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Abstract In current applied research, innovative
drug delivery systems have emerged as a strategy
for managing plant diseases. The current study dem-
onstrated the usefulness of three nano-drug delivery
techniques for suppressing two fungal pathogens:
Botrytis fabae and Alternaria alternata, which cause
chocolate spot and minor disease leaf spot in Vicia
faba plants. This work investigated the delivery of
chitosan nanoparticles, carbon nanotubes, and solid
lipid nanoparticles loaded with nystatin and flucona-
zole antifungals for infected Vicia faba plants through
foliar uptake. All different nanoparticles loaded with
either nystatin or fluconazole were easily applied to
leaf surfaces and enter the stomata via gas uptake,
avoiding direct interaction with soil systems. Trans-
mission electron microscopy was used to evaluate
nano-drug absorption, translocation, and biosafety
in Vicia faba plants. The results obtained revealed
that all different nanoparticles were taken up and
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transported through phloem tissues, in particular,
sieve tubes of either healthy, infected or recovered
Vicia faba plants. On the other hand, growth and
yield developmental parameters in the present study
including plant height, number of pods per plants,,
number of seeds per pod,, crop yield per plant, and
crop index of healthy and recovered Vicia faba plants
showed, in general, significant increases. The results
show the possibility of these formulations to protect
plants from the disease with a sequence of: solid lipid
nanoparticles-loaded with  fluconazole > chitosan
nanoparticles loaded with fluconazole > carbon nano-
tubes loaded with fluconazole. The results indicate
the possibility of these formulations to protect plants
from the diseases with a sequence of solid lipid nano-
particles > chitosan nanoparticles > carbon nanotubes.
Thus, it is suggested that solid lipid nanoparticles
loaded with antifungals would be of use for the con-
trol of fungal diseases in crops such like Vicia faba.

Keywords Biosafety - Carbon nanotubes - Chitosan
nanoparticles - Chocolate spot - Fluconazole -
Growth and yield parameters - Leaf spot - Nano-drug
delivery - Nystatin - Solid lipid nanoparticles - TEM -
Vicia faba - Uptake and translocation

Introduction

Plant diseases reduce agricultural productivity. Using
pesticides is the most popular form of protection
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(Ramezani et al., 2019). The risks to the environment
posed by overuse of pesticides has been discussed
recently. Therefore, agricultural researchers keep
looking for alternative ways to combat pests with
biological control agents that can eradicate infections
without negative impacts on the environment (Ade-
tunji et al., 2017; Tavioli et al., 2017). A new class
of nano-particles has emerged as a result of recent
advances in nanoscale engineering. This technology
uses biomimicry to better blend adjuvant and antigen
(Rosenthal et al., 2014).

Antifungal drugs could be transported using nano-
particles, which would reduce their toxicity and better
target their effects. Lipid formulations first appeared
in the 1990s, which marked the beginning of the use
of nanoparticles for antifungal therapy. Various anti-
fungal drug delivery techniques have been reported,
including polymeric nanoparticles, solid lipid and
nanostructure lipid carriers, liposomes, and oth-
ers. Each of these delivery methods has benefits and
drawbacks. The primary benefits are the improved
antifungal characteristics, including absorption,
decreased toxicity, and delivery to target tissue, (Vol-
tan et al., 2016).

The faba bean, a member of the Fabaceae family
that is indigenous to North and Southwest Africa,
is one of Egypt’s most significant economic winter
crops (Ahmed, 2017; Mahmoud, 1996). Fungal dis-
eases including chocolate spot (Botrytis fabae) and
alternaria leaf spot (Alternaria alternata) damage
faba bean plants and results in major reductions in
yield (Mahmoud, 1996). In recent decades, bacteria
and fungi have developed resistance to many tradi-
tional and modern synthetic drugs (WHO, 2012). In
such instances, drug resistance mechanisms linked
to reduced absorption, increased drug efflux from
microbial cells, biofilm development, or intracellular
biosynthesis can also be eliminated by nanoparticles
(NPs) (Sardi et al., 2014). Ultimately, NPs over-
come drug resistance with fewer negative effects on
the plant by administering the antimicrobial drugs to
the pathogen location (Pelgrift & Friedman, 2013).

