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Abstract: Fusarium culmorum is a soil-borne fungus able to cause Fusarium head blight, one of the
most important cereal diseases worldwide, which can result in significant yield losses of up to 50%
and which jeopardizes food and feed safety due to the mycotoxins produced. In the study presented
herein, the enhancement of the antifungal activity against this pathogen, resulting from the addition
of silver nanoparticles (AgNDPs) to different polyphenol-stevioside inclusion compounds, dispersed
either in a chitosan oligomers hydroalcoholic solution or in a choline chloride:urea:glycerol deep
eutectic solvent, was investigated in vitro. The polyphenols assayed were curcumin, ferulic acid,
gallic acid and silymarin. Four composite concentrations (62.5, 125, 250 and 500 pg-mL 1), with and
without AgNPs, were assessed, finding noticeable differences in mycelial growth inhibition, with
ECsp and ECyy values ranging from 118 to 579 pg-mL~! and from 333 to 2604 jig-mL !, respectively.
The obtained results evidenced the improved efficacy of the composites with AgNPs, a superior
performance of the composites based on curcumin and ferulic acid, and the advantages of the deep
eutectic solvent-based dispersion medium over the chitosan oligomers-based one. The reported
composites hold promise for crop protection applications.

Keywords: antifungal; chitosan oligomers; composites; deep eutectic solvents; phenolic compounds;
Fusarium culmorum; silver nanoparticles

1. Introduction

Fusarium culmorum (W.G. Smith) Sacc. is a soil-borne filamentous fungus that causes important
diseases in cereals, grasses, and a wide variety of monocots and dicots. In wheat and barley, as well as
in other small-grain cereals, it is able to produce Fusarium crown rot (FCR) and Fusarium head blight
(FHB) [1]. FCR causes seedling blight, brown discolorations and rotting of root, crown and lower stem
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tissues [2]. FHB remains one of the most important diseases worldwide and continues to pose a major
challenge in cereal production leading to severe yield reductions.

This fungus is also reported as a post-harvest pathogen, especially on freshly harvested grain
that has not been properly dried or stored [1]. It produces type B trichothecenes (4-deoxynivalenol,
3-acetyl-4-deoxynivalenol, 15-acetyl-4-deoxynivalenol, nivalenol and 4-acetylnivalenol or
fusarenone X), which may contaminate food and feed at high concentrations and cause serious
poisoning in humans and animals [3]. Further, trichothecenes play an important role as virulence
factors by inhibiting defense mechanisms activated by the plant [1].

As noted by Pani, et al. [4], the efficient control of F. culmorum associated disease and trichothecene
contamination (to comply with EC No. 1881/2006 in the European Union) poses a major challenge and
requires integrated management approaches, involving the choice of tolerant cultivars, the use of crop
rotation, a reduction of nitrogen fertilization, crop residues plowing, and seed dressing with antifungal
agents. With regard to this latter matter, although conventional azole and strobin fungicides can be
effective at low disease pressure or on plant genotypes that present a moderate level of resistance,
their repeated use may induce a selective pressure on fungal populations, hence favoring the onset
of resistant mutants [5]. As a result, increasing efforts are being devoted to the identification of
alternative approaches, in particular, regarding formulations based on biodegradable nanocomposite
materials with biopolymers and on antioxidants, which can improve the natural resistance mechanisms
of the host plant [6]. Nanoparticle formulations, specially silver nanoparticles, have also attracted
considerable attention in plant protection applications [7].

Among the aforementioned biopolymers, chitosan, which features well-established antifungal
properties [8], has been tested against F. culmorum and other Fusarium species by Bell, et al. [9],
Park, et al. [10], Al-Hetar, et al. [11], Xing, et al. [12]. Specific and strong inhibitory activities against
F. culmorum have also been reported for phenolic and polyphenolic natural compounds, such as
ferulic, sinapic and p-coumaric acids [13]; gallic acid [14]; curcumin [15,16]; or caffeic acid [17].
A screening of 31 phenolic compounds (including gallic and ferulic acids) was also recently conducted
by Pani, et al. [4]. Apropos of metal nanoparticles, silver nanoparticles [18-22] have shown promise as
non-aggressive treatments against this fungus in sustainable agriculture. Other metal nanoparticles
against other Fusarium species have been recently reviewed by Rai, et al. [23].

