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Abstract
The severe use of conventional pesticides has led to rethinking agriculture protocols for crop protection. In this context, atten-
tion has been given to nanopesticides, i.e., formulations containing nanosized particles to deliver poorly soluble bioactive 
compounds. The aim of this work was to design and prepare nanoparticles from biopolymers such as lignin and tannins to 
allow the encapsulation and transport of neem oil and capsaicin against three grapevine phytopathogenic fungi: Verticillium 
dahliae, Phaeomoniella chlamydospora, Phaeoacremonium minimum. Tannins from grape seeds were chosen as adjuvants 
for the lignin matrix forming the nanocapsules to improve compatibility between the nanovectors and the target since tan-
nins are intrinsic components found in vine plants. Neem oil was used as dispersant for the non-polar bioactive substance 
capsaicin against pathogenic fungi and for its own antimicrobial properties. The size and structure of the particles in these 
new formulations were characterized prior to in vitro tests. Scanning electron microscopy (SEM) showed that submicrom 
globular structures constituted the most abundant population. From dynamic light scattering (DLS), it was found that the 
average diameter in solution was in the range 250–300 nm for loaded vectors and zeta potential (ZP) showed that all the scat-
tering objects had a negative surface charge (in the range from − 52 to − 37 mV). Small angle X-ray scattering (SAXS) was 
used to get finer insight into the structural properties of plain and loaded aggregates by fitting the intensity diagrams with a 
superposition of different contributions, which depended on the specific formulation, in agreement with the SEM pictures 
taken on the solid obtained from solvent evaporated samples. Regarding the antifungal activity, the most promising results 
were obtained against the fungi P. minimum. In this case, the advantage obtained by administration through nanocapsules 
was a dramatic reduction in the amount of both neem oil and capsaicin needed for the treatment. The antifungal effect was 
suggested to stem out from the synergistic activity of the two bioactive compounds.
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1 Introduction

Over the latest decades, the intensive use of pesticides in 
agriculture has ensured abundant yields to satisfy the food 
requests from an ever-increasing world population [1], and 
at the same time, it has created new risks to the environ-
ment and human health [2, 3]. Actually, almost 70–80% of 
the pesticide persist in soils long enough to pollute ground-
waters, thus contaminating the food chain and provoking 
adverse effects due to their bioaccumulation [4]. Moreover, 
pesticide persistence in the environment can widen the num-
ber of natural competitors [5], worsening the situation and 
requesting more pesticides to obtain the desired pest control 
[6]. Among the first synthetic pesticides introduced in the 
1940s, persistent organic pollutants (POPs) [7] were banned 
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in 2001 [8], because of their accumulation in food, general 
toxicity, and the possibility to be transported for long dis-
tances through water and air (e.g., by winds or migratory 
species) [9, 10]. Alongside POPs, the use of copper-based 
antimicrobial compounds (CBAC), though particularly 
effective against pathogens of grapevine, has been progres-
sively limited to specific quantities by the European Com-
mission [11, 12]. New classes of pesticides such as pyre-
throids [13], carbamates, and phenyl pyrazoles have also 
been used, generating a misconception about these com-
pounds, which are sometimes considered not toxic and not 
persistent in the environment [5].

