1:40). The column was an RTX5 for MS (RESTEK Corpo-
ration, Glastron, FR, 0.25 mm ID, 30 m in length, 0.25 μm). 
The oven temperature was initially 60 °C and then increased 
to 290 °C at a rate of 3 °C/min. The mass spectrometry con-
ditions included 70 eV electron ionization and 1 scan/s. The 
FID chromatographic conditions were the same except that 
the FID temperature was 290 °C. The arithmetic index (AI) 
was calculated by interpolating the retention times of a mix-
ture (C7–C40) of aliphatic hydrocarbons (Sigma‒Aldrich, 
St. Louis, MO, USA) analyzed under the same chromato-
graphic conditions as the sample. The identification of the 

substances was performed by comparing their AI and mass 
spectra with those reported in the literature [26, 27] and 
NIST mass spectrum libraries. The FID peak area normal-
ization method was used to determine the relative abun-
dance of chemical constituents.

2.4  Nanoemulsion Preparation

The nanoformulations were prepared via phase inversion 
via composition via the low-energy method. The oil phase 
was composed of 1% Curcuma longa essential oil from 
fresh rhizomes and 9% surfactant polysorbate 20 (HLB 
16.7) or polysorbate 80 (HLB 15). The aqueous phase con-
sisted of 90% deionized water. First, the oil phase (essen-
tial oil and surfactant) was homogenized in a vortex (model 
56AP, Phoenix), and then the aqueous phase (deionized 
water) was slowly dripped into the oil phase under constant 
homogenization.

2.5  Nanoemulsion Characterization

The formulations were macroscopically evaluated for 
appearance, with translucent behavior and the absence of 
phase separation considered ideal. Nanometrically, the aver-
age droplet size (nm) and polydispersity index were charac-
terized via dynamic light scattering (DLS) via a Zetasizer 
Pro Blue (Malvern, UK) at various time points throughout 
the day of preparation, 24 h later, and after 7 and 15 days. 
All analyses were performed in triplicate.

2.6  Nanoemulsion Stability

The nanoemulsions were subjected to thermal stress to eval-
uate their stability under increasing temperatures (25 °C to 
60 °C) in a NanoSizer S90 (Malvern, UK). The mean drop-
let size (nm) and polydispersity index were characterized as 
described in Sect.  2.5, with measurements taken at 10 °C 
intervals.

2.7  Molluscicidal Activity Assay

The experiments were carried out according to the meth-
odology of SANTOS et al. [28], where juveniles (3–5 mm 
and 6–8 mm) and adults (10–12 mm shell diameters) of 
the species B. glabrata, not infected by S. mansoni, were 
individually allocated to a 24-well plate. The mollusks 
were collected in the breeding tank at the Lauro Travassos 
Pavilion at the Oswaldo Cruz Institute - IOC/Fiocruz. The 
snails were exposed to negative controls (distilled water, 
P20 blank and P80 blank), positive controls (niclosamide 
2 mg/L), and different concentrations of C. longa essential 
oil nanoemulsion to a final volume of 2 mL per well. In this 
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bioassay, the snails were exposed to the media for 24 h. The 
experiments were carried out in triplicate and on at least 3 
different days. The nanoemulsions were tested at concentra-
tions ranging from 10 to 120 µg/mL (expressed in essential 
oil). Mortality was observed within 24 h, and mortality was 
affected by immobility, shell depigmentation, hemolymph 
release, absence of a heartbeat, and/or exposure to the vis-
ceral mass [29, 30].

3  Results

3.1  Essential Oil Extraction and Characterization

The essential oil content of C. longa rhizomes was 0.62%. 
Table 1 shows the chemical characterization of the essen-
tial oil, with the major fraction composed of oxygenated 
sesquiterpenes comprising 72.95% of the oil. In addition, 
the major constituents found were ar-turmerone (38.72%), 
turmerone (27.94%), and curlone (β-turmerone, 25.38%) 
(Fig. 1).

3.2  Nanoemulsion Formulation and 
Characterization

The evaluations were conducted at five time intervals after 
preparation (0, 30, 60, 90, and 120 min) and on four dis-
tinct days after preparation (0, 1, 7, and 15). On the day 
of preparation, the nanoemulsion containing polysorbate 20 
(P20) exhibited a transparent and homogeneous appearance 
(Fig. 2a). Shortly after, a gradual increase in turbidity was 
observed, leading to the formation of a translucent system 
with a bluish reflection, characteristic of the Tyndall effect 
[31]. Over time, progressive droplet growth and increased 
polydispersity were noted. After 24 h (Fig. 3a), the system 
remained macroscopically stable, with no visible signs of 
destabilization, such as phase separation, creaming, or sedi-
mentation. At the nanometric level, the mean droplet size 
increased from 11.11 nm to 72.95 nm on the first day. On 
subsequent days, this parameter fluctuated within a range 
of approximately ± 10 nm, reaching 60.98 nm after 15 days 
(Fig. 4a and Fig. 5a).

In contrast, the formulation containing polysorbate 80 
(P80) exhibited a translucent appearance with a bluish 
reflection immediately after preparation (Fig.  2b). Over 

Table 1  Chemical characterization of the essential oil from Curcuma 
longa L. rhizomes via GC‒MS and GC‒FID

RT AIrep AIexp Substances Relative 
abun-
dance (%)

1 8.681 1002 1007 α-phellandrene 0.89
2 9.324 1022 1024 o-cymene 1.09
3 9.594 1046 1031 1,8-cineole 0.63
4 28.123 1479 1477 α-curcumene 2.43
5 28.693 1493 1491 α-zingiberene 1.04
6 29.838 1521 1520 β-sesquiphellandrene 1.87
7 35.171 1670 1661 ar-turmerone 38.72
8 35.365 1674 1666 Turmerone 27.94
9 36.560 1697 1699 Curlone 25.38
TOTAL 99.9
Monoterpene hydrocarbon 0.89
Oxygenated monoterpene 1.72
Sesquiterpene hydrocarbons 5.34
Oxygenated sesquiterpene 72.95
*RT retention time; AILit arithmetic index from the literature; AIExp 
arithmetic index calculated

Fig. 1  Major constituents of Cur-
cuma longa L. essential oil from 
fresh rhizomes
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time, these visual characteristics gradually decreased, 
resulting in a more transparent system after 24  h of stor-
age (Fig. 3b). No macroscopic signs of instability, such as 
phase separation or flocculation, were observed throughout 
the evaluation period. Despite exhibiting a bimodal nano-
metric profile, this behavior remained stable on the first day 
of analysis, with only slight variations in the mean droplet 
size (38.28 to 31.72 nm). Over 15 days, a gradual migration 
of droplet populations toward a micellar distribution was 
observed, resulting in a monomodal profile and a mean size 
of 12.04 nm (Fig. 4b and Fig. 5b).