Although combinations of chitosan with encapsulated essential oils have been reported to have
a fungistatic effect against Fusarium verticillioides [24] and F. graminearum [25], to the best of the authors’
knowledge, the efficacy of binary and ternary mixtures of the three bioactive compounds classes
discussed above (biopolymers, phenolics and AgNPs) against Fusarium spp. has not been reported
to date.

In an attempt to fill this research gap, the present work has aimed to evaluate the in vitro
antifungal activity of composites consisting of silver nanoparticles and polyphenol inclusion
compounds formed with stevioside (to improve their solubility and bioavailability [26,27]), with a view
to evidencing the enhanced behavior resulting from the addition of AgNPs. Different concentrations,
four polyphenols (curcumin, ferulic acid, gallic acid and silymarin) and two dispersion media
(viz., chitosan oligomers in a hydroalcoholic solution, and a deep eutectic solvent (DES) based on
a choline chloride and urea solution (1:2 v/v) in glycerol) have been investigated.

2. Materials and Methods

2.1. Reagents

Commercially-available silver nanoparticles (40 nm particle size (TEM), 20 pg-mL~! in aqueous
buffer, with sodium citrate as a stabilizer; PubChem Substance ID 329764597), curcumin (CAS 458-37-7),
ferulic acid (CAS 1135-24-6), gallic acid (CAS 149-91-7), silymarin (MDL MFCD01776359), choline
chloride (CAS 67-48-1), urea (CAS 5-13-6) and glycerol (CAS 56-81-5) were purchased from
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Sigma-Aldrich/Merck KGaA (Darmstadt, Germany). Stevioside (CAS 57817-89-7) was purchased
from Wako (Osaka, Japan). All chemicals were used without further purification.

Chitosan oligomers were prepared from medium molecular weight chitosan (MMWC, supplied
by Hangzhou Simit Chemical Technology Co. Ltd., Hangzhou, China) according to the procedure
reported by Sun, et al. [28]: 10 g of MMWC was first solubilized in 500 mL of acetic acid (1%) under
constant stirring at 60 °C and, once dissolved, chitosan oligomers (with MW < 2 kDa) were obtained
by oxidative degradation with HyO, (0.3 mol-L™1).

The choline chloride and urea (1:2 v/v) deep eutectic mixture was prepared according to
Biswas, et al. [29], by heating at 80 °C under vigorous stirring in a hot-plate for 10 min.

2.2. Preparation of Polyphenol Inclusion Compounds

Polyphenol inclusion compounds were obtained by microwave-assisted aqueous biphasic system
separation, according to the procedure described in references [30,31].

2.3. Preparation of Bioactive Composites with Chitosan Oligomers in Hydroalcoholic Solution

A series of inclusion compounds were synthesized using chitosan oligomers in hydroalcoholic
solution as the dispersion medium. In a typical synthesis process, 10 mg of chitosan oligomers of
2 kDa, 60 mg of stevioside and 10 mg of one of the polyphenols (either curcumin, ferulic acid, gallic
acid or silymarin) were added to 40 mL of hydroalcoholic solution (1:1 v/v distilled water and ethanol).
The mixture was heated at 80 °C for 20 min and stirred in a microwave oven (Milestone Ethos-One,
Sorisole, BG, Italy). The resulting products were isolated by centrifugation (2500 rpm) and stored at
4 °C. For the treatments with silver nanoparticles, 2 pg of AgNPs (0.1 mL from a 20 pg-mL~! solution)
were added dropwise to 0.9 mL of the microwave fractions, and the final solution, with pH 7.5, was
sonicated with a probe-type UIP1000hdT ultrasonicator (Hielscher, Teltow, Germany; 1000 W, 20 kHz)
for 5 min. The concentration in AgNPs of the doped composite was 2 pg-mL 1.

