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Abstract: Nanotechnology presents promising opportunities for enhancing pest management strate-
gies, particularly in protecting active ingredients to prolong their shelf life and effectiveness. Among
different approaches, the combination of inorganic nanoparticles with active ingredients such as
the main constituents of natural essential oils in one nanoarchitecture is challenging. In this study,
hydrophobic calcium hydroxide nanoparticles coated with oleylamime [Ca(OH)2@OAm NPs] were
synthesized using microwave-assisted synthesis. These primary NPs were physicochemically charac-
terized and subsequently utilized to prepare nanocapsules (NCs) either alone (Ca NCs) and/or in
combination with geraniol at different ratios of Ca(OH)2@OAm NPs and geraniol, i.e. 1:1 (CaGer1
NCs), 1:2 (CaGer2 NCs), and 1:3 (CaGer3 NCs), respectively. Among the formulations, the CaGer2
NCs demonstrated higher encapsulation efficiency (EE) and loading capacity (LC) of 95% and 20%,
correspondingly. They exhibited a hydrodynamic size of 306 nm, a ζ-potential of −35 mV, and a
monodisperse distribution. Release kinetics of geraniol from CaGer2 NCs indicated a pH-dependent
slow release over 96 h at both 25 ◦C and 35 ◦C. In vitro antifungal assay against B. cinerea revealed a
concentration-dependent activity, and the EC50 values for Ca(OH)2@OAm NPs, Ca NCs, and CaGer2
NCs were estimated to be 654 µg/mL, 395 µg/mL, and 507 µg/mL, respectively. These results
underscore the potential of Ca-based nanoformulations to control plant pathogens, suggesting that
while Ca NCs showcase potent antifungal attributes, the different architectures/structures play a
critical role in the antifungal effectiveness of the nanoformulations that have to be explored further.

Keywords: calcium hydroxide nanoparticles; inorganic nanoparticles; nano-delivery systems; antifungal
efficacy; Botrytis cinerea; pH-responsive delivery

1. Introduction

The European Commission has set plant health very high on the political agenda since
it is fundamental to our well-being and the environment. Plant pests can impact plant
health causing serious economic and environmental effects. Therefore, plant protection
from pests and diseases is of high priority in the European Union (EU). Since the 1940s,
synthetic plant protection chemicals have substantially improved food production [1].
Synthetic fungicides, especially those targeting notorious pathogens like Botrytis cinerea
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(B. cinerea), have been the frontline defense against fungal diseases [2]. However, the
vast majority of these pesticides end up affecting non-target plants while culminating
in significant environmental degradation and elevated health risks [1,3]. The resulting
environmental and health implications highlight an urgent need for alternative, eco-friendly
crop protection strategies.

Nanomaterials, with their versatile applications, offer novel solutions to this alarming
situation [4]. Engineered inorganic nanoparticles (EINPs) provide substantial potential in
plant protection. Their unique physicochemical characteristics facilitate effective fungal
control and improve soil nutrient availability, while under specific nanoarchitectures, they
enable the controlled release of antifungal agents [5,6]. EINPs have been observed to
disrupt fungal cellular structures, inhibiting growth and ensuring the targeted delivery of
antifungal agents [6]. However, with the progress of nanotechnology, advanced inorganic-
based nanostructures have been developed with potential multifunctional properties that
depend on their single counterparts. In that vein, and among different strategies for
alternative plant protection agents, a promising pathway is the up-regulation of EINPs with
natural active ingredients such as essential oils (EOs) or their constituents. Among them,
geraniol, a monoterpene alcohol, is prominent. This highly hydrophobic natural product,
derived from aromatic plants, is prevalent in various EOs. Due to its potent antimicrobial
activity, geraniol has garnered research interest [7,8] and commercial products have already
emerged in the market as plant protection products [9,10]. However, agents like geraniol
are inherently unstable and volatile, which can hinder their efficacy [11]. An innovative
approach within this domain is encapsulating EOs with EINPs. Encapsulation protects
the active components of EOs, ensures their controlled release, and enhances delivery
precision [11,12].

Thus, recent studies emphasize the synergistic potential of inorganic-based nanocap-
sules (NCs) and EOs in fighting plant pathogens. NCs formulated with Zataria multiflora
and zinc oxide nanoparticles (ZnO NPs) demonstrated up to 66.33% increased efficacy
against various Fusarium isolates and A. solani [13,14]. In studies with B. cinerea, pure
geraniol and nanoemulsions containing geraniol showed EC50 values of 235 µg/mL and
105 µg/mL, respectively [15]. Furthermore, NCs integrating ZnO nanorods and geraniol
effectively controlled B. cinerea without inducing phytotoxic effects in tomato and cucumber
plants [9]. These results underline the significant role of NCs in enhancing essential oil
efficiency against plant diseases.