Detailed measurements of the droplet size distribution, 
polydispersity index, and nanoscale colloidal behavior are 
provided in Tables 2 and 3.

3.3  Nanoemulsion Thermal Stability

The particle diameter (nm) and polydispersity index 
(Table  4) and colloidal behavior of the polysorbate 20 
(P20) nanoemulsion were maintained at 50  °C (Figs.  6 
and 25–50 °C), indicating a monomodal and monodisperse 
distribution. However, at temperatures exceeding 50  °C, 
the P20 nanoemulsion exhibited a significant (p < 0.001) 
increase in droplet size. At 55  °C, 56.7% of the droplets 
grew, and at 60  °C, 180% of the droplets grew (Eq.  1). 

This resulted in the emergence of multiple droplet popula-
tions, as illustrated in Fig. 2 (25–60 °C). These observations 
suggest that the colloidal system is becoming increasingly 
unstable. Furthermore, the macroscopic characteristics of 
the nanoemulsion changed at 55 °C, indicating a transition 
from an initial bluish translucent appearance to a milky-
white appearance.

Growth percentage (%) =
(

Md1 − Md0
Md0

)
× 100

 
� (1)

Md1	 Final mean droplet size (nm).
Md0	 Initial mean droplet size (nm).
In contrast, the C. longa nanoemulsion formulated with 
polysorbate 80 (P80) displayed monomodal behavior, with 
an average particle size of 12.18 ± 0.04933 nm and an inten-
sity of 97.8%, which is indicative of micellar dispersion, 
when it was subjected to temperatures up to 45 °C (p value 
of 0.9976). Upon a temperature increase of 5 °C, a second 
droplet population begins to emerge, leading to a transi-
tion in colloidal behavior (p value of 0.0031). At 55  °C, 
the intensity of the initial micellar population decreased 
to 9.3%, whereas the second population, characterized by 
a diameter of 101.8  nm, exhibited an intensity of 90.7%. 
At 60 °C, a single population with an average diameter of 

Fig. 2  Nanoformulations on 
day 0 of preparation at different 
times (T1–T5: 0, 30, 60, 90, and 
120 min): (a) nanoformulation 
with C. longa essential oil and 
polysorbate 20; (b) nanoformula-
tion with C. longa essential oil 
and polysorbate 80
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92.16 ± 2.203 nm and a PdI of 0.224 ± 0.018 presented a rel-
ative intensity of 100% (Fig. 7). In terms of the macroscopic 
characteristics of the P80 formulations, a transition from a 
transparent to a bluish translucent liquid was observed after 
thermal exposure.

3.4  Molluscicidal Activity Assay

The nanoemulsions resulted in mortality rates of 100 ± 0% 
at 120  µg/mL and 0 ± 0% at 10  µg/mL in juvenile Biom-
phalaria glabrata samples, with 3–5 mm shell diameters for 
both nanoemulsions (P20 and P80). For mollusks measur-
ing 6 to 8 mm in length, the P20 and P80 nanoemulsions 
had mortality rates of 88.8 ± 19.2% at concentrations of 120 
and 100 µg/mL, respectively. In the case of adult mollusks 
(10 to 12  mm), the P20 and P80 nanoemulsions resulted 
in 100 ± 0% and 88.8 ± 19.24% mortality, respectively, at 
120  µg/mL. The positive control (niclosamide 2  µg/mL) 
resulted in 100 ± 0% mortality during all growth stages 
(3–5 mm, 6–8 mm, and 10–12 mm) of Biomphalaria gla-
brata. With respect to the negative control (distilled water) 
and the nanoemulsion blanks P20 and P80 (without essen-
tial oil), no mortality was observed after 24 h. The mortality 
data can be found in Table 6.

The median lethal concentrations (LC50s) of the poly-
sorbate 20 and polysorbate 80 nanoemulsions were 19.65, 
53.65, and 68.44  µg/mL and 22.39, 28.90, and 52.14  µg/
mL, respectively, for juvenile (3–5 and 6–8 mm) and adult 
(10–12  mm) Biomphalaria glabrata mollusks (Table  5). 
The LC50 and LC90 of the polysorbate 20 and 80 nanoemul-
sions are shown in Table 3 and 6.

4  Discussion

The essential oils of Curcuma longa are widely documented 
in the literature, with oxygenated sesquiterpenes as the pre-
dominant fraction. The most common constituents found in 
essential oils derived from rhizomes include α-turmerone, 
β-turmerones, and aR-turmerones [13, 25]. In this study, the 
results of the essential oil analysis corroborated those of pre-
vious reports, identifying ar-turmerone (38.72%), turmerone 
(27.94%), and curlone (25.38%) as the major compounds. 
Additionally, the oil contained characteristic minor com-
pounds such as 1,8-cineole, α-curcumene, α-zingiberene, 
o-cymene, β-sesquiphellandrene, and α-phellandrene [32].

The colloidal behavior observed in the nanoformulations 
containing C. longa essential oil may be influenced by its 

Fig. 3  Nanoformulations on day 
0 of preparation and after 1, 7, 
and 15 days: (a) nanoformulation 
with C. longa essential oil and 
polysorbate 20; (b) nanoformula-
tion with C. longa essential oil 
and polysorbate 80
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chemical complexity and physicochemical properties, since 
the oil contains a variety of sesquiterpenes and oxygenated 
compounds (e.g., ar-turmerone, turmerone, and curlone), 
which confer moderate to low polarity and relatively high 
lipophilicity. Polysorbate 20 (P20), HLB 16.7; LogP 2.32, 
is structurally composed of a short (C12) lauric acid chain, 
which gives it a more hydrophilic character than polysor-
bate 80 (P80), HLB 15.0; LogP 4.99, which contains a long 
(C18), unsaturated oleic acid chain, conferring greater affin-
ity for heavier and less polar oils [33].