2.4. Preparation of Bioactive Composites in ChCl:urea Deep Eutectic Solvent

Thirty milligrams of stevioside and 10 mg of one of the polyphenols under study (either gallic
acid, silymarin, ferulic acid or curcumin) were added to a dispersion medium consisting of 20 mL of
choline chloride and urea (1:2 v/v) DES and 10 mL of glycerol. The mixture was subjected to microwave
irradiation (at 80 °C; heating ramp: 5 °C-min~!) and stirring for 20 min. The bioactive products
were again obtained by centrifugation at 2500 rpm. Part of the obtained solution—for each of the
polyphenols—was used for the preparation of the treatments with nanosilver: in this case, 0.1 mL of
AgNPs (20 ug-mL~!) were then added dropwise to 0.9 mL of the previously obtained solution, and the
resulting mixtures, with pH 7.5, were subjected to sonication for 5 min at room temperature.

2.5. Characterization

The composites were characterized using Fourier-Transform Infrared spectroscopy (FTIR),
scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The vibrational
spectrum in the 400-4000 cm~! spectral range was characterized using a Nicolet iS50 FT-IR
spectrometer (Thermo Scientific, Waltham, MA, USA), equipped with an in-built diamond attenuated
total reflection (ATR) system, with a 1 cm ! spectral resolution and 64 scans. SEM and TEM
micrographs were collected with a Quanta 200FEG microscope (FEI, Hillsboro, OR, USA) and
with a JEM-FS2200 HRP microscope (JEOL, Akishima, Tokyo, Japan), respectively, confirming good
agreement with the characterization results recently reported in patent P201731489 [31].

2.6. Fungal Isolate and Growth Conditions

In vitro tests were conducted using Fusarium culmorum CS7071 isolated from infected wheat
seeds. The isolate was identified based on the morphology of conidia and conidiophores as well as on
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cultural properties. A molecular identification was made using Fusarium—specific primers targeting
translation elongation factor 1 (EF1): FUSAefF ATGGGTAAGGAGGACAAGAC and FUSAefR:
GGAAGTACCAGTGATCATGTT [32,33]. A FASTA sequence was verified at NCBI Blast, confirming
the correspondence with F. culmorum culture ICMP:15476 translation elongation factor 1 (EFla) gene,
partial cds, sequence ID: MG857546.1.

The isolate was purified by monospore isolation and maintained on malt agar slants, at 4 °C.
Fresh subcultures were made by transferring hyphae plugs to Petri dishes containing potato dextrose
agar (PDA, supplied by Scharlau, Barcelona, Spain) medium to obtain the inoculum for sensitivity tests.

2.7. In Vitro Tests of Mycelial Growth Inhibition

Tests were carried out to determine the biological activity of the nanocomposites using the agar
dilution method. Aliquots of stock solutions were incorporated into the PDA medium to provide final
concentrations of 62.5, 125, 250 and 500 ug'mL_l.

Myecelial disks of pathogen (8 mm in diameter), removed from the margins of a 7-day old culture,
were transferred to PDA plates amended with the treatments under study at the aforementioned
concentrations. Plates containing only the PDA medium served as the control. Three replicates were
used per treatment and the screening was repeated twice.

Radial mycelial growth was determined after 5, 7 and 14 days by calculating the mean of two
perpendicular colony diameters for each replicate. Mycelial growth inhibition (or the efficacy of
the tested composite) for each treatment and concentration after 7 days of incubation, in the dark,
was calculated according to the formula: ((d. —d;)/d.) x 100, where d, is the average diameter of
fungal colony in the control and d; is the average diameter of the fungal colony treated with the tested
composite. The data from two screening experiments were pooled and averaged.

Results were expressed as effective concentrations ECsg and ECy (i.e., the concentrations which
reduced mycelial growth by 50% and 90%, respectively) determined by regressing the inhibition of
radial growth values (%) against the logg values of the fungicide concentrations.

2.8. Statistical Analyses

Data were subjected to analysis of variance (ANOVA). For post hoc comparison of means, Tukey’s
multiple range test at 0.05 probability level (p < 0.05) was used. All tests were made using IBM SPSS
Statistics v.25 software.

3. Results

The bioactivity against F. culmorum of the different treatments, without and with AgNPs,
was studied in vitro by monitoring the radial growth of the mycelium (Figure 1).