Calcium (Ca) is an essential secondary nutrient that plays a crucial role in plant vi-
tality [16]. Beyond its direct nutritional aspects, Ca is commonly applied in agriculture
as a fertilizer and soil amendment [17,18]. This dual function of Ca-based compounds
opens avenues for their potential fungicidal use while simultaneously enhancing cell
wall fortification protection [19]. Notably, the European Food Safety Authority (EFSA)
recently approved the use of calcium hydroxide [Ca(OH)2] as a fungicide across various
crops [20]. Calcium hydroxide nanoparticles [Ca(OH)2 NPs] distinguish among the array
of EINPs through their unique physical and chemical attributes, such as biocompatibility,
non-toxicity, synthesis simplicity, and environmental compatibility [21]. The importance
of Ca(OH)2 NPs has been recognized in the past two decades, particularly in cultural
heritage preservation [21] and dentistry [22]. Calcium-based nanoparticles (Ca-based NPs)
are emerging as antibacterial candidates against a range of human pathogens, both Gram-
negative (e.g., Escherichia coli, Pseudomonas aeruginosa) and Gram-positive (e.g., Bacillus
subtilis, Streptococcus aureus) [23]. In the agricultural field, lime-based materials such as
limestone (CaCO3) and hydrated lime [Ca(OH)2] are generally considered benign and bene-
ficial when used to improve the soil pH, while each material exhibits diverse pH values and
demonstrates a variety of functions. Also, Ca-based NPs have shown efficacy as nemati-
cides against Meloidogyne incognita and Meloidogyne javanica as pH adjusters [24]. However,
plant protection utilizing Ca-based nanoparticles (NPs) has received relatively less attention,
despite their potential to be regarded as time-honored agents for phytoprotection.
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Based on our previous efforts [9,25], in the present study, different nanoarchitectures
were synthesized, characterized, and in vitro tested against B. cinerea. Initially, a microwave-
assisted synthesis was applied to form relatively small hydrophobic nanoparticles of
calcium hydroxide coated with oleylamine [Ca(OH)2@OAm NPs]. These primary NPs
were up-regulated to calcium-based nanocapsules (Ca-based NCs); (i) solely (Ca NCs) and
(ii) in the presence of geraniol at varying ratios (1:1 for CaGer1, 1:2 for CaGer2, and 1:3
for CaGer3 NCs, respectively) in an attempt to optimize the most efficient formulation.
The biodegradable and biocompatible surfactant, sodium dodecyl sulfate (SDS) was used
as an emulsifier in all NCs. Comprehensive physicochemical analysis of both primary
as-synthesized Ca(OH)2@OAm NPs and the subsequent Ca-based NCs was undertaken
using a range of techniques. Moreover, the influence of pH and kinetic analysis was
explored for the case of CaGer2 NCs based on different models (first-order, Higuchi, and
Korsmeyer–Peppas) at two different temperatures (25 ◦C and 35 ◦C) to assess the stability
and release behavior of geraniol. An in vitro antifungal evaluation against B. cinerea was
followed for the primary NPs and the secondary structures of NCs to test their efficacy
against the well-known phytopathogen.

2. Results and Discussion
2.1. Physicochemical Characterization of Ca(OH)2@OAm NPs

An X-ray diffractogram of the Ca(OH)2@OAm NPs is presented in Figure 1, revealing
a hexagonal Ca(OH)2 in the portlandite phase (JCPDS pdf card #72-0156) [26]. Promi-
nent peaks in the diffraction pattern are evident at angles (2θ) of 18.2◦, 28.9◦, and 34.4◦,
corresponding to (001), (100), and (011) reflections, respectively. These well-defined and
pronounced diffraction peaks indicate a highly crystalline nature of the material. Utilizing
the Scherrer formula based on the (011) plane, the crystalline size was determined to be
27 nm. This size is notably smaller than that observed for tannic acid-coated and PEGylated
Ca(OH)2@PEG NPs, which measured 50 nm and 40 nm, respectively [24,27]. The smaller
crystalline size of the Ca(OH)2@OAm NPs could be substantial in applications due to
the increased surface area, enhanced diffusion, improved stability, and greater reactivity
that it can provide. The crystallinity of the Ca(OH)2@OAm NPs was established at 81.7%.
Such distinct crystallinity suggests the potential suitability of the current NPs for applica-
tions that demand superior mechanical properties, particularly those requiring increased
strength and density [28].
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Figure 1. X-ray diffraction (XRD) of Ca(OH)2@OAm NPs synthesized with the microwave-assisted
process.