The present study was carried out to evaluate the
efficacy of chitosan nanoparticles (CSNPs), carbon
nanotubes (CNTs) and solid lipid nanoparticles
(SLNPs) either singly or loaded with nystatin (NYS)
and fluconazole (FLZ) antifungals, as nano-drug
delivery systems, as novel techniques for control-
ling Botrytis fabae and Alternaria alternata fungal
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pathogens. In vivo studies deal with the effect of
tested nano-drug delivery strategies on growth and
productivity of Vicia faba plants, uptake and trans-
location and biosafety of nanomaterials used.

Materials and methods
Inoculum and inoculations

A spore suspension was injected in the leaflet at
various locations. The leaflets were kept wet. There
were four replicates of each concentration. Lesion
size was measured from the third to the sixth day
following incubation.

The effects of nanoparticles on infection with
Botrytis fabae and Alternaria alternata under field
conditions

Under field conditions, the effectiveness of nano-
particles (three types on nanoparticles: chitosan
nanoparticles (CSNPs) strategy A, carbon nano-
tubes (CNTs) strategy B and solid lipid nanoparti-
cles (SLNPs) strategy C), either alone or in com-
bination with antifungal drugs, against B. fabae
and A. alternata was observed. Faba bean seeds
cv. Sakha 1 (susceptible cultivar to leaf spot dis-
ease) used in these field experiments were obtained
from the Agricultural Research Center, Ministry of
Agriculture, Mansoura, Egypt, and were grown in
field. Based on the obtained data from the previous
field and laboratory experiments (Abdel-Aziz et al.,
2018), optimum effective concentrations of nano-
materials and/or minimum inhibitory concentration
(MIC) of either nystatin or fluconazole were applied
on the leaves of plants for 3 weeks before and after
the disease outbreak. Growth and developmental
parameters of Vicia faba yield were determined.

Uptake and translocation studies
Transmission electron microscopy (TEM) was used

to examine the absorption and transport of nanopar-
ticles in Vicia faba tissues.
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Biosafety measurements

Vicia faba seeds that had been harvested were exam-
ined using a transmission electron microscope (TEM)
to assess damage caused by the nano-particles
(Abdel-Aziz et al., 2018).

Statistical analysis

The obtained data were analyzed by one-way analysis
of variance (ANOVA), the mean values were com-
pared using the Post Hoc L.S.D. (least significant dif-
ference) at 0.05 probability level.

Results

Characterization of chocolate spot disease and leaf
spot disease

Chocolate spot symptoms were seen on leaves, stems,
flowers, and pod tissues, as shown in figures S1-S2.
Small reddish-brown circular lesions on leaves, stems,
and flowers were the first signs of infection. The small
dots on the stems and leaves grew larger, becoming
grey in the middle and bordering on reddish-brown.
In this investigation, one leaf will exhibit two stages:
the non-aggressive stage, which is identified by small,
distinct, circular reddish spots with darker borders,
and the aggressive stage, which is characterized by
the small spots combining and merging to produce
irregular, bigger, dark-brown lesions that cover the
entire leaf surface. The disease developed rapidly in
favorable conditions, resulting in severe defoliation,
flower drop, stem collapse, tissue necrosis, and ulti-
mately plant death (figures S1-S2).

Careful examination of figures S3-S4 showed
that lesions on the stem, pod, and other plant parts
were originally brown, soaked in water, and shaped
erratically to circular. These dark brown leaf regions
resembled targets because they frequently possessed
a zoned pattern of concentric brown rings with black
edges. As the disease spread upward, the fungus
showed that older leaves were typically infected first.
Affected leaves went yellowish, became senescent,
and either dried out and dropped or fell off. Most of
the affected plants lost all of their leaves in the later
stages of the illness, when the leaves blighted from
the margin to the center.

