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Abstract: Inorganic-based nanoparticle formulations of bioactive compounds are a promising na-
noscale application that allows agrochemicals to be entrapped and/or encapsulated enabling grad-
ual and targeted delivery of their active ingredients. In this context, hydrophobic ZnO@OAm nano-
rods (NRs) were firstly synthesized and characterized via physicochemical techniques and then have
been encapsulating within the biodegradable and biocompatible sodium dodecyl sulfate (SDS) ei-
ther separate (ZnO NCs) nor in combination with geraniol in the effective ratios 1:1 (ZnOGer1 NCs),
1:2 (ZnOGer2 NCs), and 1:3 (ZnOGer2 NCs), respectively. Mean hydrodynamic size, polydispersity
index (PDI), and zeta potential of the nanocapsules were determined at different pH values. The
efficiency of encapsulation (EE, %) and loading capacity (LC, %) of NCs were determined. Pharma-
cokinetics of ZnOGer1 NCs and ZnOGer2 NCs showed a sustainable-release profile of geraniol over
96 h and higher stability at 25 + 0.5 °C rather than at 35 + 0.5 °C. ZnOGerl NCs, ZnOGer2 NCs, and
ZnO NCs were evaluated in vitro against B. cinerea, and the ECso values were calculated at 176
pg/mL, 150 ug/mL, and > 500 pg/mL, respectively. Subsequently, ZnOGerl NCs and ZnOGer2 NCs
were tested by foliar application on B. cinerea-inoculated tomato and cucumber plants showing sig-
nificant reduction of the disease severity. The foliar application of both NCs resulted in more effec-
tive inhibition of the pathogen in the infected cucumber plants as compared to the treatment with
the chemical fungicide Luna Sensation SC. In contrast, tomato plants treated with ZnOGer2 NCs
demonstrated a better inhibition of the disease as compared to the treatment with ZnOGerl NCs
and Luna. In all cases non-phytotoxic effects were estimated and NCs. These results support the
potential for the use of the specific NCs as plant protection agents against B. cinerea in agriculture,
as an effective alternative to synthetic fungicides.

Keywords: zinc oxide nanorods; antifungal activity; geraniol release; plant protection; control re-
lease

1. Introduction

Botrytis cinerea (B. cinerea) is an essential necrotrophic fungal pathogen with a broad
host range. It is a worldwide fungus that causes grey mold disease with high damage in
more than 500 plant species [1]. The economic losses associated with B. cinerea are a border
in the agricultural industry, especially regarding cucumbers and tomatoes, which belong
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to the world’s most economically valuable and nutritional vegetable crops. Moreover, cu- 47
cumber is highly susceptible to necrotrophic fungal pathogens, B. cinerea being the most 48
common [2]. Tomato (Solanum lycopersicum) is the second most important crop world- 49
wide, covering 5 Mha of arable land and producing more than 180 million tons of product 50
(FAOSTAT). Additionally, Europe's estimated value of total production for 2020 was 51
more than 16.5 million euros [3]. Panno et al. (2021) lists the number of pathogens that 52
affect tomato production, and the disease caused by B. cinerea as one of the most important 53
reasons for yield reduction [4]. These losses are observed both in open field, and under 54
greenhouse conditions, where the effect of the pathogen on these hosts is even more dis- 55
astrous [5]. Synthetic compounds are used to manage plant diseases; even though they 56
frequently degrade slowly in nature, are applied in high concentrations, and need repeat 57
application [6]. The reckless use of synthetic chemical fungicides has led to the appearance 58
of resistant isolates. It has prompted searching for new and effective fungicide agents, 59
such as natural bioactive compounds. 60
The interest in biological activity of natural compounds has been growing fast, anda 61
considerably high number of applications are explored and reported in recent studies. 62
Specifically, essential oils (EOs) or their constituents exhibit intriguing antibacterial, anti- 63
fungal, insecticidal, nematicidal, repellant or antiphytoviral activity [7-9]. In plant protec- 64
tion, they are considered as promising safe means that can reduce the harmful effects of 65
synthetic chemical pesticides and commercial products have been already granted in the 66
market (EU pesticide database). Geraniol, the main constituent of many EOs, has been 67
reported to possess powerful antimicrobial, nematicidal and insecticidal properties in 68
plant disease management [7-9]. These compounds in addition to their ability for plant 69
infections control, prevent also the deterioration of ecological balance. Despite their many 70
advantages, EOs have significant drawbacks, including high cost, physical and chemical 71
instability, low water solubility, oxygen breakdown, phytotoxicity, and high vapor pres- 72
sure. Furthermore, they have organoleptic effects, which result in unappealing flavorsand 73
odors for customers in products [10]. In this case, proper formulation is needed, and nan- 74
otechnology demonstrates great promise in improving pest management strategies for 75
protecting and retaining active ingredients to extend their shelf life and effectiveness. 76
Encapsulation is an appropriate method for overcoming issues caused by the insta- 77
bility and volatility of the EOs and protecting active ingredients for improving their dis- 78
tribution and controlled release [11]. Surfactant-type molecules are required to form 79
nanocapsules (NCs). The polyions, such as sodium dodecyl sulfate (SDS), have crucial 80
role in the release of active ingredients in biological applications while they are biocom- 81
patible and biodegradable [12]. 82
The antifungal activity of inorganic-based nanoparticles as well as of EOs has been 83
evaluated against a variety of phytopathogenic fungi. Geraniol has shown beneficial an- 84
tifungal effects against Drechslera oryzae, Fusarium oxysporum, Rhizoctonia solani, Sclerotium 85
rolfsii [13], and B. cinerea [9]. Meanwhile, ZnO NPs exhibit considerable advantages over 86
inorganic oxides owing to their low cost, proven antimicrobial and antifungal activity, 87
while they are biocompatible and environmentally friendly at low concentrations [14]. Zn 88
is an essential micronutrient that enhances enzyme reactions, improves the effectiveness 89
of photosynthesis, and enhances the antioxidant system in tomato plants [15]. The US 90
Food and Drug Administration has recognized ZnO as a "generally recognized as safe 91
(GRAS)" substance [16]. A size- and shape-dependent antifungal activity are being carried 92
out. Specifically, spherical ZnO nanoparticles (crystallite size 14 nm) found to exhibit bet- 93
ter antifungal activity against Fusarium solani (reduced growth by up to 65%) than ZnO 94
platelets and ZnO hexagonal rods with length >1 um [17]. Meanwhile, the inhibitory effect 95
of pegylated ZnO@PEG Nanoflowers (40 nm) on S. sclerotiorum and B. cinerea [18] and 96
ZnO (70 + 15 nm) on Penicillium expansum [19] found moderate. Since, the antifungal ac- 97
tivity of ZnO Nanorods (ZnO NRs) is less studied. There is evidence showing that rod 98
coarser with almost needle-like sharp ends differ from spherical shapes and contribute to 99
the more significant mechanical damage of the cell membrane, thus possess enhanced an- 100
timicrobial and/or antibacterial activity [20]. 101