Functional groups present in the Ca(OH)2@OAm NPs were evaluated with FT-IR
spectroscopy, as depicted in Figure S1. The FT-IR spectrum exhibits prominent bands that
correspond to diverse functional groups in the sample. A prominent and intense peak at
3642 cm−1 signifies the stretching mode of the –OH group, corroborating the presence of
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Ca(OH)2 [24,29]. The observed peaks at 2922 cm−1 and 2853 cm−1 can be assigned to the
asymmetric and symmetric stretching vibrations of CH2 groups, respectively, indicative of
the characteristic OAm surfactant [9]. Additionally, the peak at 3347 cm−1 corresponds to
the stretching vibration of N–H bonds, while the peaks at 1608 cm−1 and 1452 cm−1 are
attributed to NH2 bending and C–H bending vibrations, respectively [30,31]. The peak
observed at 430 cm−1 corresponds to the characteristic Ca–O stretching vibration band,
confirming the formation of Ca(OH)2 particles [24,32].

The TEM analysis of Ca(OH)2@OAm NPs helped to visualize their morphology.
Figure 2 presents a TEM image of the NPs, showcasing particles with a hexagonal shape
and an edge size in the range of a few hundred nanometers. Despite their thorough
washing, the structures appear to be surrounded by an organic coating on their surface,
which is associated with the use of OAm as a ligand. The observed structures exhibit a
platelet-like morphology. The small thickness is indicated by the light contrast in the TEM
images. OAm as a ligand favored this particle morphology by acting as a growth modifier.
A partial tendency for agglomeration between the distinct nanoplates was noticed for the
depicted Ca(OH)2@OAm NPs.
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Figure 2. Transmission electron microscope (TEM) image of hexagonal Ca(OH)2@OAm NPs at a
scale of 200 nm (inset: scale at 100 nm).

A thermal stability study of Ca(OH)2@OAm NPs was performed using TGA over
the temperature range of 25 to 850 ◦C. An examination of the Ca(OH)2@OAm NPs curve
delineates three distinct stages of weight loss, as illustrated in Figure 3. The first weight loss
step, accounting for approximately 8% w/w, occurs up to 120 ◦C and corresponds to the
evaporation of physically adsorbed water molecules and/or loosely bound hydroxyl groups
from the particle surface [33,34]. A subsequent 8% w/w decrement, materializing near
300 ◦C, results from the thermal decomposition of the OAm ligand [35]. OAm, commonly
used as a surface-capping agent in metal oxide NP synthesis, decomposes upon heating,
leading to the generation of volatile products such as ammonia, alkenes, and alkanes.
This OAm detachment reflects the interplay of non-covalent interactions (hydrogen bonds
and/or van der Waals forces) onto the particle surface, whereas the attrition at escalated
temperatures signifies the disruption of covalent bonds [36]. The final weight loss step
(15% w/w) takes place around 500 ◦C and is concurrent with the emergence of calcium
oxide (CaO) within a 400–460 ◦C interval [32], notwithstanding the potential ongoing OAm
ligand decomposition. Additionally, the DTG plot indicates a positive peak, validating the
occurrence of the endothermic reaction in the conversion of Ca(OH)2 into CaO, which is
concomitant with the removal of water.
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Figure 3. Thermogravimetric analysis (TGA) and derivative thermogravimetric (DTG) of the
Ca(OH)2@OAm NPs are presented with blue and red line, respectively.

UV-Vis spectroscopy was used to investigate the optical properties of Ca(OH)2@OAm
NPs. A solution containing dispersed Ca(OH)2@OAm NPs in an ethanol/water (1:2)
mixture was utilized to explore their absorption properties within the wavelength range of
210−600 nm. This choice of solvent offered high colloidal ability. The absorption spectrum
(Figure S2A) of the NPs displayed two distinct absorbance bands observed at approximately
234 and 270 nm, corresponding to electronic transitions within the material. Additionally, a
peak at 225 nm was observed, which is attributed to the presence of crystallized OAm. It
is important to note that the cutoff wavelengths for water and ethyl alcohol are 190 and
210 nm, respectively. The absence of a shoulder in the absorption spectra indicates that
the Ca(OH)2@OAm NPs possess a direct band gap energy, signifying transitions from
the valence band to the conduction band. Furthermore, the calculated band gap of the
Ca(OH)2@OAm NPs, determined from the Tauc plot (Figure S2B), was approximately 4 eV.
This value is lower than the band gap of the naked Ca(OH)2 NPs with a similar crystallite
size (25 nm) at 5.20 eV, indicating a blue shift, in agreement with previous reports [29,32].
Generally, a larger band gap energy corresponds to higher electrical resistance and lower
optical absorption, whereas a smaller band gap energy indicates an opposite trend.

Investigation into the physical properties of Ca(OH)2@OAm NPs focused on deter-
mining the average particle size and ζ-potential value. The results revealed a mean particle
size of 221 ± 0.4 nm (Figure S3A), indicating the size distribution of these NPs. Further-
more, ζ-potential assessments showed a value of +6.45 ± 0.85 mV (Figure S3B), suggesting
a slight positive charge on the surface of particles. It is pertinent to highlight that ag-
glomeration of NPs might transpire, owing to multiple factors such as weak inter-particle
interactions, electrostatic attraction, and van der Waals forces, potentially culminating in
particle clustering.