Uptake and translocation of nanomaterials

In the current study, transmission electron micros-
copy (TEM) was used to examine plant leaves (46
days old) following the application of chitosan nan-
oparticles, carbon nanotubes, and solid lipid nano-
particles, either alone or in combination with the
antifungal fluconazole or nystatin. This allowed us
to determine whether nanomaterials were taken up
through the leaves of broad bean plants during late
vegetative growth and other developmental stages.

Careful examination of Figs. 1, 2 and 3 derived
from TEM images of broad bean leaves (46-day-old)
revealed the following main findings:

a  The vascular system of broad bean leaves treated
with chitosan nanoparticles, carbon nanotubes,
and solid lipid nanoparticles either singly or
loaded with nystatin and fluconazole antifungal
antibiotics showed total lack of nanomaterials
either singly or loaded with these two antifungal
antibiotics inside epidermal cells, cortical cells,
spongy tissues, or palisade tissues (Figs. 1, 2 and
3).

b Figs. 1, 2 and 3 demonstrated the foliar admin-
istration of the three nanoparticles to broad bean
plants, either separately or in combination with
nystatin and fluconazole. They also verified that
the phloem tissues, particularly sieve tube cells,
were responsible for the uptake and translocation
of the nanoparticles.

¢ It is important to note that the observed results
regarding the uptake and translocation of nano-
materials by broad bean plants over the course
of the experiment leads to the conclusion that
the cells of the phloem sieve tubes served as the
primary pathway for the uptake and translocation
of nanomaterials, either alone or loaded with flu-
conazole and nystatin.

Changes in growth, yield and developmental
parameters

All yield growth and developmental characteris-
tics measured showed significantly different paterns
under foliar treatment of either CSNPs, CNTs, or
SLNPs alone or loaded with the antibiotics nystatin
and fluconazole. Overall, the solid lipid nanoparticles
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Fig. 1 TEM micrograph of phloem tissue of healthy, infected loaded with nystatin (NYS) and fluconazole (FLZ) antifungal

with Botrytis fabae and recovered 46-day-old Vicia faba leaves antibiotics. Arrows indicate presence of nanoparticles in the
treated with chitosan nanoparticles (CSNPs) either singly or tissue

encapsulating fluconazole and nystatin showed the Additionally, it was found that, in comparison
greatest increase in magnitude (Tables 1 and 2). to values of diseased plants, the harvest index,

crop index, and mobilization index values of broad
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bean plants treated with nanomaterials, either
alone or in combination with fluconazole and
nystatin antifungal antibiotics, changed depend-
ing on the kind, manner, and dosage of the treat-
ment. Thus, in general, as evident from Tables 1
and 2 the increase in harvest index was as fol-
lows: strategy C > strategy A > strategy B for Bot-
rytis fabae. The percentage improvement in crop
index was as follows: SLNPs + FLZ > SLNPs + NY
S > CSNPs +FLZ > CSNPs + NYS > CNTs + FL
Z>CNTs+NYS >diseased plants. Furthermore,
the mobilization index as compared to the con-
trol was as follows: SLNPs+FLZ>SLNPs+NY
S > CSNPs + FLZ > CSNPs + NYS > CNTs + FL
Z>CNTs+NYS > diseased plants.

The growth and yield of the broad bean plants
treated with nanomaterials, either alone or in com-
bination with nystatin and fluconazole antifungal
antibiotics, showed a significant improvement in
terms for shoot length, number of pods per plant,
pod weight per plant, number of seeds per plant,
crop yield per plant, and seed yield per plant when
compared to control diseased plants. As a nano-
drug delivery technology, solid lipid nanoparticles
loaded with nystatin or fluconazole showed the great-
est improvement in these growth and developmental
parameters (Tables 1 and 2).

Biosafety of yielded Vicia faba seeds

We determined the destiny of the investigated nano-
materials (CSNPs, CNTs, and SLNPs) either alone
or loaded with nystatin and fluconazole after taking
up by the plant tissue, especially in the phloem tissue
(sieve tubes). This was accomplished by doing TEM
examination on seeds that had undergone different
treatments.

Careful examination of Fig. 4 revealed the follow-
ing main points:

a. A total absence of nanomaterials was seen in the
tissues of seeds that were treated with various
nanomaterials loaded with fluconazole and nysta-
tin antifungal drugs.

b. There was no discernible difference in the seed
tissues of the plants treated with different nano-
materials. This suggests that there were no distinct
nanomaterials present at all in the seed tissues.