Plants 2023, 13, x FOR PEER REVIEW 3 of 16

Despite the antifungal study of separate ZnO NPs, nanocapsules of Zataria multiflora 102
essential oil (ZnO-ZmEO) were investigated against six isolates of Fusarium. The mycelial 103
growth inhibitory of ZnO-ZmEO was increased by 42.70% compared to the pure ZnO and 104
by 66.33% to EO [21]. This EO was also tested against A. solani and compared to both the 105
initial ZnO and the reference fungicide chlorothalonil showing NCs with the highest an- 106
tifungal effect at 53.33% [22]. However, despite these promising results, relatively little is 107
reported regarding this multifactorial matter that is consisted of the method of study the 108
NPs’ physicochemical properties: (particle size, shape, surface charge, etc.) and the fungal 109
strain that is targeted. 110

The current work aimed at preparing and characterizing hydrophilic nanocapsules, 111
that consisted of ZnO NRs either separate and/or in combination with commercial gera- 112
niol in different ratios (1:1, 1:2 and 1:3 respectively). Nanoencapsulation was assisted by 113
sodium dodecyl sulfate (SDS) surfactant to improve their suspension's stability against 114
flocculation. In this concept, hydrophobic ZnO@OAmM NRs were firstly synthesized and 115
physicochemical characterized via X-ray diffraction (XRD), thermogravimetric analysis 116
(TGA), transmission electron microscopy (TEM), UV-visible spectrophotometry (UV-Vis), 117
and Fourier-transform infrared (FT-IR) spectroscopy. Dynamic light scattering (DLS) and 118
C-potential values were measured at different pH. Moreover, a pharmacokinetic study 119
was undertaken via zero-order, first-order, Higuchi, and Korsmeyer-Peppas models. The 120
entrapped geraniol is protected in this nano-delivery system and was studied under dif- 121
ferent temperatures (25 + 0.5°C and 35 + 0.5 °C) according to a diffusion mechanism in 122
vitro release. The antifungal ability of the effective NCs applied against B. cinerea in vitro 123
and in planta on cucumber and tomato plants was also investigated to propose an alterna- 124

tive holistic strategy against this important pathogen. 125
2. Results 126
2.1. Physicochemical characterization of ZnO@OAm NRs 127

The as-synthesized ZnO@OAm NRs were physicochemical characterized according 128
to different methods. Initially, an XRD analysis was performed to evaluate the crystalline 129
structure and phase purity of the synthesized ZnO@OAm NRs to confirm their ability to 130
be used further in the form of NCs. The XRD pattern of ZnO@OAm NRs (Figure 1A) dis- 131
played the prominent diffraction peaks located at 31.66°, 34.36°, and 36.17° that were in- 132
dexed to the hexagonal wurtzite phase (JCPDS card #89-0510, space group P63mc (186) 133
and corresponded to the Miller Indices (1 0 0), (00 2), and (1 0 1), respectively [18, 23]. The 134
average crystallite size was calculated according to Debye’s Scherer equation using the 135
full width at half-maximum (FWHM) data to be about 18 nm. Lattice parameters were 136
estimated at a = b = 3.2268 A and ¢ = 5.2688 A. The d-spacing values were also measured 137
for each of the three major diffraction peaks at 2.82, 2.61, 2.48 A, respectively (Table S1). 138
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Figure 1. X-ray diffraction (XRD) pattern of the synthesized ZnO@OAm NRs with the main diffrac- 140
tion peaks of ZnO. 141

Thermogravimetric analysis is an effective method to determine the thermal stability = 142
and the amount of the organic coating (% w/w) of ZnO@OAm NRs. Three steps of weight 143
loss are presented in the TGA curve (Figure S1). Specifically, a weight loss of 0.8% w/w is 144
due to the evaporation of the water absorbed on the surface of NRs. A rate of 10% w/w of = 145
mass loss has occurred in the temperature range 150 °C < T <714 °C due to the double layer 146
of OAm. Meanwhile, weight loss maintains a threshold at higher temperatures (> 714 °C). 147

The morphology of ZnO@OAmM NRs was confirmed using TEM analysis. The parti- 148
cles were rod-shaped (Figure 2A) with a mean width of 38 + 1.21 nm (Figure 2B) and an 149
average length of 83 + 1.60 nm (Figure 2C). 150

Figure 2. TEM image of ZnO@OAm NRs (NRs; rod-shaped nanoparticles) (A), average length his- 151
togram and Gaussian fit (38 +1.21 nm) (B), and average length histogram and Gaussian fit 152
(82.5+ 1.6 nm) (C) of the NRs. The average size of particles is expressed as mean size + SD. 153

The FT-IR spectrum of ZnO@OAm NRs (4,000 —400 cm™) is shown in Figure 3A. The 154
peak at 479 cm™ is associated with the characteristic Zn-O stretching vibration band that = 155
confirmed the formation of rod-shaped ZnO particles. The peaks at 2,922 and 2,846 cm™ 156
are ascribed to vas(C-H) and vs(C-H) stretching, respectively. It also displays the transmis- 157
sion bands at 1,562 cm™ (NH2) and 1,451 cm™ (CHs), and 718 cm™ (-C-C-) [24]. 158

The UV-Vis absorbance spectrum of the as-prepared ZnO@OAm NRs suspension is 159
shown in Figure 3B. The broad band at 369 nm is typical for the absorption of the semi- 160

conductor. The band gap was calculated at 3.17 eV. 161
2.1. Physicochemical characterization of ZnO-based Nanocapsules 162
2.2.1. Morphology of ZnO NCs 163