2.2. Physicochemical Characterization of Calcium-Based Nanocapsules

The emulsifier SDS was used in all NC formations at critical micelle concentration
(CMC, 19.5 mM). SDS, which is an anionic surfactant commonly used in a variety of
industrial and laboratory applications, plays a pivotal role in NC preparation by stabilizing
emulsions, preventing particle aggregation, and controlling the release of encapsulated
substances [37,38]. The evaluation of NC formulations for the smart delivery of bioactive
agents in various bio-applications relies on parameters such as EE% and LC%. In the current
study, the EE% and LC% of the three Ca-based NCs (CaGer1 NCs, CaGer2 NCs, and CaGer3
NCs) exhibited variations. EE% values were 43%, 95%, and 80% for CaGer1 NCs, CaGer2
NCs, and CaGer3 NCs, respectively. Conversely, the LC% values were 5%, 20%, and
24% for CaGer1 NCs, CaGer2 NCs, and CaGer3 NCs, correspondingly. The successful
encapsulation and higher geraniol content compared with NCs combining ZnO@OAm
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nanorods and geraniol (ZnOGer NCs) with the SDS stabilizer [9] may be attributed to the
hydroxyl donors from Ca(OH)2 that interact with the geraniol molecule, which contains
a free –OH group [39]. This interaction allows for enhanced loading and encapsulation
efficiency of geraniol in the CaGer NCs.

DLS measurements were conducted to assess the hydrodynamic size and ζ-potential
of the NCs. The DLS analysis demonstrated that the hydrodynamic sizes of the NCs were
280 ± 2.3 nm (PDI = 0.328), 351 ± 1.1 nm (PDI = 0.064), and 306 ± 2.3 nm (PDI = 0.161) for
Ca NCs (Figure S4A), CaGer1 NCs (Figure S4B), and CaGer2 NCs (Figure S4C), respectively.
The hydrodynamic sizes are close, and size monodispersity is observed except for CaGer3
NCs, which displayed a polydisperse nature characterized by a multiple-size distribution
by intensity, as shown by the presence of three distinct peaks and a relatively higher
PDI rate of 0.423 (Figure S3D). This observation can be attributed to geraniol diffusion
from the core of the NCs. The increase in the molecular weight and volume of geraniol
necessitates the reorientation of polymeric chains, resulting in a less uniform particle size
distribution in the CaGer3 NCs formulation. Regarding the ζ-potential, all formulations
displayed negative values, with ζ-potential rates of −35.25 ± 0.57 mV for CaGer1 NCs,
−35.40 ± 0.74 mV for CaGer2 NCs, and −41.3 ± 0.52 mV for CaGer3 NCs, respectively.
The physicochemical characteristics of CaGer NCs are summarized in Table 1.

Table 1. Physicochemical characteristics of the calcium-based nanocapsules (Ca-based NCs).

Nano-
Formulations

Mass Ratio
NPs/Geraniol

Encapsulation
Efficacy (%)

Loading
Capacity (%) DLS (d.nm) PDI ζ-Potential

(mV)

CaGer1 NCs 1:1 43 5 351 ± 1.1 0.064 −35.2 ± 0.57
CaGer2 NCs 1:2 95 20 306 ± 2.3 0.161 −35.4 ± 0.74
CaGer3 NCs 1:3 80 24 382 ± 1.1 0.423 −41.3 ± 0.52

2.3. pH-Dependent Release Profiles and Kinetic Analysis of CaGer2 Nanocapsules

Plant growth is influenced by various environmental factors, including temperature
and pH conditions, which play a crucial role in plant physiology and agricultural appli-
cations. Generally, pesticides can be degraded in soil, and the rate and type of chemical
degradation are influenced by soil temperature, pH levels, moisture, and the binding of
insecticides to the soil [40]. The pH of the surrounding environment can affect the release
of entrapped ingredients [41] for several reasons: (i) the pH-dependent release behavior
provides valuable insights into the potential of the NCs as pH-responsive delivery sys-
tems, (ii) changes in pH can alter the electrostatic interactions between the components
of the NCs, leading to structural changes or disintegration of the capsules, and (iii) pH
can affect the chemical properties of the environment surrounding the NCs. Additionally,
temperature can modulate the release of geraniol from the NCs, with high temperatures
generally resulting in a higher release rate compared with lower temperatures [9,15]. This
can be attributed to the effects of temperature on the molecular mobility and diffusion
properties of the encapsulated geraniol and the NC system. Higher temperatures increase
the kinetic energy of the molecules, promoting faster diffusion and release of geraniol from
the NCs. Temperature can also affect the solubility of geraniol and the interactions between
geraniol and the NC matrix. Furthermore, it can impact the stability and integrity of the
NCs, as higher temperatures may induce changes in the structure and properties of the
NCs, leading to increased porosity or destabilization.