In this context, P20 may have promoted greater initial 
dispersion and apparent solubilization of the essential oil in 
the aqueous phase, resulting in a transparent system imme-
diately after preparation. However, this higher affinity for 
the aqueous phase may have led to the formation of a less 
flexible interfacial film around the oil droplets, compro-
mising long-term stability and causing a rapid increase in 
turbidity, mean droplet size, and polydispersity [34]. In con-
trast, although P80 initially produced a translucent formula-
tion with a bluish reflection, it became progressively more 

Fig. 4  Size distribution by intensity of droplets of C. longa essential oil nanoemulsions on day 0 of preparation at different times (T1–T5: 0, 30, 
60, 90, and 120 min): (A) nanoemulsion with polysorbate 20; (B) nanoemulsion with polysorbate 80
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Table 2  Mean droplet size (nm) and polydispersity index (PDI) of the P20 and P80 nanoemulsions prepared with C. longa essential oil after prepa-
ration (day 0) at different times: T1–T5 (0, 30, 60, 90, and 120 min)
Time 
(min)

Polysorbate 20 (A) Polysorbate 80 (B)
Z-Average (d.nm) Polydispersity index Zeta potential (mV) Z-Average (d.nm) Polydispersity index Zeta potential (mV)

T1 0 11.11 ± 0.20 0.28 ± 0.02 -19.74 ± 0.57 38.28 ± 0.16 0.60 ± 0.00 -10.25 ± 0.97
T2 30 23.50 ± 0.53 0.72 ± 0.02 -16.69 ± 0.96c 36.63 ± 0.31e 0.58 ± 0.01 -10.17 ± 4.24
T3 60 60.67 ± 16.4 0.91 + 0.15b -9.31 ± 1.83d 30.65 ± 0.40d 0.57 ± 0.01 -9.49 ± 2.23d

T4 90 62.43 ± 54.44 0.67 ± 0.02 -8.43 ± 0.58d 32.77 ± 0.99d 0.56 ± 0.02 -7.06 ± 1.90d

T5 120 72.95 ± 0.35a 0.46 ± 0.01 -9.51 ± 0.08d 31.72 ± 0.34d 0.59 ± 0.03 -12.55 ± 1.42
*Statistical differences compared at T1: ap=0.0433; bp=0.0072; cp=0.012; dp<0.0001; ep=0.011

Table 3  Mean droplet size (nm), polydispersity index (PDI), and zeta potential (mV) of the P20 and P80 nanoemulsions prepared with C. longa 
essential oil after 0, 1, 7, and 15 days of preparation
Day Polysorbate 20 (A) Polysorbate 80 (B)

Z-Average (d.nm) Polydispersity index Zeta potential (mV) Z-Average (d.nm) Polydispersity index Zeta potential (mV)
D0 72.95 ± 0.35 0.46 ± 0.01 -9.51 ± 0.08 31.72 ± 0.34 0.59 ± 0.03 -12.55 ± 1.42
D1 80.72 ± 2.02b 0.29 ± 0.00b -6.92 ± 1.65 19.76 ± 0.02d 0.58 ± 0.01 -11.74 ± 1.516
D7 71.02 ± 1.14 0.29 ± 0.03a -13.58 ± 1.59C 28.70 ± 6.87 0.63 ± 0.18 -25.87 ± 3.53g

D15 60.98 ± 0.66 a 0.27 + 0.01a -6.17 + 1.84 12.04 ± 0.03e 0.18 ± 0.02f 13.01 ± 2.92
*Statistical differences compared at D0: ap < 0.0001; bp=0.0002; cp=0.0235; dp=0.0071; ep=0.0003; fp=0.0015; gp=0.0005

Fig. 5  Size distribution by intensity of droplets of C. longa essential oil nanoemulsions after 0, 1, 7, and 15 days of preparation: (A) nanoemulsion 
with polysorbate 20; (B) nanoemulsion with polysorbate 80
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transparent over time. This behavior may reflect a later, yet 
more efficient, interfacial reorganization, possibly driven 
by its higher compatibility with C. longa essential oil. This 
affinity may favor the formation of a more cohesive and 
flexible interfacial film, resulting in lower free energy in the 
system, which could explain the gradual transition from a 
translucent to a transparent appearance when migrating to 
an energetically stable system [35, 36].

With respect to thermal stress, the changes observed in 
the nanoformulations highlight the critical role of surfac-
tants in the colloidal stability of nanoemulsified systems. 
According to Mushtaq et al. [37], nonionic surfactants 
such as P20 and P80 undergo dehydration of their polyoxy-
ethylene head groups at elevated temperatures, reducing 
their hydrophilicity. This behavior alters the spontaneous 

Table 4  Mean droplet size (nm) and polydispersity index (PDII) of the 
P20 and P80 nanoemulsions prepared with C. longa essential oil at 
different temperatures (25 to 60 °C)
Tem-
perature 
(°C)

Polysorbate 20 Polysorbate 80
Z-Average 
(d.nm)

Polydisper-
sity index

Z-Average 
(d.nm)

Polydis-
persity 
index

25 115.9 ± 0.7 0.21 ± 0.01 11.75 ± 0.04 0.23 ± 0.01
30 114.3 ± 0.6 0.21 ± 0.01 11.44 ± 0.13 0.19 ± 0.02
35 111.5 ± 0.3 0.20 ± 0.01 11.67 ± 0.07 0.18 ± 0.01
40 111.5 ± 0.3 0.22 ± 0.01 11.83 ± 0.05 0.16 ± 0.01
45 113.5 ± 2.3 0.21 ± 0.01 12.16 ± 0.05 0.16 ± 0.01
50 130.2 ± 4.7a 0.21 ± 0.01 17.54 ± 5.48c 0.34 ± 0.15
55 178.2 ± 11.1b 0.17 ± 0.00 70.61 ± 1.78a 0.30 ± 0.01
60 324.6 ± 33.6a 0.25 ± 0.30 92.16 ± 2.20a 0.22 ± 0.02
*Statistical differences compared with 25  °C: ap<0.001; bp=0.006; 
cp=0.0031

Fig. 6  Thermal stress stability of the polysorbate 20 nanoemulsion at 25–60 °C
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Fig. 7  Thermal stress stability of 
the polysorbate 80 nanoemulsion 
at (A) 25–45 °C, (B) 45–50 °C, 
(C) 55 °C, and (D) 60 °C
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curvature of the interface, resulting in increased droplet size 
and polydispersity.