Figure 1. Example of sensitivity test. Radial growth of mycelium for treatments without AgNPs
(top) and with AgNPs (bottom): (a,f) control (no gallic acid); (b,g) 62.5 pLg-mL_1 ; (c,h) 125 ug-mL_1 ;
(d,i) 250 pg-mL*1 ;and (e,j) 500 ug-mL*1 of gallic acid-based composite in DES dispersion medium.
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The radial growth of the mycelium results for the two dispersion media, i.e., chitosan oligomers
in hydroalcoholic solution or the ChCl:urea:glycerol deep eutectic solvent are shown in Figure 2a,b,
respectively. The increase in the concentration of the inclusion complexes from 62.5 pg-mL~! to
500 pg-mL~! resulted in a reduction in the radial growth of the mycelium in all cases.
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Figure 2. Radial growth values of F. culmorum in the presence of the composites, which consisted
of different polyphenol inclusion compounds without (w/0) and with (w/) AgNPs at different
concentrations of the composites (in ug~mL*1), either in a chitosan hydroalcoholic solution (a) or
in a deep eutectic solvent (b) dispersion medium. A 47-mm radial growth was obtained for the control
and the AgNPs-only treatments (not shown) in all cases. Concentrations labelled with the same
lowercase letters are not significantly different at p < 0.05 by Tukey’s test. All values are presented as
the average of three repetitions. Error bars represent the standard deviation across three replicates.

It may be observed that in the chitosan oligomers dispersion medium, 100% mycelial growth
inhibition without AgNPs only occurred for the composites with curcumin and ferulic acid at the
highest concentration of 500 pg-mL~!. Upon addition of AgNPs, the efficacy of all composites was
enhanced (for instance, the inhibition percentages at 250 pg-mL~! increased from 40% to 49% for
curcumin, from 10% to 40% for ferulic acid, from 18% to 33% for gallic acid, and from 9% to 36% for
silymarin), but full inhibition was only attained by curcumin and ferulic at the highest dose, as it
happened before. Significant differences between treatments with and without AgNPs were detected
for all polyphenols except for curcumin (Table 1).
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Table 1. Analysis of the differences in radial growth values between treatments with and without
AgNPs, for each dispersion medium and polyphenol, with a confidence interval of 95% by Tukey’s HSD
test. COS and DES stand for chitosan hydroalcoholic solution and a deep eutectic solvent dispersion
medium, respectively.

Medium Polyphenol Difference  Standardized Difference  Critical Value  p-Value Significant

Curcumin —1.042 —1.650 2.093 0.115 No
Ferulic acid —3.459 —-2.182 2.093 0.042 Yes
COs Gallic acid ~5375 —6.521 2.093 <0.0001 Yes
Silymarin ~3333 —2.157 2.093 0.044 Yes
Curcumin —9.825 —3.697 2.093 0.002 Yes
Ferulic acid —6.979 —5.126 2.093 <0.0001 Yes
DES Gallic acid —4771 4494 2.093 0.000 Yes
Silymarin —6508 —4603 2.093 0.000 Yes

In the case of the composites with a DES dispersion medium, total inhibitory activities were
attained for all the composites without AgNPs at a concentration of 500 pg-mL~! (not only for
curcumin and ferulic acid). When AgNPs were added, a synergistic effect was again observed, as total
inhibition occurred for the curcumin-based treatment at 250 pg-mL~!, and inhibition percentages of
97%, 89% and 85% at the same dose were found for ferulic acid, silymarin and gallic acid composites,
respectively. Significant differences between the treatments with and without AgNPs were detected in
all cases (Table 1).

The product efficacies for the composites in DES were higher than those of the composites
based on the hydroalcoholic solution of chitosan oligomers, as evidenced by the significant statistical
differences in the radial growth of the mycelium (Table 2a), but all treatments showed significant
differences vs. the control, at least at the highest two doses.

Table 2. Analysis of the differences in radial growth values (a) and ECsy and ECyg values (b) between
the two dispersion media with a confidence interval of 95% by Tukey’s HSD test.