We investigated the effect of pH (values at 9.2, 7.2, and 5.2) on the release kinetics of
geraniol from CaGer2 NCs at different temperatures of 25 ◦C and 35 ◦C due to their higher
colloidal stability, lower hydrodynamic size, and EE% value than CaGer1 NCs and CaGer3
NCs. For the release mechanism of geraniol, the release data were fitted to various kinetic
models, and the regression coefficients were analyzed (Tables S1 and S2). The geraniol
release profile of CaGer2 NCs at 25 ◦C exhibited cumulative release percentages (Q4h%) of
7%, 16%, and 20% for pH values of 9.2, 7.2, and 5.2, respectively (Figure 4A). The first-order
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model demonstrated a slow-release trend (Figure 4B) with an R2 value of 0.965 at pH
9.2. Interestingly, the burst release rate at pH 7.2 in PBS media (Q4h% = 36%) was lower
compared with ZnOGer2 NCs [9] and native geraniol (Q4h% = 55%) [15], resulting in an
overall Q96h% of 36% lower than that of ZnO-based NCs. The Higuchi model confirmed
a diffusion mechanism release (Figure 4C), as evidenced by decreasing R2 values (0.965,
0.949, and 0.914) and KH values (6.43, 5.69, and 5.54) as pH decreased from 9.2 to 5.2.
Moreover, the evaluation of the Korsmeyer–Peppas model revealed a normal Fickian
diffusion mechanism for geraniol release from CaGer2 NCs in solutions with pH 7.2 and
5.2 (Figure 4D). However, a non-Fickian mechanism (anomalous diffusion) was observed
at the highest pH (pH = 9.2), characterized by an exponent (n) greater than 0.45, which
exhibited the best fit with the experimental data and system dimension [42].
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Figure 4. The pH-dependent release profiles of CaGer2 NCs were investigated under various pH
conditions (pH = 9.2, 7.2, and 5.2) at a temperature of 25 ± 0.5 ◦C to simulate environmental
conditions. The release profiles of geraniol were analyzed using four kinetic models: zero-order (A),
first-order (B), Higuchi (C), and Korsmeyer–Peppas (D).

Both diffusion processes and macromolecule relaxation influenced the release process,
with solvent diffusion and polymer relaxation transpiring at analogous rates. This trig-
gered/delayed release phenomenon was particularly noticeable under alkaline conditions,
resulting in consecutive release profiles over an extended period. Solvent diffusion pro-
ceeded at a markedly slower pace compared to micellar relaxation (evidenced by swelling
and/or core erosion). The samples displayed an initial burst release followed by a slower
continuous drug release over 96 h, indicating an immediate release trend [43]. Also, the pH
values in the media affected the size distribution of CaGer2 NCs, as presented in Table S3,
with 312 nm (PDI = 0.106) at pH 9.2 and 287 nm (PDI = 0.183) at pH 5.2.

The observed variations in release profiles can be attributed to the architectural dif-
ferences among the nanosystems, as reported in previous studies where NCs with ZnO
nanorods and geraniol [9] and geraniol-loaded nanoparticles prepared with the polymer
Pluronic® F-127 [44] demonstrated sustained release over 24 h.
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The kinetic profiles of geraniol release from CaGer2 NCs at a higher temperature
(35 ± 0.5 ◦C) revealed cumulative release percentages (Q4h%) of 24%, 30%, and 22% at pH
values of 9.2, 7.2, and 5.2, respectively (Figure 5A). A noticeable initial burst release of
geraniol from the micelles was observed at pH 5.2 and a temperature of 35 ◦C. The release
rate of geraniol was slightly slower (Q4h% = 30%) at neutral pH compared with ZnOGer2
NCs [9]. The observed burst release of geraniol (at pH 5.2 and 35 ◦C) can lead to several
potential impacts including faster drug delivery. Burst release can result in rapid delivery
of the encapsulated drug/geraniol, which could be beneficial in certain applications where
rapid drug action is required. Using the first-order model for NCs at pH 5.2 (Figure 5B)
revealed a higher R2 value (R2 = 0.953), suggesting a more robust correlation among the
variables and a superior data fit to the linear model than was observed at other pH levels
(Table S2). Subsequent analysis of geraniol release over time utilized the Higuchi model
(Figure 5C), where elevated KH values signified a more rapid release rate (KH = 7.24 at
pH 5.2) compared with other conditions. Therefore, based on the obtained KH values, it
can be inferred that the release of geraniol from the NCs followed the Higuchi model for
all samples. The Korsmeyer–Peppas model (Figure 5D) revealed a non-Fickian diffusion
release of geraniol from CaGer2 NCs at pH 5.2 (n > 0.45), while a normal Fickian diffusion
behavior was observed for the other two cases. Non-Fickian diffusion generally involves
a combination of diffusion and other release mechanisms such as swelling, erosion, or
polymer relaxation [45]. Hence, the primary mechanism of release from the micelles is
considered to be drug diffusion. These measurements highlight the influence of pH on the
stability and release behavior of geraniol, providing valuable insights for optimizing the
formulation for effective plant protection.
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Figure 5. The pH-dependent release profiles of CaGer2 NCs were studied under various pH condi-
tions (pH = 9.2, 7.2, and 5.2) at a temperature of 35 ± 0.5 ◦C to simulate environmental conditions. The
release profiles of geraniol were processed using four kinetic models: zero-order (A), first-order (B),
Higuchi (C), and Korsmeyer–Peppas (D).
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After all, differentiations of the release profile of geraniol from pH and temperature
may be considered as a limitation for further application. However, it is important to note
that when acute treatment is needed, burst release can be potentially beneficial as rapid
depletion of the drug occurs, while sustained release could be favorable in the case of early
stages of affection and/or for preventive purposes.