The hydrophobic ZnO@OAmM NRs were encapsulated in SDS. The ZnO-based NCs 164
was designed based on an oil-in-water template using SDS as emulsifier at critical micelle 165
concentration (CMC, 19.5 mM). The lowest amount of SDS required to form micelles was 166
utilized in order to provide small micelles while hydrophobic van der Waals interactions 167
of oleylamine on the nanoparticle surface favors further clustering. The TEM image (Fig- 168
ure 3) illustrates the resulted self-organized assemblies with a mean diameter of approxi- 169
mately 400 nm. These are irregular in shape with spiky edges. 170
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171
Figure 3. TEM image of the ZnO NCs presents ZnO@OAm NRs in form of nanocapsule. 172
2.2.1. Encapsulation efficiency, loading capacity of NCs, and release profile of geraniol 173
from NCs 174

Encapsulation ability of ZnO@OAm NRs with three different ratios of geraniol (1:1, 175
1:2, and 1:3 w/w ZnO NRs: geraniol) in the presence of SDS were recorded. The entrapped 176
geraniol in ZnOGer1 NCs, ZnOGer2 NCs, and ZnOGer3 NCs was calculated by EE (%) at 177
63 %, 78%, and 33% respectively, while the LC (%) was found at 34%, 16%, and 7%, re- 178
spectively. Based on these results ZnOGerl NCs and ZnOGer2 NCs selected for further 179
study, since the LC (%) of ZnOGer3 NCs was the lowest. The thermal stability of ZnOGerl 180
NCs and ZnOGer2 NCs and the release profile of geraniol from NCs formulations were 181
investigated at two different temperatures, 25 °C and 35 °C for 96 h. Temperature is an 182
essential factor in case of volatile compounds in the practical development of nano-for- 183
mulations in agriculture. It should be noted that the release profile assays were carried 184
out in the same conditions as the current bioassay study of NCs against B. cinerea. The 185
released profile of geraniol from the NCs was estimated via dialysis bag approach at pH 186
=7.2 and based on principles of pharmacokinetics. Ionic release of zinc ions found negli- 187
gible. 188

The geraniol release profile was first presented using the zero-order model (Figure 189
5A) and at the applied temperature 25°C and 35 °C, respectively. Initially, no significant 190
differences were observed in the geraniol release profiles at different temperatures, with 191
approximately 20% compound after around 3 h. However, significant differences were 192
noticed, at cumulative geraniol release (Q%) at 4 h. For ZnOGer1, Qu% =19 and 27 % 193
release, while for ZnOGer2 NCs, Q% = 22% and 34 % at 25°C and 35 °C, respectively. 194
Hence, geraniol had a more significant release as the temperature increased. After this 195
period, the release showed a stable tendency in both ZnOGer1l NCs with Q% = 35% at 196
25 °C and Qo6h% = 39% at 35 °C, and ZnOGer1 NCs with Qosn% = 44% at 25 °C and Qoen% = 197
49% at 35 °C. 198

The first-order model was also applied (Figure 5B), and according to the data shown 199
in Table S1, the fitting value was provided at approximately R? = 0.91, verifying a concen- 200
tration-dependent release profile. The Higuchi model (Figure 5C), with around R?=0.98 201
and Ku =12, confirmed the diffusion mechanism release. Korsmeyer-Peppas model was 202
determined to categorize the diffusion mechanism (Figure 5D) based on the N value 203
(slope) (Table S1), revealing a non-Fickian diffusion release of geraniol from ZnOGerl 204
NCs and a normal Fickian from ZnOGer1 NCs. 205
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Figure 4. Effects of temperature (25 + 0.5 °C and 35 + 0.5 “C) on the stability of ZnOGer1 NCs and
ZnOGer2 NCs released geraniol in a 96 h period. Pharmacokinetics for analyzing the release mech-
anism via zero-order (A), first-order (B), Higuchi (C), and Korsmeyer-Peppas models (D).

2.2.1. Hydrodynamic size, C-potential, and polydispersity

The particle size, polydispersity (PDI), and zeta potential (C-potential) of ZnOGer1
NCs, ZnOGer2 NCs, and ZnO NCs were measured at three different pH values (6, 7, and
8) and are summarized in Table 1. These values of pH were selected in order to mimic a
real environment of plant growth, since soils and stems of plants appear to have different
pH. The increase of the amount of the entrapped geraniol in NCs (ZnOGer2 NCs, 1:2 ratio)
resulted in a slightly increment in mean of hydrodynamic size from 144 + 1.51 nm to 180
+5.31 nm, respectively, at pH = 7. Relatively bigger hydrodynamic sizes were determined
for ZnO NCs (up to 256 nm at pH = 8). Meanwhile, there is not any significant changes of
the hydrodynamic sizes of the NCs in the studied pH values. PDI values of all the NCs
were found to be mainly in the range of 0.31- 0.46, which indicates the uniformity of NCs.
The charge of NCs and the resultant repulsion to each other is measured as the zeta po-
tential. Negative (-potential values of ZnOGerl NCs, ZnOGer2 NCs, and ZnO NCs were
found approximately —31 + 1.29 mV, =56 + 3.00 mV, and -53 + 3.16 mV, respectively. The
higher the repulsion, the higher is the stability of NPs and no agglomeration is observed.

Table 1. Hydrodynamic size (z-average; d.nm), (-potential (mV), and polydispersity (PDI) values
of ZnOGerl NCs, ZnOGer2 NCs, and ZnO NCs at pH values 6, 7, and 8. The analyses were per-
formed in triplicate (n =3; Mean value + SD).