(a)

Contrast Difference Standardized Difference Critical Value p-Value Significant
DES vs. COS —12.599 —13.888 1.973 <0.0001 Yes
Category LS Means Standard Error Lower Bound (95%) Upper Bound (95%) Groups
DES 20.667 0.641 19.401 21.932 A
COS 33.266 0.641 32.000 34.531 B
(b)
Contrast Difference Standardized Difference Critical Value p-Value Significant
ECsg DES vs. COS —164.188 —4.642 2228 0.001 Yes
ECyg DES vs. COS —617.013 —2.709 2.228 0.022 Yes
Category LS Means Standard Error Lower Bound (95%) Upper Bound (95%) Groups
EC DES 159.450 25.012 103.721 215.179 A
%0 Cos 323.638 25.012 267.908 379.367 B
EC DES 376.550 161.058 17.690 735.410 A
% Cos 993.563 161.058 634.702 1352.423 B

The results from the sensitivity tests may also be expressed in terms of ECsy and ECq indicators
(Table 3). The sensitivity of the isolate clearly varied as a function of the presence of AgNPs in the
composites and of dispersion media, but also according to the phenolic compound used. Although
in the case of the chitosan oligomers dispersion medium the addition of AgNPs barely changed the
effective concentration values for curcumin and ferulic (the two polyphenols with the best activity),
they noticeably improved those of silymarin and gallic acid composites. In the DES medium, the ECs
values were improved by 62%, 48% and 35% for curcumin, ferulic acid and silymarin, respectively,
when AgNPs were incorporated. The enhancement for the ECqy values was less evident, except
for curcumin, in which a 51% improvement was detected, pointing at a higher affinity between the
two components. The difference between treatments with and without AgNPs was on the limit of
significance (p = 0.055) for ECs5y and was not significant (p = 0.198) for ECg.
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Table 3. Effective concentrations of the composites that inhibited mycelial growth by 50% and 90%
(ECsp and ECy, respectively).

Treatments with Chitosan Oligomers

Curcumin Ferulic Acid Gallic Acid Silymarin
Without AgNPs ~ With AgNPs  Without AgNPs ~ With AgNPs  Without AgNPs ~ With AgNPs  Without AgNPs With AgNPs
ECsp (ug-mL~1) 239.4 227.3 291.7 240.4 579.1 3129 396.2 302.1
ECgp (ug-mL™1) 540.5 502.6 712.9 543.7 2604.5 973.2 1240.5 830.6
Treatments with DES
Curcumin Ferulic Acid Gallic Acid Silymarin
Without AgNPs ~ With AgNPs ~ Without AgNPs  With AgNPs  Without AgNPs  With AgNPs  Without AgNPs With AgNPs
ECsp (ug-mL~1) 208.8 129.0 174.4 1179 167.5 160.8 182.4 134.8
ECgp (ug-mL~1) 501.6 332.8 376.5 333.8 365.3 381.7 393.6 327.1

In line with the discussion presented above, F. culmorum was found to be more sensitive to the
treatments prepared in DES, with ECs values ranging from 118 to 209 pug-mL~! and ECy, values
between 333 and 502 pg-mL~!. For comparison purposes, for the COS in hydroalcoholic solution
medium treatments the ECs values ranged from 227 to 579 pug-mL~! and those of ECyg from 503 to
2604 pg-mL~!. Significant differences between the two dispersion media were found for both ECs
and ECy, (Table 2b).

With regard to the impact of the polyphenol choice, curcumin and ferulic acid generally performed
better than gallic acid and silymarin (gallic acid would only be advised in the DES medium if AgNPs
are not to be used), but no significant differences were observed.

The highest sensitivities of the F. culmorum corresponded to the inclusion compounds with
curcumin and ferulic acid in DES (ECsq values of 129 and 118 ug-mL~!, respectively), followed by the
inclusion compound with silymarin, which featured a similar ECyy (around 330 ug-mL’l).

4. Discussion

4.1. Efficacy of the Composites

In an attempt to enable comparisons with the literature in terms of inhibitory concentrations, the
equivalent concentrations of each of the individual components of the composites are summarized
in Table 4. Nonetheless, it should be stressed that Fusarium species do not have a normal minimum
inhibitory concentration (MIC) and minimum effective concentration (MEC) distribution and thus
prediction of antifungal susceptibility of a single strain is difficult ([34] and references therein).
This same review paper concluded that, since most strains have high MICs (intrinsic resistance),
different degrees of resistance at most can be determined in different strains. As the susceptibility
profile is isolate dependent, antifungal susceptibility testing should be performed especially for any
Fusarium involved in an invasive infection [34]. Comparisons of the effective concentrations below
should therefore be taken with caution.