2.4. In vitro Evaluation of Antifungal Activity of Ca-Based NPs and NCs

A preliminary estimation of the antifungal activity against B. cinerea of the Ca-based
nanoformulations was undertaken. The efficacy of the primary Ca(OH)2@OAm NPs and
the Ca-based NCs: Ca NCs and CaGer2 NCs, were evaluated in vitro against B. cinerea by
measuring their respective EC50 values. The determined EC50 values for Ca(OH)2@OAm
NPs, Ca NCs, and CaGer2 NCs against this pathogen were 654 µg/mL, 395 µg/mL, and
507 µg/mL, respectively, after 96 h (Table 2). The dose–response curves (Figure S5) and
mycelium growth in Petri discs (Figure 6) for each case are presented. Interestingly, Ca
NCs exhibited higher antifungal efficacy compared with CaGer2 NCs and Ca(OH)2@OAm
NPs. Nevertheless, lower EC50 values were found before by us in the case of pure geraniol
and nanoemulsions containing geraniol against B. cinerea [15]. Moreover, NCs composed of
ZnO and geraniol in molar ratios of 1:1 and 1:2 exhibited EC50 values of 176 µg/mL and
150 µg/mL against B. cinerea, respectively [9]. However, a straightforward correlation is not
accurate due to the distinct metal base, indicating also that the derived nanostructures can
exhibit properties not observed for any of the individual components.
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Table 2. Half-maximal effective concentration (EC50 values) after the application of the Ca-based
nanoformulations to Botrytis cinerea.

Treatments EC50 Values (µg/mL) ± SDV

Ca(OH)2@OAm NPs 654 ± 0.54
Ca NCs 395 ± 0.73

CaGer2 NCs 507 ± 0.75
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3. Materials and Methods
3.1. Materials

Chemicals and Reagents. All chemicals and reagents were of analytical grade and
were used without any further purification: calcium chloride (ACS, VWR Chemicals
BDH®, Darmstadt, Germany, M = 110.9 g/mol, CaCl2), oleylamine (Merck, Darmstadt,
Germany, M = 267.493 g/mol, OAm), sodium hydroxide (Merck, M = 39.997 g/mol, NaOH),
sodium dodecyl sulfate (Sigma-Aldrich, Darmstadt, Germany, ≥99%, M = 288.38 g/mol,
SDS), chloroform (VWR Chemicals BDH®, ≥99.8%, CHCl3), diethyl ether (Merck, ≥99%,
M = 74.12 g/mol), geraniol (Sigma-Aldrich, 98%, M = 154.25 g/mol, trans-3,7-Dimethyl-2,6-
octadien-1-ol), phosphate-buffered saline (Gibco by Life Technologies, Waltham, MA, USA,
pH 7.2, 10X, PBS), and potato dextrose agar (BD Difco, Franklin Lakes, NJ, USA, PDA).

3.2. Synthesis of Ca(OH)2@OAm NPs

A microwave-assisted (MW) route was used for the one-pot synthesis of Ca(OH)2@OAm
NPs: 10 mL of a 1.5 M NaOH aqueous solution was added dropwise to 0.8 g of anhydrous
CaCl2, which was then dissolved in 30 mL of OAm under vigorous stirring. This mixture
was stirred continuously at 35 ◦C for 15 min before being transferred to a Teflon vessel.
The reaction was conducted at 190 ◦C with a hold time of 30 min and a 15 min ramp time
heating step in a MARS 6-240/50-CEM commercial microwave accelerated reaction system,
operating at a maximum frequency of 2450 MHz and power of 1800 W. After the microwave
treatment, the autoclave was cooled naturally to room temperature. The resulting mixture
was centrifuged at 5000 rpm for 20 min and washed three times with chloroform (CHCl3),
to remove unnecessary impurities and precursors. The reaction yield was calculated to be
76% based on the initial amount of metal precursor used in the synthesis process and the
amount of metal actually incorporated into the NPs.