Nanoemulsions pH value Z-Average (d.nm) + SD PDI + SD z potential (mV) = SD
ZnOGerl NCs 8 145 +2.91 0.37 £ 0.04 -50+1.23
7 144 +1.51 0.31 £0.08 -31+1.29
6 141 +4.33 0.25+0.03 -24+0.27
ZnOGer2 NCs 8 220+2.43 0.42 +0.01 -63 +1.55
7 180 £5.31 0.39+0.08 =56 £ 3.00
6 167 £ 5.69 0.34+0.02 —44 +1.55
ZnO NCs 8 256 £2.27 0.48 £ 0.03 —68 +2.42
7 234 £2.35 0.45 = 0.06 -53 +3.16
6 222 +3.51 0.43 +0.04 -51+2.03
Mean * SD: mean value of three independent batches of the NCs + Standard deviation.
300 T T T T T
1 —m—d.nm (ZnOGerl NCs)
285 ] —@—d.nm (ZnOGer2 NCs)
270 - —— C-potential (ZnOGerl NCs) |-
1 & —&— (-potential (ZnOGer2 NCs)
255 A J‘\ -_
E 240 3 -
2 225 ] i
5 7] L)
2 210 % L
5 105 L
c 1 X -
g 180 % B
150 - ) % i
E i
6 7 8
pH

Figure 5. Physicochemical parameters and stability evaluation ZnOGerl NCs and ZnOGer2 NCs
are containing commercial geraniol. The stability evaluation was performed for pH values 6, 7, and
8. Mean diameter (d.nm) by DLS, C-potential (mV), and pH. All analyses were performed in tripli-
cate (n =3; Mean + SD) at 25 “C.
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2.1. Bioassays results 232
2.3.1. In vitro antifungal activity 233

The antifungal activity of the as-prepared ZnO NCs, ZnOGerl NCs, and ZnOGer2 234
NCs, and their potency against B. cinerea were assessed by determining the ECso value 235
(Figure S4). The difference in the mycelium diameter indicates the sensitivity of this fun- 236
gus to various concentrations of NCs and geraniol. ECso values of ZnOGerl NCs, 237
ZnOGer2 NCs, and pure geraniol against B. cinerea were calculated at 176 pg/mL, 150 238
ug/mL, and 234 pg/mL, respectively. Their superiority was evident when compared to the 239
ZnO NCs which demonstrated an ECso value >500 pg/mL. Tested SDS showed a 5% inhi- 240
bition of fungal growth. 241

2.3.1. In planta antifungal activity 242

The severity of the disease on cucumber and tomato plants was measured to assess 243
the antifungal activity of ZnOGerl NCs, and ZnOGer2 NCs since they showed higher 244
efficacy as compared to ZnO NCs (ECso> 500 pg/mL). As shown in Figures 6 and 7, the 245
study revealed that both treatments considerably reduced the disease index (DI) compar- 246
ing to B. cinerea control treatment. Regarding the chemical control (Luna SC), in the case 247
of cucumber the treatments with both the NCs were significantly (P < 0.05) more effective 248
in inhibiting B. cinerea (Figure 6). When applied on tomato, the treatments of Luna SCand 249
ZnOGer2 NCs were the most effective (Figure 7). Remarkably, both ZnOGerl NCs, and 250
ZnOGer2 NCs did not cause any phytotoxicity to either host after 96 h. 251

252

Figure 6. Effect of ZnOGer1 NCs and ZnOGer2 NCs on the severity of disease caused by Botrytis 253
cinerea on cucumber leaves in pots under controlled conditions. B. cinerea control plants were inoc- 254
ulated only with the pathogen (control B. cinerea). The disease was assessed according to the disease 255
index (DI) [9], after 96 h. The experiment was repeated three times. Different letters indicate signif- 256
icant differences according to Tukey’s test at P < 0.05. Error bars represent standard deviation. 257

Figure 7. Effect of ZnOGerl NCs and ZnOGer2 NCs on the severity of disease caused by Botrytis 258
cinerea on tomato leaves in pots under controlled conditions. B. cinerea control plants were inocu- 259
lated only with the pathogen (control B. cinerea). The disease was assessed according to the disease 260
index (DI) [9], after 96 h. The experiment was repeated three times. Different letters indicate signif- 261
icant differences according to Tukey’s test at P < 0.05. Error bars represent standard deviation. 262

3. Discussion 263

The utilization of EOs and inorganic-based nanomaterials have been considered in 264
the management of phytopathogens. One-dimensional nanostructures such as nanorods 265
have attracted interest owing to disrupt the homeostasis of cells better than spherical 266
shapes [25], thus promoting human cell lysis and apoptosis [26]. Nanoencapsulation of 267
hydrophobic active compounds such as geraniol and ZnO NRs could improve their anti- 268
fungal activity, lead to effective delivery and valid release in controlling and managing 269
soil-borne diseases [27]. However, limited studies mention the concept of encapsulation 270
of geraniol. To the best of our knowledge, it is the first attempt that geraniol and ZnO NRs 271
are combined and encapsulated using an SDS stabilizer. Nevertheless, the current study 272
synthesizes ZnO-based NCs (ZnO NCs, ZnOGerl NCs, ZnOGer2 NCs, and ZnOGer3 273
NCs) to evaluate their stability and to test antifungal activity against an important necrot- 274
rophic fungal pathogen, B. cinerea. 275

In order to prepare ZnO-based NCs, initially, hydrophobic ZnO@OAm NRs were 276
synthesized through a solvothermal process, an eco-friendly, low-cost, and high-yield 277
method, in the presence of OAm. Subsequently, the physicochemical characterization of 278
NRs was investigated via various techniques. The role of OAm on the size- and shape- 279
controlled synthesized NRs is triple, as a surfactant agent, a solvent medium, and a re- 280
ducing agent [28]. The amine group is attracted to particles' (0001) polar surfaces. This 281
result in elongation in the (002) phase and the growth of rod-shaped particles. The "cis" 282
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configuration and buckled molecular chain of the OAm molecule result in an apparent 283
rod length with limited opportunities for a long-range organization [29]. 284

The crystallite size of ZNO@OAm NRs was calculated at 18 nm, and the sharp dif- 285
fraction peaks indicate the well-crystallized nanoparticles. The morphology of the rod- 286
shaped ZnO particles was determined through the TEM image (mean width 38 + 1.21 nm; 287
mean length 83 + 1.60 nm). The growth of rod-like nanostructures is explained by (i) the 288
high surface energy of ZnO NRs, which led to their agglomeration in the absence of a high 289
percentage of surfactant (10% w/w, Figure S1), and (ii) the augmentation of the liquid’s 290
temperature (200 °C for 8 h) caused by the solvothermal process in the Teflon-lined stain- 291
less-steel autoclave [30]. However, synthesized ZnO NRs via hydrothermal method in au- 292
toclave, and prepared elongated rod-shaped particles with crystallite size (> 100 nm) and 293
length (> 1 pm) [17, 31] than ZnO@OAmM NRs (18 nm; length 83 + 1.60 nm). The increased 294
particle sizes are attributed to the addition of water and/or ethanol that generates a high 295
pressure in the process modifying the nucleation rate of the ZnO crystals, in contrast with 296
the present smaller particles that was prepared in the solely use of OAm. 297