Table 4. Equivalent concentrations (in ptg-mL~!) of each of the individual components in the bioactive
composites under study.

Dispersion Medium  Composite = Chitosan Oligomers = DES  Polyphenol *  Stevioside =~ AgNPs *

625 7.75 R 7.75 4675 0.25
125 155 ; 155 935 05

COos 250 31 - 31 187 1
500 62 ; 62 374 2
625 ; 30.75 7.9 23.62 0.25
125 ; 615 158 4705 05

DES 250 ; 123 315 945 1
500 - 246 63 189 2

* The synthesis procedure was designed for testing similar concentrations of polyphenols and AgNPs at the different
concentrations for the two dispersion media.
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Concerning the efficacy of polyphenols against Fusarium spp., Sarrocco, et al. [16] studied the
antifungal activity, main active components and mechanism of Curcuma longa extract on eleven fungi,
including F. graminearum, F. chlamydosporum, . tricinctum, F. culmorum and F. oxysporum, finding ECsg
values (in pg-mL ™) of 108.8, 174.2, 254.7, 422.9 and 3883.3, respectively. Chowdhury, et al. [35] reported
an ICs of 135.9 pg-mL~! for curcumin-I against F. solani, not included in the aforementioned study.
Nguyen, et al. [14] tested the antifungal activity of gallic acid purified from Terminalia nigrovenulosa bark
against this latter pathogen (F. solani), reporting 81% disease suppression for 1000 ppm (1000 pg-mL~1).
Gauthier, et al. [17] found a higher sensitivity to caffeic acid, not assayed herein, for F. graminearum
than for F. culmorum, reporting ICsy values >10 mM (1800 ug-mL’l) for the latter.

A thorough bibliographical survey yielded no studies on the effects of silymarin on Fusarium spp.,
but ferulic acid was tested by Pani, et al. [4]. Although they did not report ECsg values for the different
polyphenols assayed against F. culmorum (they quantified the fungal growth in terms of dry fungal
biomass), they found that while fungal growth was only slightly inhibited when 1.5 mM gallic acid
was added to the liquid culture, ferulic acid at 0.5 mM showed a significant inhibitory activity, a result
consistent with the behavior observed in this study.

From the values discussed in previous paragraphs, in which noticeably higher concentrations
of polyphenols were required to attain inhibition, it may be inferred that the chosen approach, based
on forming inclusion compounds, clearly improved their solubility and bioavailability, which are
two of their inherent physicochemical characteristics that limit their applications [36]. This result
would be consistent with other studies in which an enhancement of the solubility and bioavailability
of polyphenols was attained by using terpene glycosides (such as rubusoside, stevioside, rebaudioside,
or steviol monoside) or cyclodextrins to form inclusion compounds [26,27]. Moreover, the better
behavior of DES composites as compared to those in the chitosan oligomers medium—in spite of
having stevioside concentrations approximately half of those in the latter—points to the advantages
associated with the fact that DES are an excellent extraction medium for phenolic compounds [37],
either alone or in combination with inclusion compounds [38].

With regard to the efficacy of chitosan on Fusarium spp., disparate results have been reported in
the literature: Xing, et al. [12] reported that F. culmorum was resistant to oleoyl-chitosan (O-chitosan)
nanoparticles, finding no mycelial growth inhibition at concentrations of up to 2 mg-mL~!. In the same
line, Bell, et al. [9], who studied the effects of chitin and chitosan on F. oxysporum in field tests, concluded
that chitosan applied as a root dip alone did not reduce disease incidence (although it significantly
reduced disease severity when used with a tolerant celery cultivar) and that chitosan treatment of
transplants did not reduce soil populations of F. oxysporum. On the other hand, Al-Hetar, et al. [11]
stated that chitosan at all concentrations tested (0.5, 1,2, 4, and 8 mg-mL~!) reduced the hyphal growth
of F. oxysporum f. sp. cubense, reporting an ECsg of 1.4 mg-mL~! and a maximum inhibition of 76.36% at
8 mg-mL ™. Park, et al. [10] assessed the antifungal activity of water-soluble and low molecular weight
chitosan against six plant pathogens, finding that F. oxysporum and F. graminearum were the most
resistant. ICs values ranging from 1.5 to 4.0 mg-mL~! and from 1.8 to 3.2 mg-mL~! were reported
for F. graminearum and F. oxysporum, respectively, depending on the degree of acetylation of chitosan.
Since all these concentration values were much higher than the ones used in this study (ranging from
7.5 to 62 pg-mL~!, Table 2), it appears that the contribution of chitosan to the antifungal activity of the
composites would be pretty limited, mainly acting as a stabilizing agent and dispersion medium.