3.3. Preparation of CaGer Nanocapsules

Calcium@geraniol nanocapsules (CaGer NCs) were synthesized following a previously
established method [9]. The synthesis process involved several steps: first, 10 mg of
hydrophobic Ca(OH)2@OAm NPs were dissolved in 2 mL of diethyl ether and sonicated
for 15 min. Subsequently, pure commercial geraniol was dissolved in 1 mL of diethyl ether
and mixed with the NP solution. The resulting mixture was then added to a 30 mL solution
of deionized water (diH2O) containing sodium dodecyl sulfate (SDS) at a critical micelle
concentration (CMC) of 19.5 mM. The emulsion was formed with sonication in a closed vial
under controlled conditions (<30 ◦C). After five hours, the vial was opened, and the diethyl
ether was slowly evaporated to isolate the respective formulations of NCs: (i) CaGer1 NCs
(NPs: geraniol mass ratio of 1:1), (ii) CaGer2 NCs (NPs: geraniol mass ratio of 1:2), and
(iii) CaGer3 NCs (NPs: geraniol mass ratio of 1:3). A similar procedure was used for the
preparation of calcium hydroxide nanocapsules (Ca NCs), except that this was carried out
without adding geraniol. In all procedures, the CMC was maintained at a stable value.

3.4. Characterization Techniques

The crystalline size and structure of Ca(OH)2@OAm NPs were determined using
X-ray diffraction (XRD) analysis. XRD pattern was obtained using a two-cycle Rigaku
Ultima+ X-ray diffractometer (Rigaku Corporation, Shibuya-Ku, Tokyo, Japan) with a
Cu-Kα radiation source (1.541 Å) operating at 40 kV/30 mA. Estimation of the crystallite
size was conducted using the Scherrer formula [46]. Furthermore, the crystallinity of the
NPs was calculated following the method outlined by Khan et al. (2019) [47]:

Crystallinity (%) =
Area o f crystalline peaks

Area o f all peaks
(1)
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Fourier-transform infrared (FT-IR) spectrum of the NPs was performed with a Nico-
let iS20 FT-IR spectrometer (Thermo Fisher Scientific, Waltham, MA, USA), featuring a
monolithic diamond attenuated total reflection (ATR) crystal, in the wavenumber range of
4000–450 cm−1. TEM imaging was employed to study the morphology of the NPs using
a JEOL JEM 1200-EX (Tokyo, Japan) microscope operating at an acceleration voltage of
120 kV. Samples were prepared by placing a drop of diluted NP suspension on a carbon-
coated copper grid and air-drying at room temperature. Thermal studies were conducted
using a SETA-RAM SetSys-1200 (KEP Technologies, Caluire, France) instrument. Differen-
tial thermogravimetric (DTG) and thermogravimetric analysis (TGA) measurements were
performed under a nitrogen (N2) atmosphere with a heating rate of 10 ◦C/min. Optical
property evaluation of the NPs was conducted with a UV-Vis spectrophotometer (V-750,
Jasco, Tokyo, Japan), and the band gap energy was calculated based on Tauc’s formula
αhν = A(hν − Eg)2 [48]. Assessments of hydrodynamic size (nm), polydispersity index
(PDI), and ζ-potential (mV) for the freshly synthesized NCs and NPs were carried out using
dynamic light scattering (DLS) analysis at 25 ◦C, utilizing a Zetasizer (Nano ZS Malvern
apparatus VASCO Flex™ Particle Size Analyzer NanoQ V2.5.4.0, Malvern, UK).

3.5. Encapsulation Efficiency and Loading Capacity

Encapsulation efficiency (EE, %) and loading capacity (LC, %) for the nanosystems
were calculated to evaluate the compatibility of geraniol with, and the effectiveness of its
integration into, CaGer NCs. Evaluation of the EE and LC of geraniol was conducted based
on the methodology delineated in prior research [9]. These essential parameters indicate
the quantity of geraniol effectively incorporated into the NCs and the overall efficiency of
the encapsulation procedure.

3.6. pH-Dependent Release Profiles of Geraniol

The in vitro release profile of geraniol from CaGer NCs was assessed using a dialysis
membrane (Pur-A-Lyzer Midi 1000) at two different temperatures: (i) 25 ± 0.5 ◦C and
(ii) 35 ± 0.5 ◦C. Briefly, 1 mL of the nanoformulation was placed inside a dialysis bag,
which was then immersed in 40 mL of PBS solution with varying pH values (9.2, 7.2,
and 5.2). The entire system was kept at a constant temperature and stirring rate for 96 h.
At predetermined time intervals, 2 mL of the release media was collected and replaced
with an equal volume of fresh PBS. The concentration of released geraniol was measured
using a UV-Vis spectrophotometer. The obtained data were subjected to mathematical
modeling using various models, including zero-order, first-order, Higuchi, and Korsmeyer-
Peppas, to determine the transport mechanism, release type, and kinetics of geraniol
release [49–51]. Each experiment was performed in triplicate (n = 3) to ensure the reliability
and reproducibility of the results.