Light conditions are a factor that may affect the efficient delivery of foliar Zn-based 298
NCs to plants. Under growth lights, the gas exchange at the stomata and transport of NCs 299
are activated upon foliar application. ZnO is an n-type semiconductor with photocatalytic 300
properties, and its antifungal action is activated under UV-Vis irradiation. In the current 301
study, the in planta experiments on plants were carried out under greenhouse conditions 302
(130 £ 20 pumol quanta m-2s-1). For this reason, optical properties of ZnO@QOAm NRs were 303
determined via UV-Vis spectroscopy. The absorbance peak at 369 nm is a characteristic of =~ 304
hexagonal wurtzite ZnO structure [30] that was also certified by TEM and XRD tech- 305
niques. In the case of nanomaterials, the relationship between particle size and band gap 306
is inversely proportional. The calculated band gap (3.17 eV) [32] confirmed the particles 307
in the nanoscale, compared with the band gap of single-side ZnO (3.3 eV) [33]. The band 308
gap shrinks as the number of NPs increases, although it never reaches zero [34]. A de- 309
creased NP size and a more significant density of defects in the nanomaterial [30, 35], is 310
linked with the antimicrobial impact of NPs [36]. 311

EE (%) of geraniol in ZnOGerl NCs, ZnOGer2 NCs, and ZnOGer3 NCs was calcu- 312
lated at 63%, 78%, and 33%, respectively, and the LC (%) at 34%, 16%, and 7%, respec- 313
tively. In our previous research, the EE% of geraniol in a formulation of geraniol oil in 314
water (O/W) nanoemulsions (GNEs) was calculated at 57% while the LC at 14% [9]. Simi- 315
larly, Yegin et al. (2016) showed the EE for geraniol in Pluronic F-127 NPs (size 412 nm) at 316
57.5% [37]. Thus, ZnO-based NCs improve the encapsulation ability. 317

Particle size significantly impacts the functional characteristics of capsules and influ- 318
ences the interaction of NCs with plant leaves [38]. Nanoencapsulation uses a carrier with 319
a diameter of less than 1 micron (1000 nm) and properties distinct from conventional en- 320
capsulation [39]. The hydrodynamic size of the NCs slightly varied from 141 to 256 nm 321
(Table 1) but are under suitable range for application in agriculture [40]. However, based 322
on the physicochemical characteristics of each system hydrodynamic sizes varied as for 323
ZnO-encapsulated with A. sieberi and Z. multiflora EOs were found at 425 nm [22] and 157 324
nm respectively. Regarding the influence of pH variations on the stability of NCs, an in- 325
crease of the pH from 6 to 8 slightly increases the size (d.nm) and PD], in contrast with the 326
C-potential value. Experimental pH is of interest because its ability to influence size and 327
shape of particles which will subsequently be implemented in bioassays. The PDI values 328
of NCs (0.31 - 0.42) indicate satisfying size distribution [41]. Generally, a low PDI value 329
indicates efficient formulation of the system and homogeneity, which may help attain ex- 330
cellent stability [42]. 331

The C-potential is also an important parameter to reflect the physicochemical and bi- 332
ological stabilities of particles in dispersion, which helps the formulation to enhance long- 333
term stability [43]. In all cases, the NCs are negatively charged due to SDS molecules [44]. 334
Specifically, SDS is a detergent with a long aliphatic chain and a sulfate group that forms 335
a powerfully negatively charged complex (the negative charge arising from the SO+ 336
groups of SDS) [45]. 337
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The pharmacokinetics of ZnOGerl NCs and ZnOGer2 NCs showed that even after 338
48 h incubation at 35 °C, both NCs demonstrated a satisfactory sustainable-release trend. 339
A different release profile was observed in our previous study, according to zero-order 340
model, native geraniol reached a release over 55% in 4 h approving a short-release ten- 341
dency, while the same value showed GNEs after 73 h [9]. ZnOGer1 with Qu% =19% and 342
ZnOGer2 NCs with Q% = 22% at 25 °C proved a more stable release profile of geraniol 343
than GNEs with Q% =32% due to the presence of the inorganic nanoparticles that stabi- 344
lizes farther geraniol molecules through van der walls interaction. 345

This evidence further confirmed that native geraniol usually occurs with burst dissi- 346
pation, resulting in short-term persistence, significantly compromising its antifungal ac- 347
tivity [46]. Controlled release profiles can be used to achieve several benefits, including 348
sustained constant concentration of active compounds at the target site, predictable and 349
reproducible release rates over a long time, protection of bioactive compounds with a 350
short life, elimination of side effects and abolition of chemical pesticides and their frequent 351
dosing, optimized pest control, and a reduction in pesticide use [47]. SDS is widely used 352
as an agro-surfactant that helps deliver active ingredients and reduces surface tension to 353
improve the absorption of NCs into leaves [48]. 354

Study of the antifungal activity of ZnO NCs, ZnOGerl NCs, and ZnOGer2 NCs 355
against B. cinerea was showed that ZnOGer2 NCs was more effective with ECso= 150 356
pg/mL than ZnOGerl NCs (176 ug/mL), ZnO NCs (> 500 ug/mL), and native geraniol. = 357
However, geraniol-loaded nanoemulsions (GNEs) against B. cinerea showed a relatively 358
higher growth inhibition (ECso = 105 pug/mL) [9], which may be due to the acute release of 359
geraniol (Qun% =22%). 360

The severity of the disease on infected cucumber plants after foliar application of 361
ZnOGerl NCs, and ZnOGer2 NCs was more reduced as compared to treatments with the 362
commercial fungicide Luna. In case of infected tomato plants ZnOGer2 NCs and Luna 363
showed lower DI. Neither ZnOGerl NCs nor ZnOGer2 NCs cause phytotoxic effects on 364
plants. Other study showed that EOs of various plants were tested (0.125, 0.25, 0.5, and 1 ~ 365
ul/mL) against cucumber (Cucumis sativus L.) and tomato (Solanum lycopersicum L.) and 366
exhibited a dose depended phytotoxic activity [49]. The cultivated cucumber was more 367
resistant to tomato at all tested EOs like as NCs in our research. 368