The P20 formulation demonstrated stability up to approx-
imately 50 °C, above which there was a significant increase 
in the mean droplet diameter and a change in the macro-
scopic appearance, indicating a collapse of the stabilizing 
forces. This behavior may be associated with dehydration of 
the hydrophilic head of the surfactants, increased interfacial 
fluidity, and progressive instability of the colloidal aggre-
gates, resulting in coalescence and macroemulsion forma-
tion [38]. Furthermore, the increase in thermal kinetics 
intensifies Brownian motion, favoring collisions between 
droplets and increasing the coalescence rate, especially 
when the steric barrier becomes insufficient. These observa-
tions are in line with studies that relate the molecular struc-
ture of surfactants to the robustness of the interface under 
severe thermal conditions [39].

However, P80 exhibited a micellar profile up to 45 °C, 
followed by gradual transitions in size distribution and the 
emergence of a second population at 50 °C, culminating in 
the predominance of larger structures. The visual transition 
from a clear liquid to a translucent dispersion further sup-
ports this structural reorganization, indicating that despite 
maintaining a monomodal profile at the end of the heating 
ramp, the system underwent a significant transformation in 
its colloidal structure, migrating from a microemulsion to 
a nanoemulsion [35]. Thus, we can observe that, compara-
tively, both formulations exhibit a loss of thermal stability 
from temperatures above 45–50 °C but with distinct behav-
iors in terms of resistance and transition mechanisms. While 
the formulation with P80 showed greater thermal robustness 
and a more progressive transition, the formulation with P20 
presented a more abrupt decrease in stability, suggesting that 
the molecular structure of the surfactant plays a determining 
role in the response of the nanoemulsions to thermal stress.

Other studies have evaluated the molluscicidal potential 
of Curcuma longa derivatives. However, only a few of these 
have been developed into formulated products. Silva Filho 
et al. [40] described the molluscicidal potential associated 
with C. longa essential oil to control Biomphalaria glabrata 
mollusks (8 to 12 mm), which showed a promising LC50 of 
46.73 µg/mL [40]. The LC50 of the C longa nanoemulsion 
obtained in the actual study ranged from 19.69 to 68.44 µg/
mL and varied according to the shell diameter of the mol-
lusk. Juvenile (3 to 5 mm) mollusks appeared more suscep-
tible to low LC50 values (19.69 µg/mL for P20 and 22.39 
µg/mL for P80) in both C. longa nanoemulsions. This is 
likely because the juvenile organism is not physiologically 
or metabolically developed, making it more susceptible to 
nanoemulsion effects.

Among the identified compounds, ar-turmerone stands 
out among the compounds widely described in the lit-
erature regarding its biological activities. Previous studies 

Table 5  Curcuma longa L. nanoemulsion lethal concentration in Biom-
phalaria glabrata juveniles (3–5 and 6–8 mm) and adult (10–12 mm) 
mollusks after 24 h of exposure
Nanoemulsions lethal concentration in Biomphalaria glabrata

LC50 (µg/mL) LC90 (µg/mL) χ2 df p 
value

P20
  3–5 mm 19.69 

(13.86–26.01)
33.86 
(25.70-63.95)

2.2242 5 0.8173

  6–8 mm 53.65 
(38.18–69.58)

126.42 
(92.27-257.45)

3.2959 5 0.6545

  10–12 mm 68.44 
(53.12–81.89)

115.09 
(93.52-195.54)

2.4497 3 0.4845

P80
  3–5 mm 22.39 

(15.23–29.70)
44.84 
(33.45–76.56)

3.2493 5 0.6770

  6–8 mm 28.90 
(18.25–39.76)

77.87 
(54.47-160.49)

2.3465 4 0.6723

  10–12 mm 52.14 
(39.30-63.19)

89.72 
(72.84-137.38)

1.2679 4 0.8668

*P20: polysorbate 20; P80, polysorbate 80

Table 6   Mortality of the Curcuma longa L. nanoemulsion with polysorbate 20 (P20) and polysorbate 80 (P80) in Biomphalaria glabrata mollusks 
after 24 h
Nanoemulsions mortality (%) in Biomphalaria glabrata after 24 h

P20 P80
µg/mL 3–5 mm 6–8 mm 10–12 mm 3–5 mm 6–8 mm 10–12 mm
Negative control 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0
P20 blank 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0
P80 blank 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0
Positive control 100 ± 0 100 ± 0 100 ± 0 100 ± 0 100 ± 0 100 ± 0
120 100 ± 0 88.8 ± 23.6 88.8 ± 19.24 100 ± 0 100 ± 0 100 ± 0
100 100 ± 0 66.6 ± 47.14 77.7 ± 38.5 100 ± 0 88.8 ± 19.2 88.8 ± 19.2
80 100 ± 0 77.7 ± 0 66.6 ± 33.3 100 ± 0 88.8 ± 19.2 88.8 ± 19.2
60 100 ± 0 66.6 ± 47.14 55.5 ± 19.2 88.8 ± 19.2 88.8 ± 19.2 55.5 ± 19.2
40 88.8 ± 19.2 44.4 ± 0 0 ± 0 88.8 ± 19.2 66.6 ± 33.3 33.3 ± 33.3
20 66.6 ± 33.3 0 ± 0 0 ± 0 55.5 ± 19.2 44.4 ± 19.24 0 ± 0
10 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0
*P20: polysorbate 20; P80, polysorbate 80
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have reported its insecticidal activity against different spe-
cies of insects, highlighting its potential as a natural agent 
for agricultural control. However, although there is evi-
dence regarding its insecticidal activity, studies specifically 
describing the molluscicidal activity of this sesquiterpene 
are still scarce. Thus, the presence of ar-turmerone in the 
evaluated essential oil suggests a possible contribution to 
the molluskicidal activity observed in this work [41, 42].

For an essential oil to be considered a promising mollus-
cicidal, it must have an LC90 < 100 µg/mL, as established 
by the World Health Organization [43]. In this context, both 
nanoemulsions (P20 and P80) can be considered promising 
agents for the control of schistosomiasis. Essential oils have 
been described as potential alternatives to synthetic mollus-
kicidal oils because of their volatility and biodegradability 
characteristics, which can reduce their environmental per-
sistence and bioaccumulation potential. Thus, compared 
with conventional pesticides, Curcuma longa essential oil 
may represent a potentially sustainable alternative. Studies 
conducted with the nontarget organism Artemia salina dem-
onstrated a median lethal concentration (LC50) of the essen-
tial oil of 319.82 µg/mL, which is approximately five times 
greater than the LC50 observed for Biomphalaria glabrata 
in the present study, suggesting some biological selectivity. 
Furthermore, C. longa has a history of traditional use as a 
condiment and, more recently, as a nutraceutical associated 
with different bioactivities and protective effects. However, 
further studies involving other nontarget organisms, dif-
ferent trophic levels, and environmental scenarios are still 
needed to confirm its environmental safety and its potential 
as an alternative to conventional molluscicidal.