3.7. Fungal Strain and Growth Conditions

The Botrytis cinerea (B. cinerea) strain B05 used in this study was obtained from the
culture collection of the Plant Pathology Laboratory at the Aristotle University of Thes-
saloniki. The strain was maintained on potato dextrose agar (PDA) plates at 25 ◦C in a
controlled environment.

3.8. Antifungal Activity Assay

The antifungal activity of Ca(OH)2@OAm NPs, Ca NCs, and CaGer2 NCs was eval-
uated by mixing the nanoformulations with PDA media and measuring the impact on
the growth of B. cinerea. To prevent the degradation of the nanoformulations, the media
were maintained at approximately 40 ◦C during the process. Various concentrations of
Ca(OH)2@OAm NPs (100, 200, 400, 600, 800, and 1000 µg/mL) and NCs (20, 80, 200,
400, 600, 800, and 1000 µg/mL) were tested. The inhibitory effect of these concentra-
tions on mycelial growth was then assessed. The half-maximal effective concentration
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(EC50) value, which is the concentration required to inhibit 50% of mycelial growth, was
determined [52,53].

3.9. Statistical Evaluation

The EC50 values in the in vitro bioassays were determined according to a non-linear
dose-response curve and ten replicates per sample concentration using Origin Pro 8 (Data
Analysis and Graphing Software 8.0). Data in kinetic release models were calculated based
on the mean of three independent measurements with standard deviations.

4. Conclusions

The development of innovative nanoformulations for the enhanced and targeted
control of phytopathogens is challenging. Advanced, second-generation structures amplify
advantages primarily due to their unique material properties. In the pursuit of sustainable
and eco-friendly solutions for crop protection, Ca(OH)2@OAm NPs were synthesized,
which emerged as potent platforms for the encapsulation of geraniol. Remarkably, the
Ca(OH)2@OAm NPs were produced with high yields and crystallinity using a one-step and
reproducible, microwave-assisted synthesis. The primary NPs were advanced to secondary
nanostructures, Ca NPs, CaGer1 NCs, CaGer2 NCs, and CaGer3 NCs, using the emulsifier
SDS. Among these, CaGer2 NCs exhibited efficient encapsulation and loading of geraniol,
boasting an encapsulation efficiency (EE) of 95% and a loading capacity (LC) of 20%. The
release profile evaluation of CaGer2 NCs revealed that variations in pH and temperature
influence the release rate of geraniol from the NCs. Antifungal assays against B. cinerea
showed that Ca NCs demonstrated the highest inhibition in the fungal growth, with an
EC50 value of 395 µg/mL. Encapsulated Ca(OH)2@OAm NPs demonstrated enhanced
efficacy against B. cinerea compared with individual NPs. Nonetheless, the newly developed
CaGer2 NCs did not exhibit synergistic effects. Further studies are required to test these
nanoformulations on a broader spectrum of microorganisms and their potential impact on
non-target organisms in order to be deployed for in planta applications.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/inorganics11120470/s1, Figure S1: FT-IR spectrum of Ca(OH)2@OAm
NPs; Figure S2: Absorption spectra as a function of wavelength (210–600 nm) (A) and Tauc plots of
(αhν)2 vs. hν with linear relationship (B) for Ca(OH)2@OAm NPs in ethanol/water solution; Figure S3:
Hydrodynamic diameter distribution measured with DLS and ζ-potential for Ca(OH)2@OAm NPs
suspension; Figure S4: Hydrodynamic diameter distribution was measured with DLS for the super-
natant of CaGer1 NCs (A), CaGer2 NCs (B), and CaGer3 NCs (C) at 25 ◦C; Table S1: The values (R2,
KH, n) for the pH-dependent release profiles of CaGer2 NCs are determined using mathematical
models: zero-order, first-order, Higuchi, and Korsmeyer-Peppas. The measurements were performed
under 25 ◦C and different pH values (9.2, 7.2, and 5.2) in triplicate; Table S2: The values (R2, KH, n) for
the pH-dependent release profiles of CaGer2 NCs are derived using mathematical models: zero-order,
first-order, Higuchi, and Korsmeyer–Peppas. The measurements were performed under 35 ◦C and
different pH values (9.2, 7.2, and 5.2) in triplicate; Table S3: Dynamic light scattering analysis and
ζ-potential values of CaGer2 NCs at pH 5.2 and 9.2; Figure S5: Dose-response growth inhibition
curves of B. cinerea in response to varying concentrations of Ca(OH)2@OAm nanoparticles (A), Ca
nanocapsules (B), and CaGer2 nanocapsules (C). Each data point represents the mean of ten replicates
per nanoformulation concentration (2 experiments, 5 replications) 96 h after application.
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