In summary, the present study compared three
innovative and novel nano-drug delivery strategies
to determine the percentage important and recovery
from illness in broad bean plants affected by choco-
late spot or leaf spot. The results showed that, gen-
erally, recovery from chocolate spot disease caused
by the fungal pathogen Botrytis fabae was associated
with the following treatment sequence: nano-drug
delivery strategy C>nano-drug delivery strategy
A >nano-drug delivery strategy B. However, the fol-
lowing order of treatments (nano-drug delivery strat-
egy C>nano-drug delivery strategy A >nano-drug
delivery strategy B) was generally demonstrated with
respect to all growth and developmental yield param-
eters of the percentage improvement and recovered
plants from illness with leaf spot disease caused by
Alternaria alternata fungal pathogens, except for the
results obtained for the mobilization index of broad
bean yield.

Discussion
A. Uptake and translocation

The TEM images show that there are no nanomate-
rials in the epidermal cells, cuticle cells, spongy and
palisade leaf tissues of healthy, diseased, and recov-
ered broad bean plants. Nevertheless, there are nano-
materials in the vascular system of broad bean leaves
that have been treated with the three different nano-
materials, either singly or loaded with nystatin and
fluconazole. Careful examination of the images dem-
onstrated that phloem tissues, specifically sieve tubes
of broad bean plants, were responsible for the trans-
location of nanomaterials following foliar application
of CSNPs, CNTs, or SLNPs either alone or in combi-
nation with nystatin and fluconazole. These findings
demonstrate clearly the capacity of CSNPs, CNTs,
or SLNPs to enter the broad bean phloem tissues and
rapidly descend to the stem and root vascular tissues.
The results of the experiment suggest that the primary
route for the uptake and translocation of nanomateri-
alswas through the phloem cells that line the tubes of
leaves, stems, and ultimately descend to the roots.

In relation to the current findings,Lin et al. (Lin
et al., 2009) and Hasaneen et al. (Hasaneen et al.,
2016) demonstrated that capillary forces or osmotic
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«Fig.2 TEM micrograph of phloem tissue of healthy, infected
with Botrytis fabae and recovered 46-day-old Vicia faba leaves
treated with solid lipid nanoparticles (SLNPs) either singly or
loaded with nystatin (NYS) and fluconazole (FLZ) antifungal anti-
biotics. Arrows indicate presence of nanoparticles in the tissue

pressure can affect the diffusion of foliar sprayed
nanomaterials when they pass cell wall pores in the
area between the cell wall and plasma membrane.
Nanoparticles can infiltrate epidermal and corti-
cal cells via this pathway and eventually reach the

endodermis. But because the Casparian strip is waxy,
aggregates build up in the endodermis. For nanopar-
ticles to effectively translocate to the shoot, they must
integrate into the symplastic pathway and penetrate
the circulatory system (Larue et al., 2012). Nanopar-
ticles can be transported via the strictly controlled
symplastic pathway. The mechanisms for passive
absorption were reinforced by increased production
of aquaporin proteins and upregulation of water chan-
nel genes (Khodakovskaya et al., 2012).

Fig. 3 TEM micrograph of
phloem tissue of healthy,
infected with Alternaria
alternata and recovered
46-day-old Vicia faba
leaves treated with carbon
nanotubes (CNTs) either
singly or loaded with
nystatin (NYS) and flu-
conazole (FLZ) antifungal
antibiotics. Arrows indicate
presence of nanoparticles in
the tissue

CNTs-NYS

CNTs-FLZ
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b. Changes in yield growth and developmental
parameters

Cell growth and developmental yield parameters were
significantly increased in the current study. When
comparing healthy, infected, and recovered Vicia faba
plants to control plants, different changes were seen in
the harvest index, crop index, and mobilization index.
It is of interest to mention that nano-drug delivery
strategies A, B and C,, showed significant recovery
from diseases in the case of crop index parameter of
recovered Vicia faba plants.