In this way, the development of molluscicidal for the 
control of schistosomiasis with Curcuma longa is a tan-
gible reality, since there are cultivars worldwide, relatively 
simple technologies for obtaining nanoemulsions, selectiv-
ity, and biorational use, as well as the possibility of using 
Curcuma longa to control schistosomiasis.

5  Conclusion

The essential oils of C. longa rhizomes include major con-
stituents of ar-turmerone, turmerone, and curlone. The 
nanoemulsions formulated with C. longa essential oil using 
polysorbate 20 and polysorbate 80 demonstrated stability 
under thermal stress, with polysorbate 20 maintaining sta-
bility between 25 and 50 °C and polysorbate 80 remaining 
stable up to 60  °C. Both formulations also exhibited sig-
nificant molluscicidal activity against Biomphalaria gla-
brata at different developmental stages, reinforcing their 
potential as sustainable agents for schistosomiasis control. 
In particular, compared with polysorbate 20, polysorbate 

80 showed greater efficacy, with lethal concentration values 
(LC₉₀) against adult mollusks (10–12 mm) of 89.72 µg/mL 
and 115.09  µg/mL, respectively. These findings highlight 
the decisive role of surfactant selection, as well as the inter-
actions between oil constituents and micellar systems, in 
determining droplet stability, size distribution, and overall 
performance of the formulations.

Author Contributions  KNFG, FPM - wrote the main manuscript text.
DSS, KCP, - prepared figuresKNFG - realized the biological assays. 
FMP, DSS, and JN - prepared the nanoformulations.FMP, DSS, KCP, 
and JN- realized the physico-chemical assays. CPF and LR - wrote 
and revised the manuscript.RXF - revised the manuscript.All authors 
reviewed and approved the submitted version of the manuscript.

Funding  The Article Processing Charge (APC) for the publication 
of this research was funded by the Coordenação de Aperfeiçoamen-
to de Pessoal de Nível Superior - Brasil (CAPES) (ROR identifier: 
00x0ma614). The authors would like to thank the funding agencies 
that support our research: the National Council for Scientific and 
Technological Development (CNPq) – Grant No. 304179/2021-3; the 
Coordination for the Improvement of Higher Education Personnel 
(CAPES) – Finance Code 001; and the Carlos Chagas Filho Founda-
tion for Research Support in the State of Rio de Janeiro (FAPERJ) 
– Grants E-26/200.915/2022, E-26/210.598/2023, E-26/201.652/2025 
(310877), E-26/200.161/2025, 200.162/2025 (304867) and 
E-26/201.652/2025. The Multiuser Materials Characterization Labora-
tory (LAMATE) and the Analytical Center of the Faculty of Pharmacy 
(LCAN) at the Universidade Federal Fluminense also supported this 
work.

Data Availability  No datasets were generated or analysed during the 
current study.

Declarations

Ethics Declaration  Not applicable.

Competing interests  The authors declare no competing interests.

Open Access   This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit ​h​t​t​​p​:​/​/​​c​r​e​​a​t​i​​v​e​c​o​m​m​o​n​s​.​o​
r​g​/​l​i​c​e​n​s​e​s​/​b​y​/​4​.​0​/​​​​​.​​

References

1.	 Buonfrate, D., Ferrari, T. C. A., Adegnika, A. A., Stothard, J. 
R., Gobbi, F. G. (2025). Human schistosomiasis The Lancet, 
405(10479), 658–670. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​1​6​/​S​0​1​4​0​-​6​7​3​6​(​2​4​)​0​
2​8​1​4​-​9​​​​​.​​​

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/S0140-6736(24)02814-9
https://doi.org/10.1016/S0140-6736(24)02814-9


1 3

Page 13 of 14  450BioNanoScience (2026) 16:450

2.	 Anderson, L. C., Loker, E. S., & Wearing, H. J. (2021). Schis-
tosomiasis: Epidemiology and control of schistosome infections. 
Parasites & Vectors, 14, 458. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​1​8​6​/​s​1​3​0​7​1​-​0​2​
1​-​0​4​5​8​7​-​8​​​​​​​

3.	 Ponzo, E., Midiri, A., Manno, A., Pastorello, M., Biondo, C., & 
Mancuso, G. (2024). Insights into the epidemiology, pathogene-
sis, and differential diagnosis of schistosomiasis. European Jour-
nal of Microbiology and Immunology, 14(2), 86–96. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​
r​g​/​1​0​.​1​5​5​6​/​1​8​8​6​.​2​0​2​4​.​0​0​0​1​3​​​​​​​

4.	 Farias Gomes, K. N., Machado, F. P., Mota, E. M., Silva, D., 
Xavier, A. C. R., Menezes, M. G., Valle, J. T. D. C. E. D., Silva, 
A. F. D., Leite, L. L., B. D. F., & Rocha, L. (2025). Potencial dos 
óleos essenciais de Cymbopogon winterianus Jowitt: avaliação 
promissora para o controle de moluscos e embriões de Biomphal-
aria glabrata e cercárias de Schistosoma mansoni. Pharmaceuti-
cals, 18(3), 318. https:/​/doi.or​g/10.33​90/ph​18030318

5.	 Da Silva, A. I. F., Cantanhede, S. P. D., Sousa, J. O., Lima, R. M., 
Silva-Souza, N., et al. (2020). Community Perceptions on Schis-
tosomiasis in Northeast Brazil. The American Journal of Tropical 
Medicine and Hygiene, 103(3), 1111–1117. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​4​2​6​
9​/​a​j​t​m​h​.​1​8​-​0​3​0​2​​​​​​​

6.	 Zhu, P., Wu, K., Zhang, C., Batool, S. S., Li, A., Yu, Z., & Huang, 
J. (2023). Advances in new target molecules against schistosomi-
asis: A comprehensive discussion of physiological structure and 
nutrient intake. PLOS Pathogens, 19(7), e1011498. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​
g​/​1​0​.​1​3​7​1​/​j​o​u​r​n​a​l​.​p​p​a​t​.​1​0​1​1​4​9​8​​​​​​​