A similar situation to that described in the previous paragraph, with controversial and inconsistent
data, can be found in terms of the effect of AgNPs. Kasprowicz, et al. [18] investigated the influence
of AgNPs on F. culmorum spores vegetative growth rates, using AgNPs concentrations between
1 and 20 ppm. They found a significant reduction in mycelial growth for spores incubated with
5-10 ppm AgNPs solutions compared to the control, but no effective concentrations were reported.
Venat, et al. [19] studied the fungitoxic properties of colloidal silver on mycelial growth of eight
important plant pathogens, including F. culmorum and F. oxysporum. They found ECsy values of
11.99 ppm and 12.27 ppm, and ECyy values of 18.70 ppm and 18.19 ppm for F. culmorum and
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F. oxysporum, respectively, when colloidal silver prepared “in-house” was used. When commercial
colloidal silver (supplied by Medicer Bios, Ploiesti, Romania) was used instead, EC5y values of
26.83 ppm and 21.16 ppm, and ECgq values of 51.6 ppm and 34.66 ppm were determined for F. culmorum
and F. oxysporum, respectively. Ziedan and Saad [39] reported full inhibition of F. oxysporum in the
presence of AgNPs at a concentration of 15 ppm. Aleksandrowicz-Trzcinska, et al. [40] studied in vitro
the effects of copper and silver nanoparticles on the growth of several species of pathogenic and
wood-decay fungi, including two Fusarium spp., at concentrations of 5, 15, 25 or 35 ppm. In the case
of AgNPs, at the highest concentration, they attained a 32.6% and a 41.2% inhibition for F. oxysporum
and F. redolens, respectively. The efficacy of CuNPs was lower (19% and 21% inhibition, respectively).
Conversely, Soltanloo, et al. [41] reported that concentrations of up to 100 ppm did not fully inhibit
mycelial growth of F. graminearum, and Tutaj, et al. [22] reported that AgNPs at a concentration of
100 pg-mL~! had no inhibitory effect on F. culmorum growth. Villamizar-Gallardo, et al. [42], working
at similar concentrations (up to 100 ppm), concluded that, for F. solani, the AgNPs only caused texture
and pigmentation changes, indicating resistance of this microorganism to the nanomaterial in question.
In line with this last comment, it is worth noting that, as a result of AgNPs application, a change in
mycelia pigmentation was also detected in this study. According to Kasprowicz, et al. [43], on the basis
of an analysis of metabolites, this may be ascribed to a more intensive biosynthesis of aurofusarin and
to the conversion of rubrofusarin to aurofusarin under the influence of nanosilver.

Considering that in tests conducted with AgNPs alone (not shown in Figure 2), at the same
concentrations used in the composites (i.e., ranging from 0.25 to 2 ppm; Table 2), no inhibition was
observed, and that those concentrations were approximately two orders of magnitude lower than the
effective concentrations reported by the authors mentioned above, it becomes apparent that AgNPs
could not be responsible for the bioactive behavior. However, as mentioned in the results section, even
at these very low doses, AgNPs led to a noticeable improvement of the efficacy of the composites,
pointing to a synergistic behavior with the polyphenols.

A relevant synergistic behavior between AgNPs and chitosan may be safely excluded, provided
that much higher concentrations would be required: Dananjaya, et al. [44] reported that AgNPs
improved the antifungal activities of chitosan nanoparticles against F. oxysporum, but a concentration
of 1000 pg-mL~! was needed to achieve a 81.52% growth inhibition.