Table 1 Effect of foliar application of different nanomaterials
treatments either singly or loaded with nystatin and fluconazole
on yield developmental parameters of faba bean plants grown
in clay-sandy soil (before and after infection with Botrytis

Compared to the control, the nanoparticles con-
taining antifungals showed improved efficacy against
Alternaria alternata and Botrytis fabae (Ahmed,
2017; Helal et al., 2022). The current findings cor-
roborate those of Kasprowicz et al. (Kasprowicz et al.,
2010), who showed that certain plant diseases have
been prevented by using silver nanoparticles. Addi-
tionally, Kasprowicz et al. (Kasprowicz et al., 2010)
suggested that the development of disease is inhib-
ited when nanoparticles come into direct contact with
germ tubes or fungal spores. It is possible to draw the
conclusion that nanomaterials loaded with antifungals,

fabae). In each case the % recovery from the infected plant is
also shown. Each value is a mean of five replicates. *The val-
ues listed are significantly different from control at p >0.05

Parameter Plant height % No. of pods/ % No. of seeds/ % Crop yield % Crop %
Treatment (cmplant™)  Recov plant Recov pod Recov  /plant Recov index Recov
(g plant™)
Control 61.11 —  4.00 —  3.00 — 659 — 037 —
Healthy Plant
CNTs 60.32%* ——  4.00 —  3.00 — 6.37* — 033 —
CSNPs 66.71* —  5.00% —  3.00 — 11.30% — 052% ——
SLNPs 64.12%* —  4.00 —  3.00 — 7.49% — 044 —
Infected Plant with Botrytis fabae
Infected plant 51.33* —  3.00% —  2.00% — 2.96% — 0.13* ——
NYS 63.65* 24.00 4.00 33.33  3.00 50.00 8.03* 171.28 041 21538
FLZ 67.73* 31.95 4.00 33.33  3.00 50.00  9.00* 204.05 0.43  230.77
Strategy A
Al: CSNPs 54.70* 6.57 3.00* 0.00 2.00%* 0.00  4.73* 59.80  0.24*% 84.62
A2: CSNPs-NYS  65.73* 28.05 5.00%* 66.67 3.00 50.00 10.93* 269.26 0.54* 31538
A3: CSNPs-FLZ  64.72* 26.09 5.00* 66.67 3.00 50.00 10.85* 266.55 0.55*% 323.08
Strategy B
B1: CNTs 51.78%* 0.88 3.00%* 0.00 2.00%* 0.00 3.27* 1047  0.16% 23.08
B2: CNTs-NYS  60.41* 17.69  4.00 3333 3.00 50.00 7.15* 141.55 0.45  246.15
B3: CNTs-FLZ 61.88* 20.55 4.00 3333 3.00 50.00 6.57 12196 037 184.62
Strategy C
C1: SLNPs 54.55% 6.27 3.00%* 0.00 2.00%* 0.00 3.25% 9.80 0.21* 61.54
C2: SLNPs-NYS  70.83* 37.99  5.00%* 66.67 3.00 50.00 11.29* 281.42 0.58* 346.15
C3: SLNPs-FLZ  68.59* 33.63  5.00%* 66.67 3.00 50.00 13.39* 352.36  0.60* 361.54
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might be utilized to prevent harmful infections and
manage faba bean leaf spot and chocolate spot. These
types of nanomaterials might be less hazardous to
human and the environment. The results of this study
highlight the expanded use of nanomaterials, either
alone or in combination with antifungal antibiotics for
the control and management of Alternaria alternata
and Botrytis fabae (Helal et al., 2022).

c. Biosafety of the yielded seeds

Plants can convey nanomaterials to ecosystems and
humans through harvested organs, which can be haz-
ardous to living things and have an impact on the