7.	 Zacharia, A., Mushi, V., & Makene, T. (2020). A systematic 
review and meta-analysis on the rate of human schistosomiasis 
reinfection. PloS one, 15(12), e0243224. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​3​7​1​/​
j​o​u​r​n​a​l​.​p​o​n​e​.​0​2​4​3​2​2​4​​​​​​​

8.	 WHO. (2024). World Health Organization. Schistosomiasis. 
Who.int, World Health Organization: WHO, 1 Feb. 2023. ​h​t​t​​p​s​:​/​​/​
w​w​​w​.​w​​h​o​.​​i​n​t​​/​n​e​w​​s​-​​r​o​o​m​/​f​a​c​t​-​s​h​e​e​t​s​/​d​e​t​a​i​l​/​s​c​h​i​s​t​o​s​o​m​i​a​s​i​s​​​​​​​

9.	 Zheng, L., Deng, L., Zhong, Y., Wang, Y., Guo, W., & Fan, X. 
(2021). Molluskicides against the snail-intermediate host of 
Schistosoma: a review. Parasitology Research, 120(10), 3355–
3393. https:/​/doi.or​g/10.10​07/s0​0436-021-07288-4

10.	 Jiang, N., Li, S. Z., Zhang, Y. W., Habib, M. R., Xiong, T., Xu, S., 
Dong, H., & Zhao, Q. P. (2022). The identification of alternative 
oxidase in intermediate host snails of Schistosoma and its poten-
tial role in protecting Oncomelania hupensis against niclosamide-
induced stress. Parasites & Vectors, 15(1), 97. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​
1​1​8​6​/​s​1​3​0​7​1​-​0​2​2​-​0​5​2​2​7​-​5​​​​ 

11.	 Dos Santos, B. D., Moreira-Filho, J. T., Lemes, J. A., Silva, L. 
D., Rocha, T. L., Andrade, C. H., Neves, B. J., & Bezerra, C. 
B. (2020). In silico-driven identification of novel molluscicides 
effective against Biomphalaria glabrata (Say, 1818). New Jour-
nal of Chemistry, 44(39), 16948–16958. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​3​9​/​
d​0​n​j​0​3​3​1​4​f​​​​​​​

12.	 Zhang, W., Xu, F., & Kwon, M. (2023). Editorial: Biosynthesis 
and regulation of plant specialized metabolisms. Frontiers in plant 
science, 14, 1319666. https:/​/doi.or​g/10.33​89/fp​ls.2023.1319666

13.	 Rangel, L. S., Gomes, K. N. F., Santos, J. A. A., & Faria, R. X. 
(2023). Bioactivity Of Substances Isolated From Natural Prod-
ucts On Mollusks Biomphalaria Glabrata (Say, 1818) (Planorbi-
dae): A Review. Brazilian Journal of Biology, 83. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​
1​0​.​1​5​9​0​/​1​5​1​9​-​6​9​8​4​.​2​6​6​5​2​6​​​​​​​

14.	 Zaporozhchenko, A. A., & Subotyalov, M. A. (2024). The Bio-
logical Activity and Therapeutic Potential of Curcuma longa: Lit-
erature Review. Cell tissue biol, 18, 265–272. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​
1​3​4​/​S​1​9​9​0​5​1​9​X​2​4​7​0​0​2​0​2​/​F​I​G​U​R​E​S​/​1​​​​​​​

15.	 Fuloria, S., Mehta, J., Chandel, A., Sekar, M., & Rani, N. N. I. M. 
(2022b). A Comprehensive Review on the Therapeutic Potential 
of Curcuma longa Linn. in Relation to its Major Active Constitu-
ent Curcumin. Frontiers in Pharmacology, 13, 820806. ​h​t​t​​p​s​:​/​​/​d​o​​
i​.​o​​r​g​/​1​0​.​3​3​8​9​/​f​p​h​a​r​.​2​0​2​2​.​8​2​0​8​0​6​​​​​​​

16.	 Ali, A., Shah, F. M., Radwan, M. M., Elhendawy, M. A., Elsohly, 
M. A., & Khan, I. A. (2024). Curcuma longa essential oils: toxic-
ity and repellency against imported fire ants (Formicidae: Hyme-
noptera). Journal Of Medical Entomology, 61, 191–200. ​h​t​t​​p​s​:​/​​/​d​
o​​i​.​o​​r​g​/​1​0​.​1​0​9​3​/​J​M​E​/​T​J​A​D​1​5​1​​​​​​​

17.	 Singh, I. R., & Pulikkal, A. K. (2022). Preparation, stability and 
biological activity of essential oil-based nano emulsions: A com-
prehensive review. OpenNano, 8, 100066. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​1​
6​/​j​.​o​n​a​n​o​.​2​0​2​2​.​1​0​0​0​6​6​​​​​​​

18.	 Xiong, H., Duan, J., Cao, W., Su, Y., Chen, H. (2025). Nanoemul-
sion as the pioneer carrier for future green nanopesticides. Lang-
muir. https:/​/doi.or​g/10.10​21/ac​s.langmuir.5c02340

19.	 Ozogul, Y., Karsli, G. T., Durmuş, M., Yazgan, H., Oztop, H. M., 
McClements, D. J., & Ozogul, F. (2022). Recent developments 
in industrial applications of nanoemulsions. Advances in Colloid 
and Interface Science, 304, 102685. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​1​6​/​j​.​c​i​s​.​
2​0​2​2​.​1​0​2​6​8​5​​​​​​​

20.	 Li, B., Wei, N., Li, Y., Ci, Y., Gesang, Q., & Feng, J. (2026). Opti-
mized preparation and formula of deltamethrin nanoemulsion for 
enhanced insecticidal efficacy and superior biosafety. Agriculture 
v, 16, 882. https:/​/doi.or​g/10.33​90/ag​riculture16080882

21.	 McCLEMENTS, D. J. (2012). Nanoemulsions versus micro-
emulsions: terminology, differences, and similarities. Soft Matter, 
v. 8, n. 6, pp. 1719–1729. https:/​/doi.or​g/10.10​39/C2​SM06903B

22.	 Salvia-Trujillo, L., Artiga-Artigas, M., Molet-Rodríguez, A., 
Turmo-Ibarz, A., & Martín-Belloso, O. (2018). Emulsion-based 
nanostructures for the delivery of active ingredients in foods. 
Frontiers in Sustainable Food Systems, 2. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​3​3​8​9​
/​f​s​u​f​s​.​2​0​1​8​.​0​0​0​7​9​​​​​​​