A number of studies on encapsulated geraniol against food-borne pathogens are re- 369
ported. In 2016, Yegin et al. investigated the inhibition of Salmonella enterica and Escherichia 370
coli O157:H7 in vitro on spinach surfaces by geraniol loaded-pluronic F127 nanoparticles 371
[37]. For both pathogens, a decrease in MIC of geraniol following nano-encapsulation was 372
reported. The type of NP application onto spinach inoculated with pathogens was inves- 373
tigated and results showed that the immersion was more effective than the spraying tech- 374
nique due to the high contact between pathogen cells attached to spinach surfaces and 375
EO-loaded NP. This finding was attributed to the fact that encapsulation of geraniol en- 376
hances their bioavailability and transport to targeted cells (Escherichia coli O157:H7 cells) 377
[37]. 378

Zn defense-related mechanisms in plants greatly vary. The outcomes of plant- 379
pest/pathogen interactions differ, depending on the effectivity of the Zn-related responses 380
in limiting the invader’s attack as well as on the enemy’s ability to circumvent the plant 381
defenses, in addition to other environmental conditions that can favor either host or in- 382
vader [50]. On the other side, geraniol is able to change the hyphal morphology and cause 383
hyphal aggregates, resulting in reduced diameters and lyses of hyphal wall. Also, geraniol 384
is lipophilic enabling it to interact with cell membrane of fungus cells [51]. The encapsu- 385
lation of geraniol improved its antifungal activity against B. cinerea as demonstrated by 386
the reduced ECso values. The enhancement in antifungal activity was explained by the 387
sustained release, the improved hydrophilicity, and the better penetration resulted from 388
small size. Similarly, the DI were minimized upon NCs-treatment, as previously reported 389
in a similar study [22]. 390

Surface chemistry and plant species are two significant factors with impact on the 391
uptake and distribution of NPs. Negatively charged NPs remained primarily adhered to 392



Plants 2023, 13, x FOR PEER REVIEW 10 of 16

the positive charged leaves via electrostatics. This correlates with higher transpiration 393
rates and water uptake. Despite the variable plant morphology, surface charge allows the 394
uptake and translocation of NPs from leaf to root [18, 52, 53]. NCs showed different results =~ 395
after its foliar application on tomato and cucumber leaves possibly due to distinct surface 396
biotransformation in planta (e.g., corona formation and heteroaggregation), and/or differ- 397
ential potential for membrane crossing provided by charge type and/or density. However, 398
further research is needed to determine the way NCs interact with leaf surface and distri- 399
bution. Overall, a function of particle surface chemistry mediate NCs as smart delivery 400
systems for agrochemicals to different plants. 401

Regarding the interaction between NCs and leaf cells, the average radii of the pores 402
in waxy hydrophobic cuticles are reported to be smaller than 2.4 nm restricting the 403
transport of particles with larger size. However, the cuticle composition and NC surface 404
properties may affect the efficiency of cuticular NCs uptake. The stomatal pathway is the 405
main route for plant foliar uptake of NCs. Stomata are important for gas exchange during 406
photosynthesis and their length and width are usually at the scale of micrometers, with 407
variations among plant species. According to Liu et al. (2014) [54] and Kardiman and Rae- 408
bild (2018) [55], the pore area of stomata or stomatal size in the open state is typically a 409
few hundred square micrometers, which is sufficient for NPs to pass through. There is 410
less awareness of the relationship between NPs and stomata since much research has yet 411
to be done on how NPs affect stomatal characteristics. Generally, a leaf's abaxial and adax- 412
ial sides have differing stomatal densities [56]. Another major factor is the size of the sieve 413
plate pores in the phloem where in tomato pedicels is up to 600 nm [57]. The particle size 414
distribution of ZnOGer NCs and ZnO NCs is determined approximately under 256 nm 415
indicating the possibility of NCs’ entry. 416

To summarize, ZNnO@NRs and geraniol were successfully encapsulated preparing 417
ZnO-based NCs, and their antifungal activity against B. cinerea is related to various fac- 418
tors, as mentioned above. This mode depends on the size and surface charge of NCs, and 419
the physiology of tomatoes and cucumbers. The effective use of these NRs was shownin 420
this study and could be an important step towards the Green Deal since their promising 421
application as alternative biopesticides could result the reduction of conventional fungi- 422

cides in those two important crops. 423
4. Materials and Methods 424
4.1. Materials 425

426
Chemicals and Reagents. 427

All chemicals and reagents were of analytical grade and used without any further 428
purification: zinc acetylacetonate hydrate, Zn(acac): (Sigma-Aldrich, M = 263.61 g/mol), 429
Oleylamine (CisHssNH:2), OAm (Merck, M = 267.493 g/mol), Sodium Dodecyl Sulfate 430
(CHs3(CH2)1SOsNa), SDS (Sigma-Aldrich, 299%, M = 288.38 g/mol), triethylene glycol, 431
TrEG (Merck, 299%, M = 150.17 g/mol), diethyl ether (Merck, 299%, M = 74.12 g/mol), ge- 432
raniol, trans-3,7-Dimethyl-2,6-octadien-1-ol (Sigma-Aldrich, 98%, M = 154.25 g/mol), 433
Milli-Q water, phosphate buffer solution, PBS (Gibco by Life Technologies, pH 7.2, 10X), 434
potato dextrose agar, PDA (BD Difco, Luna® Sensation SC Fungicide (Bayer Crop Science, 435

fluopyram 250 g/L and trifloxystrobin 250 g/L), and methanol (SD-Fine). 436
437
4.1. Synthesis of ZnO@OAm Nanorods 438