4.2. Mechanism of Action

As noted above, the antifungal action of the composites should be mainly ascribed to the phenolic
compounds. Their inhibition behavior would arise from their ability to disrupt the integrity of the
plasma membrane and mitochondrial dysfunction, inducing metabolic stagnation [45]. For instance,
curcumin can potentially disrupt the synthesis of critical proteins and enzymes that may ultimately
inhibit the growth of fungi (in particular, of F. graminearum): it can downregulate D-Glyceraldehyde
3-phosphate:NAD+ oxidoreductase (GAPDH) (involved in glycolysis, gluconeogenesis, the Calvin
cycle and other energetic metabolic pathways), it can inhibit the synthesis of ergosterol (so the
membrane would be an important antifungal target), and it can suppress the activity of reduced
B-nicotinamide adenine dinucleotide (NADH) oxidase and succinate dehydrogenase (SDH), interfering
with the tricarboxylic acid (TCA) cycle and inhibiting the adenosine triphosphate (ATP) synthesis in the
mitochondria [16]. Ferulic acid would also act on the cell membrane, provided that a significant change
in intracellular ATP concentrations, a decrease in intracellular pH, cell membrane hyperpolarization,
a reduction in bacterial membrane integrity, and morphological alterations were documented by
Shi, et al. [46]. Gallic acid would exhibit both antioxidant as well as pro-oxidant characteristics,
displaying a double-edged sword behavior, which turns it into an efficient apoptosis inducing
agent [47]. Silymarin would also exert its antifungal activity by targeting the plasma membrane:
Yun and Lee [48,49] reported that it induces an increase in permeability and physical perturbation of
plasma membrane, allowing the penetration of molecules smaller than approximately 3.3 nm; it induces
intracellular reactive oxygen species (ROS), which leads to the peroxidation of membrane lipids; and
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these membrane damages contributed to membrane malfunctions with membrane depolarization, K*
leakage, decrease in membrane fluidity, and consequently, to cell death.

Finally, with regard to the apparently synergistic behavior observed upon addition of AgNPs, it is
worth noting that one of the possible mechanisms of action of silver requires that the silver ions enter
the fungal cell for efficient killing. The enhancement of permeability driven by polyphenols would
support that their interaction should be synergistic rather than simply additive. A tentative mechanism
would be analogous to that described by Dananjaya, et al. [44] to explain the synergistic behavior
between chitosan (which also enhances membrane permeability, in a similar fashion to polyphenols)
and AgNPs: when the phenolic compounds interact with membrane proteins, causing disruption of
the structures and functionality, they would induce an efflux of positively charged K*, resulting in
a hyperpolarization of the plasma membrane, which increases the uptake of cations to balance the
membrane potential [50]. Depending on the environmental conditions, AgNPs on the surfaces could
be ionized and produce cationic silver (Ag*) traces [51]. This Ag* traces would enter into the cell with
the cationic influx generated due to the hyperpolarized cell membrane, subsequently binding with
macromolecules such as protein and nucleic acids and further interfering with the metabolic pathways
by inhibiting enzyme activities, further promoting the fungal growth inhibition.

5. Conclusions

Composites of four polyphenol inclusion compounds were assessed against Fusarium culmorum
with and without AgNPs, at four different concentrations and in two dispersion media.
The ChCl:urea:glycerol dispersion medium was found to perform better than the chitosan oligomers
hydroalcoholic solution in all cases. The addition of nanosilver, even at very low doses (<2 pg~mL’1),
significantly improved the bioactivity of the composites, in particular for the deep eutectic solvent
medium, resulting in a decrease in the EC59 and ECqj values of up to 62% and 51% respectively, in the
case of the curcumin-based treatment, suggesting synergistic behavior. Amongst the four polyphenols
assayed, curcumin attained the best antifungal activity, closely followed by ferulic acid. For the best
treatment (curcumin with AgNPs in DES), ECsy and ECyg values of 129 and 333 ug~mL_1, respectively,
were obtained. The good efficacy of the proposed composites as compared to other alternatives
reported in the literature advocates their potential for the protection of crops against FCR and FHB as
an alternative to conventional azole and strobin fungicides.
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