23.	 Pavoni, L., Perinelli, D. R., Ciacciarelli, A., Bramucci, M., & 
Bonacucina, G. (2020). Properties and Stability of Nanoemul-
sions: How Relevant are the Types of Surfactant and Oil? Journal 
Of Drug Delivery Science And Technology, 58, 101772. ​h​t​t​​p​s​:​/​​/​d​
o​​i​.​o​​r​g​/​1​0​.​3​3​8​9​/​f​s​u​f​s​.​2​0​1​8​.​0​0​0​7​9​​​​​​​

24.	 Cortés, H., Hernández-Parra, H., Bernal-Chávez, S. A., Prado-
Audelo, M. L. D., Caballero-Florán, I. H., Borbolla-Jiménez, 
F. V., González-Torres, M., Magaña, J. J., & Leyva-Gómez, 
G. (2021). Non-ionic surfactants for stabilization of polymeric 
nanoparticles for biomedical uses. Materials, 14(12), 3197. 
https:/​/doi.or​g/10.33​90/Ma​14123197

25.	 Mohammad, Y., Khan, M., Alrobaian, M. M., Alghamdi, S. A., 
Warsi, M. H., Sultana, S., & Khan, R. A. (2021). Brain targeted 
polysorbate-80 Coated Plga thymoquinone nanoparticles for the 
treatment of Alzheimer’s disease, with biomechanistic insights. 
Journal of Drug Delivery Science And Technology, 61, 102214. 
https:/​/doi.or​g/10.10​16/J.​Jddst.2020.102214

26.	 Adams, R. P. (2007). Identification of essential oil components 
by gas chromatography/mass spectrometry, 4th ed, Biochemical 
Systematics and Ecology. Allured Publ.

27.	 El-Sayed, A. M. (2021). The Pherobase: Database of pheromones 
and semiochemicals. https://www.pherobase.com/. Accessed 21 
Aug 2025.

28.	 Santos, J. A. A., Cavalcante, V. P., Rangel, L. S., Leite, J. C. V. A., 
& Faria, R. X. (2017). A new technique using low volumes: a new 
technique to assess the molluscicidal activity using low volumes. 
Evidence-Based Complementary and Alternative Medicine, 2017, 
pp3673197. https:/​/doi.or​g/10.11​55/20​17/3673197

29.	 McCullough, F. S., Gayral, P., Duncan, J., & Christie, J. D. 
(1980). Molluskicides in schistosomiasis control. Bulletin of the 
World Health Organization, 58(5), 681–689.

30.	 Silva, Y. R. R., Silva, L. D., Rocha, T. L., Santos, D. B. D., 
Bezerra, J. C. B., et al. (2020). Molluscicidal activity of Persea 
americana Mill. (Lauraceae) stem bark ethanolic extract against 
the snail Biomphalaria glabrata (Say, 1818): a novel plant-
derived molluscicide (p. 92). Anais Da Academia Brasileira de 
Ciências. https:/​/doi.or​g/10.15​90/00​01-3765202020200715

https://doi.org/10.1186/s13071-021-04587-8
https://doi.org/10.1186/s13071-021-04587-8
https://doi.org/10.1556/1886.2024.00013
https://doi.org/10.1556/1886.2024.00013
https://doi.org/10.3390/ph18030318
https://doi.org/10.4269/ajtmh.18-0302
https://doi.org/10.4269/ajtmh.18-0302
https://doi.org/10.1371/journal.ppat.1011498
https://doi.org/10.1371/journal.ppat.1011498
https://doi.org/10.1371/journal.pone.0243224
https://doi.org/10.1371/journal.pone.0243224
https://www.who.int/news-room/fact-sheets/detail/schistosomiasis
https://www.who.int/news-room/fact-sheets/detail/schistosomiasis
https://doi.org/10.1007/s00436-021-07288-4
https://doi.org/10.1186/s13071-022-05227-5
https://doi.org/10.1186/s13071-022-05227-5
https://doi.org/10.1039/d0nj03314f
https://doi.org/10.1039/d0nj03314f
https://doi.org/10.3389/fpls.2023.1319666
https://doi.org/10.1590/1519-6984.266526
https://doi.org/10.1590/1519-6984.266526
https://doi.org/10.1134/S1990519X24700202/FIGURES/1
https://doi.org/10.1134/S1990519X24700202/FIGURES/1
https://doi.org/10.3389/fphar.2022.820806
https://doi.org/10.3389/fphar.2022.820806
https://doi.org/10.1093/JME/TJAD151
https://doi.org/10.1093/JME/TJAD151
https://doi.org/10.1016/j.onano.2022.100066
https://doi.org/10.1016/j.onano.2022.100066
https://doi.org/10.1021/acs.langmuir.5c02340
https://doi.org/10.1016/j.cis.2022.102685
https://doi.org/10.1016/j.cis.2022.102685
https://doi.org/10.3390/agriculture16080882
https://doi.org/10.1039/C2SM06903B
https://doi.org/10.3389/fsufs.2018.00079
https://doi.org/10.3389/fsufs.2018.00079
https://doi.org/10.3389/fsufs.2018.00079
https://doi.org/10.3389/fsufs.2018.00079
https://doi.org/10.3390/Ma14123197
https://doi.org/10.1016/J.Jddst.2020.102214
https://www.pherobase.com/
https://doi.org/10.1155/2017/3673197
https://doi.org/10.1590/0001-3765202020200715


1 3

450  Page 14 of 14 BioNanoScience (2026) 16:450

31.	 Iwuozor Kingsley Ogemdi. (2019). Properties and Uses of Col-
loids: A Review. Colloid and Surface Science, 4(2), 24–28. https:/​
/doi.or​g/10.11​648/j​.css.20190402.12

32.	 Ibáñez, M. D., & Blázquez, M. A. (2021). Curcuma longa L. 
Rhizome Essential Oil from Extraction to Its Agri-Food Applica-
tions. A Review Plants, 10(1), 44. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​3​3​9​0​/​p​l​a​n​t​s​1​
0​0​1​0​0​4​4​​​​​​​

33.	 Knoch, H., Ulbrich, M. H., Mittag, J. J., Buske, J., Garidel, P., 
& Heerklotz, H. (2021). Complex Micellization Behavior of the 
Polysorbates Tween 20 and Tween 80. Molecular Pharmaceutics, 
18(8), 3147–3157. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​2​1​/​a​c​s​.​m​o​l​p​h​a​r​m​a​c​e​u​t​.​1​c​
0​0​4​0​6​​​​​​​