The solvothermal method is mainly used for directing the formations of various 439
metal oxides, such as ZnO NRs since it is an eco-friendly, high-yield, and simple process 440
(de Oliveira et al., 2020). ZnO@OAm NRs were prepared by the solvothermal method: 441
Zn(acac)2 (1.06 mmol) was mixed and dissolved in 4 mL of TrEG and 4 mL of OAm, under 442
stirring at 30 °C for 15 min. The resulting solution was transferred into a Teflon-lined stain- 443
less-steel autoclave under a solvothermal polyol process. The reaction was carried out at 444
200 °C for 8 h. After the solvothermal polyol process, the solution was centrifugation at 445
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5,000 rpm for 20 min. The supernatants were discarded, and a white-bronze precipitate 446
was acquired and washed with disolol to remove the untreated precursors. Yield 38% 447

based on the metal precursor. 448
449
4.2. Preparation ZnO-based Nanocapsules 450

The combined ZnO-based NCs were prepared according to the following approach. 451
Briefly, 15 mg of as-prepared hydrophobic ZnO@OAm NRs were dissolved in diethyl 452
ether (3 mL) and mixed with pure commercial geraniol. After that, the mixture was added 453
to ddH:0 solution (30 mL) with SDS (19.5 mM) and was emulsified by sonication treat- 454
ment in a close vial under stable conditions (<30 °‘C). Subsequently, the vial was opened, 455
and diethyl ether was evaporated to be slowly removed and to isolate nanocapsules: (i) 456
ZnOGerl NCs (ZnO@OAm NRs: geraniol mass ratio 1:1), (ii) ZnOGer2 NCs (ZnO@OAm 457
NRs: geraniol mass ratio 1:2), and (iii) ZnOGer3 NCs (ZnO@OAm NRs: geraniol mass 458
ratio 1:3). The same procedure but without the addition of geraniol was followed to pre- 459
pare ZnO NCs. The prepared ZnO-based NCs were stored at room temperature (25 °C) 460

for physicochemical characterization. 461
462
4.3. Physicochemical characterization of Nanorods and ZnO-based Nanocapsules 463

The synthesized nanoparticles and nanocapsules were characterized via various an- 464
alytical instruments for measuring size, morphology, and stability. The average crystal- 465
line size and crystalline structure of NRs were identified by X-ray diffraction (XRD) using 466
a two-cycle Rigaku Ultima+ X-ray diffractometer (Rigaku Corporation, Shibuya-Ku, To- 467
kyo, Japan) with a Cu-Ka radiation (A = 1.541 A) operating at 40 kV/30 mA and the Debye- 468
Scherrer’s equation. A Nicolet series FT-IR spectrometer (Nicolet iS20, Thermo Fisher Sci- 469
entific) with a monolithic diamond ATR crystal was used to acquire the FT-IR spectrum 470
(4,000-450 cm™) of ZnO@OAmM NRs. The morphology and the particle size were deter- 471
mined by Transmission electron microscopy (TEM) with a JEOL JEM 1200-EX transmis- 472
sion electron microscope at an acceleration voltage of 120 kV. For TEM imaging, suspen- 473
sions were used of the NPs drop-casted on carbon-coated Cu grids. Thermogravimetric 474
measurements (TGA) were utilized to examine the thermal stability and the amount of 475
organic coating of NRs using SETA-RAM SetSys-1200 at a heating rate from 30 °C to 800 476
°C (10 °C min™) under an N2 atmosphere. The optical properties were calculated by using 477
a UV-Vis spectrophotometer (V-750, Jasco) and the band gap of NRs based on Tauc’s for- 478
mula.The hydrodynamic size (d.nm), polydispersity (PDI), and the (-potential (mV) of the 479
fresh NEs were determined by dilution of each NEs suspension in deionized water and 480
pH at 6, 7, and 8. These analyses were performed in dynamic light scattering (DLS) using 481
a Zetasizer (Nano ZS Malvern apparatus VASCO Flex™ Particle Size Analyzer NanoQ 482

V2.5.4.0) at 25 °C. 483
484
4.4.1. Encapsulation efficiency and loading capacity 485

The Loading Capacity (LC, %) and the Encapsulation/entrapped Efficiency (EE, %) 486
were carried out to evaluate the compatibility of the selected active ingredient (geraniol) 487
as well as to ensure an efficient encapsulation of the geraniol in ZnOGerl NCs, ZnOGer2 488
NCs, and ZnOGer3 NCs. The following formulas were used to determine EE and LC [58]: 489

amount of geraniol in the capsules

EE (%) = x 1009 49
(%) total amount of geraniol initially added % 0

LC (%) = amount of geraniol in the capsules 5 100% w01
(%) = total capsules weight °

where the amount of geraniol in the micelles was quantified spectrophotometrically. All 492
data were expressed as the mean value of three independent batches of the ZnOGer1 NCs, 493
ZnOGer2 NCs, and ZnOGer3 NCs. 494
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495

4.4.1. Geraniol release studies from ZnO-based NCs 496

Geraniol release studies from ZnO-based NCs were conducted to assess the effects 497
of active ingredient and manufacturing processes on geraniol release during formulation 498
development and as quality control to support batch release. The in vitro geraniol release 499
profile from ZnOGerl NCs and ZnOGer2 NCs was performed using a dialysis membrane 500
(Pur-A-Lyzer Midi 1000) under different temperature conditions: (i) 25+ 0.5 °C and (ii) 35 501
+ 0.5 °C. Briefly, 1 mL of each micellar formulation was introduced into a dialysis bag 502
placed in 40 mL of release medium, phosphate buffer solution (PBS; pH = 7.2), and kept 503
at a consistent temperature and stirring rate over 96 h. Sample aliquots (2 mL) were with- 504
drawn periodically (0, 1, 2, 3, 4, 8, 16, 24, 48, 72, and 96 h) and replaced with equal volumes 505
of fresh dissolution medium. NCs were suitably diluted and analyzed by the UV-Vis, and 506
drug release was estimated. The release profile of geraniol from NCs was interpreted with 507
four mathematical models; (i) Zero-order, (ii) First order, (iii) Higuchi and (iv) Korsmeyer- 508
Peppas model [59-61]. For each measurement, three independent replications were per- 509
formed. 510