Table 2 Effect of foliar application of different nanomaterials
treatments either singly or loaded with nystatin and fluconazole
on yield developmental parameters of faba bean plants grown
in clay-sandy soil (before and after infection with Alternaria

biodiversity and abundance of these environments.
It is important to note that the current results (see
Fig. 11) show that the Vicia faba seeds were com-
pletely free of any nanomaterials, suggesting that these
nanomaterials were not stored inside the tissues of the
seeds (see Fig. 4 distribution) (Murashov & Howard,
2007; Jo et al., 2009). It has been shown that nano-
particles could pass through the food chain which may
cause threats to human health and safety (Deng et al.,
2014; Marchiol et al., 2016; Rao, 2014). Therefore,
comparing the antifungal activity of different kinds of
nano systems should be done with caution. However,
it is recommended to compare the antifungal effect of
the nanoparticles with a potential control antifungal
that has been authorized for field use.

alternata). In each case, the % recovery from the infected plant
is also shown. Each value is a mean of five replicates. *The
values listed are significantly different from control at p >0.05

Parameter Plant height % No. of pods/ % No. of seeds/ % Cropyield % Crop %
Treatment (cm plant™") Recov plant Recov pod Recov /plant Recov index Recov
(g plant™)
Control 61.11 —  4.00 —  3.00 —_— 6.59 — 037 —
Healthy Plant
CNTs 60.32* —  4.00 —  3.00 —_— 6.37% — 033 ——
CSNPs 66.71* —  5.00% —  3.00 —  11.30% — 052% —
SLNPs 64.12% —  4.00 —  3.00 — 7.49% — 044 —
Infected Plant with Alternaria alternata
Infected plant 50.46* —  3.00% — 2.00% —_— 3.06* — 0.13* ——
NYS 66.83* 3244  4.00 3333  3.00 50.00 8.42% 175.16 0.48* 269.23
FLZ 65.62* 30.04 4.00 3333  3.00 50.00 8.66%* 183.01 0.46* 253.85
Strategy A
Al: CSNPs 53.61* 6.24 3.00% 0.00  2.00% 0.00 3.76* 2288 0.21* 61.54
A2: CSNPs-NYS  63.32* 2549 4.00 3333  3.00 50.00 7.15% 133.66 0.43  230.77
A3: CSNPs-FLZ 64.21* 2725 5.00% 66.67 3.00 50.00 10.12* 230.72  0.51* 29231
Strategy B
B1: CNTs 52.27* 3.59 3.00% 0.00  2.00% 0.00 3.08% 0.65 0.13* 0.00
B2: CNTs-NYS  61.73* 2233 4.00 3333  3.00 50.00 6.73* 119.93 043  230.77
B3: CNTs-FLZ  60.15* 19.20  5.00* 66.67 3.00 50.00 8.81% 187.91 0.49* 276.92
Strategy C
C1: SLNPs 55.00% 9.00 3.00% 0.00  2.00% 0.00 3.47% 13.40  0.20* 53.85
C2: SLNPs-NYS  69.63* 37.99  5.00* 66.67 3.00 50.00 12.18* 298.04 0.54* 315.38
C3: SLNPs-FLZ  70.63* 39.97  5.00* 66.67 3.00 50.00 13.21* 331.70 0.63* 384.62
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«Fig. 4 TEM micrographs of representative yielded seeds from
Vicia faba plants treated with different tested nanomaterials
loaded with nystatin and fluconazole as nano-drug delivery
systems

Abbreviations A. alternata: Alternaria alternata;
ANOVA: Analysis of variance; B. fabae: Botry-

tis fabae; CNTs: Carbon nanotubes; CNTs-FLZ:
Carbon nanotubes loaded with fluconazole; CNTs-
NYS: Carbon nanotubes loaded with nystatin;
CSNPs: Chitosan nanoparticles; CSNPs-FLZ:
Chitosan nanoparticles loaded with fluconazole;
CSNPs-NYS: Chitosan nanoparticles loaded with
nystatin; FLZ: Fluconazole; L.S.D.: Least sig-
nificant difference.; M/C: Minimum inhibitory
concentration; NPs: Nanoparticles; NYS: Nystatin;
SLNPs: Solid lipid nanoparticles; SLNPs-FLZ:
Solid lipid nanoparticles loaded with fluconazole;
SLNPs-NYS: Solid lipid nanoparticles loaded with
nystatin; TEM: Transmission electron microscopy
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