34.	 Kozuch, B., Weber, J., Buske, J., Mäder, K., Garidel, P., & Died-
erichs, T. (2023). Comparative Stability Study of Polysorbate 20 
and Polysorbate 80 Related to Oxidative Degradation. Pharma-
ceutics, 15(9), 2332. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​3​3​9​0​/​p​h​a​r​m​a​c​e​u​t​i​c​s​1​5​0​9​2​
3​3​2​​​​​​​

35.	 McClements, D. J. (2012). Nanoemulsions versus microemul-
sions: terminology, differences, and similarities. Soft Matter, 
8(6), 1719–1729. https:/​/doi.or​g/10.10​39/c2​sm06903b

36.	 Debraj, D., Carpenter, J., & Vatti, A. K. (2023). Understanding 
the Effect of the Oil-to-Surfactant Ratio on Eugenol Oil-in-Water 
Nanoemulsions Using Experimental and Molecular Dynamics 
Investigations. Industrial & Engineering Chemistry Research, 
62(41), 16766–16776. https:/​/doi.or​g/10.10​21/ac​s.iecr.3c02345

37.	 Mushtaq, A., Wani, S. M., Malik, A. R., Gull, A., Ramniwas, S., 
et al. (2023). Recent insights into Nanoemulsions: Their prepa-
ration, properties and applications. Food Chemistry, 18, 10068. 
https:/​/doi.or​g/10.10​16/j.​fochx.2023.100684

38.	 Oca-Ávalos, J. M. M., Candal, R. J., & Herrera, M. L. (2017). 
Nanoemulsions: stability and physical properties. Current 

Opinion in Food Science, 16, 1–6. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​g​/​1​0​.​1​0​1​6​/​j​.​c​o​f​s​.​
2​0​1​7​.​0​6​.​0​0​3​​​​​​​

39.	 Zhang, H., Wang, F., Ratke, L., & Nestler, B. (2024). Brownian 
motion of droplets induced by thermal noise. Physical Review 
E. https:/​/doi.or​g/10.11​03/Ph​ysRevE.109.024208. 109(2 – 1), 
024208.

40.	 Da Silva Filho, C. R. M., De Souza, A. G., Da Conceição, M. M., 
Da Silva, T. G., Silva, T. M. S., & Ribeiro, A. P. L. (2009). Aval-
iação da bioatividade dos extratos de cúrcuma (Curcuma longa 
L., Zingiberaceae) em Artemia salina e Biomphalaria glabrata. 
Revista Brasileira de Farmacognosia, 19, 919–923. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​o​​r​
g​/​1​0​.​1​5​9​0​/​S​0​1​0​2​-​6​9​5​X​2​0​0​9​0​0​0​6​0​0​0​2​2​​​​​​​

41.	 Ali, A., Wang, Y. H., & Khan, I. A. (2015). Larvicidal And Biting 
Deterrent Activity Of Essential Oils Of Curcuma Longa, Ar-Tur-
merone, And Curcuminoids Against Aedes Aegypti And Anoph-
eles Quadrimaculatus (Culicidae: Diptera). Journal of Medical 
Entomology, 52(5), 979–986. https:/​/doi.or​g/10.10​93/Jm​e/Tjv07

42.	 Lee, H. S., Shin, W. K., Song, C., Cho, K. Y., & Ahn, Y. J. (2001). 
Insecticidal activities of Ar-turmerone identified in curcuma 
longa rhizome against nilaparvata lugens (Homoptera: Delphaci-
dae) and Plutella Xylostella (Lepidoptera: Yponomeutidae). Jour-
nal of Asia-Pacific Entomology, 4(2), 181–185. ​h​t​t​​​​p​​s​:​​/​​/​d​​o​i​​​.​o​r​g​/​1​0​
.​1​0​1​6​/​S​1​2​2​6​-​8​6​1​5​(​0​8​)​6​0​1​2​1​-​1​​​​​​​

43.	 WHO. (1983). Report of the scientific working group on plant 
molluscicides.

Publisher’s Note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

https://doi.org/10.11648/j.css.20190402.12
https://doi.org/10.11648/j.css.20190402.12
https://doi.org/10.3390/plants10010044
https://doi.org/10.3390/plants10010044
https://doi.org/10.1021/acs.molpharmaceut.1c00406
https://doi.org/10.1021/acs.molpharmaceut.1c00406
https://doi.org/10.3390/pharmaceutics15092332
https://doi.org/10.3390/pharmaceutics15092332
https://doi.org/10.1039/c2sm06903b
https://doi.org/10.1021/acs.iecr.3c02345
https://doi.org/10.1016/j.fochx.2023.100684
https://doi.org/10.1016/j.cofs.2017.06.003
https://doi.org/10.1016/j.cofs.2017.06.003
https://doi.org/10.1103/PhysRevE.109.024208
https://doi.org/10.1590/S0102-695X2009000600022
https://doi.org/10.1590/S0102-695X2009000600022
https://doi.org/10.1093/Jme/Tjv07
https://doi.org/10.1016/S1226-8615(08)60121-1
https://doi.org/10.1016/S1226-8615(08)60121-1

	﻿Molluscicide Effects of ﻿Curcuma longa﻿ L. Essential Oil Nanoemulsions on ﻿Biomphalaria glabrata﻿
	﻿Abstract
	﻿1﻿ ﻿Introduction
	﻿2﻿ ﻿Methodology
	﻿2.1﻿ ﻿Plant Material
	﻿2.2﻿ ﻿Essential Oil Extraction
	﻿2.3﻿ ﻿Essential Oil Characterization
	﻿2.4﻿ ﻿Nanoemulsion Preparation
	﻿﻿2.5﻿ ﻿Nanoemulsion Characterization
	﻿2.6﻿ ﻿Nanoemulsion Stability
	﻿2.7﻿ ﻿Molluscicidal Activity Assay

	﻿3﻿ ﻿Results
	﻿3.1﻿ ﻿Essential Oil Extraction and Characterization
	﻿3.2﻿ ﻿Nanoemulsion Formulation and Characterization
	﻿3.3﻿ ﻿Nanoemulsion Thermal Stability
	﻿3.4﻿ ﻿Molluscicidal Activity Assay

	﻿4﻿ ﻿Discussion
	﻿5﻿ ﻿Conclusion
	﻿References