4.4. In vitro antifungal activity against B. cinerea 511

B. cinerea strain B05 was obtained from the culture collection of the Laboratory of 512
Plant Pathology, School of Agriculture, Faculty of Agriculture, Forestry and Natural En- 513
vironment, Aristotle University of Thessaloniki, and routinely kept on potato dextrose 514
agar (PDA, BD Difco) plates at 25 °C. The procedure was carried out according to Kamou 515
et al., (2022) with minor modifications [9]. ZnOGerl NCs and ZnOGer2 NCs were added 516
to sterilized PDA medium when reached 40 °C to obtain nine (9) different concentrations 517
(31.25, 62.5, 125, 150, 175, 200, 225, 250, and 500 pg/mL) and the pathogen was added after 518
solidification. The growth of the pathogen was measured daily and native geraniol as well 519
as SDS were also tested against B. cinerea to compare their effect to the one caused by the 520
NCs. The growth inhibition of B. cinerea was observe and ECso values (half-maximal effec- 521
tive concentration causing 50% inhibition of mycelial growth) were determined with 522
graded dose-response curves. Each treatment had five technical replications, and the ex- 523
periment was repeated twice. 524

4.4. In planta experiments on cucumbers and tomatoes 525

Synthesized ZnOGerl NCs and ZnOGer2 NCs were sprayed on cucumber and to- 526
mato plant leaves previously inoculated with B. cinerea, to investigate their ability to in- 527
hibit its growth. Cucumber plants cv. Bamboo in second leaf stage and tomato plants cv. 528
ACES55 in fourth leaf stage were inoculated using 10 uL droplets of conidial suspension 529
(2*10¢ sp/mL). Application of the pathogen was performed on the upper leaf part, 0.1% 530
Tween 20 was added to the spraying solution (water: PDB (Potato Dextrose Broth), 1:1) as 531
a surfactant to maintain the droplet intact. Briefly, plants were sprayed with NCs at con- 532
centrations causing 100% inhibition of B. cinerea based on the in vitro bioassay and plants 533
solely inoculated with the pathogen were used as positive controls. Chemical control 534
plants were treated with conventional fungicide Luna Sensetion SC at the highest recom- 535
mended dose. Each treatment consisted of eight (8) plants, and the experiment was carried 536
out thrice. A disease index (DI) was used based on symptom development [9] to assess 537
the severity of the disease caused by B. cinerea on the leaves of cucumber and tomato. 538

4.4. Statistical analysis 539

The ECso values of the NCs against B. cinerea in the in vitro bioassays were calculated 540
using a non-linear dose-response curve and ten replicates per NCs concentration (5 per 541
concentration and repeated twice) by Origin Pro 8 (Data Analysis and Graphing Soft- 542
ware). The in planta experiments were analyzed by analysis of variance (ANOVA) based 543
on the completely randomized design (CRD), and mean values were computed from the 544
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respective replicates. The statistical analyses were performed by one-way analysis of var- 545
iance followed by Tukey’s post hoc test (P < 0.05), which was conducted using SPSS v 25.0 546
software (SPSS Inc. Chicago, IL, USA). 547

5. Conclusions 548

The extensive use of synthetic fungicides causes serious concerns for human health 549
and the environment by s ng environmental-friendly natural bioactive substances that 550
combine effectiveness with low phytotoxicity. Research focuses on alternative method to 551
control important fungal pathogens. Nanomaterials and bioactive compounds form 552
nanostructures with superior desirable properties and have the potential to offer alterna- 553
tive solutions. In this term, current work focuses on the eco-friendly synthesis of hydro- 554
phobic ZnO@OAm NRs, and their modification through SDS as nanocapsules combining 555
NRs and geraniol in different ratios. Encapsulation of nano rods of ZnO@OAm NRs (18 556
nm) with SDS found with irregular edges. Efficient encapsulation of geraniol found for 557
1:1, and 1:2 w/w with EE% 63 % and 78%, and LC% at 34%, 16% for ZnOGerl NCs and 558
ZnOGer2 NCs respectively. The average hydrodynamic size and PDI values were calcu- 559
lated at pH 6, 7, and 8. The release profile of geraniol from ZnOGerl NCs and ZnOGer2 560
NCs presented thermal stability and sustainable-release tendency among 25 °C and 35 °C 561
over 96 h. The antifungal activity of ZnOGer1 NCs and ZnOGer2 NCs was evident inboth 562
in vitro and in planta experiments. The ECso values of ZnOGerl NCs, ZnOGer2 NCs, and 563
ZnO NCs against B. cinerea were calculated at 176 pg/mL, 150 pg/mL, and >500 pg/mL, 564
respectively. Furthermore, from in planta study ZnOGer1 NCs and ZnOGer2 NCs showed 565
slightly higher inhibition of B. cinerea than chemical Luna on cucumber plants after 96 h. 566
No phytotoxic effect observed after NCs-treatment on both tomato and cucumber plants. 567
Concluding, nanoemulsions and nanocapsules combining inorganic-based nanoparticles 568
and/or EOs with different release of active ingredients, could have a curative and protec- 569
tive effect on plants and also deliver micronutrients to agricultural crops for increasing 570
yield. 571

572
Supplementary Materials: The following supporting information can be downloaded at: 573
www.mdpi.com/xxx/s1, Figure S1 Thermogravimetric analysis (TGA) curve for the decomposition 574
of the synthesized ZnO@OAm NRs at the temperature ranges 30-800 °C; Figure S2 FT-IR spectrum 575
of the ZnO@OAm NRs in the 4,000-450 cm™' region; Figure S3 UV-Vis absorption spectrum of the 576
ZnO@OAmM NRs with Tauc's plots (inset) obtained through standard equations in NPs indicatesa 577
band gap of 3.17 eV (B); Figure S4 Dose-response growth inhibition curves of B. cinerea exposed to 578
nine (9) different concentrations of ZnOGer1 NCs (ECs0 =176 pug/mL) (A), ZnOGer2 NCs (ECs0=150 579
pg/mL) (B), and ZnO NCs (ECso > 500 pg/mL) (C). Each point represents the mean of ten replicates 580
per NCs concentration (two experiments, five replications). Table S1 Values for d-spacing (A) and 581
diffraction angles (20) of the highest intensity reflections for identified phases are present in the 582
analysis separately; Table S2 Pharmacokinetic values (R?, Ku, N) for ZnOGerl NCs and ZnOGer2 583
NCs are derived from zero-order, first-order, Higuchi, and Korsmeyer-Peppas models. (D). The 584

analyses were performed in triplicate. Adjusted R-squared values are also included. 585
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