In present times, researchers are studying innovative 
technologies to avoid side effects and ecosystem destabi-
lization while ensuring a good quality of the final product 
[14]. In particular, nanotechnology has gained attention as 
a potential tool for crop protection in agriculture. Nanope-
sticides usually consist of active principles vehiculated by 
nanocarriers [15–19]. Different formulations have been 
designed ad hoc to enhance the efficacy of the cargo mole-
cules, reduce the dose administered, and promote controlled 
release [20–22]. In this context, eco-friendly preparations 
and handling procedures should be also considered, such as 
using renewable starting materials, less harmful solvents, 
and compounds that can be naturally decomposed [23]. All 
such instances gain further importance in transferring nano-
particles from the lab to large-scale production, where nano-
technology represents the cutting edge of applied research. 
The most promising nanosystems for crop protection are 
based on molecules from plants as biopesticides and natu-
ral polymers as carriers. Among natural biopesticides, plant 
secondary metabolites are gaining attention since they play 
a key role in the defense mechanism against natural enemies 
such as fungi, bacteria, and insects [24]. Secondary metabo-
lites can be classified into different groups according to their 
chemical nature: phenols (such as tannins, lignin), terpe-
nes (sesquiterpenes, diterpenes, triterpenes), and nitrogen 
compounds (alkaloids). In this latter group, capsaicin, an 
alkaloid extracted from chili peppers, has turned out to be 
a fruit-landing deterrent against hemipteran insects (Cera-
titis capitata) [25] and an excellent antifungal agent [26]. In 
particular, Vuerich et al. [27] demonstrated that chili pep-
per pod extract exerted antifungal properties against some 
of the major Oomycete pathogens for grapevine including 
Botrytis cinerea Pers., Phyllosticta ampelicida (syn. Guig-
nardia bidwellii), and Plasmopara viticola. Essential oils, 
containing a mixture of secondary metabolites, generally 
monoterpenes and sesquiterpenes, also exert an effect in 
plant protection from parasitises attack [28]. It is well known 
that neem oil, extracted from Azadirachta indica seeds, and 
containing more than three hundred biologically active mol-
ecules [29], is effective against pests [30]. Moreover, it has 
shown improved antifungal properties against Ascomycete 

fungi [31] when encapsulated in nanoformulations. For these 
properties, neem oil can also be used to preserve food in 
more sustainable packaging based on natural biopolymers, 
such as chitosan, starch, and pectin [29].

The present work shows enhanced antifungal effect of 
neem oil when encapsulated in the hydrophobic core of 
nanoparticles prepared from mixed lignin and tannins. Cap-
saicin was also added as a natural repellent to these formu-
lations for improving their efficacy. Antifungal assays were 
conducted against three fungal pathogens that can infect sev-
eral hosts, such Verticillium dahliae, or that typically infect 
grapevine, i.e., Phaeomoniella chlamydospora and Phaeo-
acremonium minimum.

2  Materials and Methods

2.1  Experimental Materials

Kraft lignin, capsaicin, and acetone were purchased by 
Sigma-Aldrich. Grape seed tannins and neem oil were kindly 
supplied by Natural-mente srl (http:// www. natur al- mente srl. 
it). Potato dextrose agar and the agar powder were purchased 
by Liofilchem. Pindarus 25 WDG and Idrorame Flow were 
purchased by Chimiberg.

2.2  Preparation of NCs

The powder of lignin (L) and grape seed tannins (T) were 
dissolved separately or in combination (as shown in Fig-
ure 1) in KOH solution at pH 11.5. This pH value was 
selected to overcome the low solubility of lignin in water at 
pH minor or equal to 7 (Falsini et al., 2019; Agustin et al., 
2019). Briefly, 150 μL of neem oil was added to 150 μL of 
a capsaicin solution in acetone at a concentration of 22 mg/
mL and this mixed solution was added to 3 mL of polymers 
aqueous solutions. The oil phase was emulsified in the solu-
tion by high-power sonication. The pure lignin-tannin parti-
cles were also sonicated and treated, as the loaded formula-
tions, to serve as reference systems. A Branson 450 Digital 
Sonifer was used at 95% of power, for 3 min, 1 s of pulse 
on and 0.5 s of pulse off (5 cycles for each sample). The ini-
tial and final pH of the nanoformulations was measured by 
BioClass XS pH 8+ DHS pHmeter (http:// www. biocl ass. it).

The acronyms of the samples investigated in this study 
are listed in Table 1, where composition and starting/final 
pH are reported.

2.3  Dynamic Light Scattering (DLS) and Zeta 
Potential (ZP)

The average diameter of the obtained nanoparticles was 
measured by DLS on a Malvern Zetasizer Nano ZS (ZEN 

http://www.natural-mentesrl.it
http://www.natural-mentesrl.it
http://www.bioclass.it
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1600 model, Malvern Instruments Southborough, MA), 
equipped with He-Ne 633 with backscattering detection. 
DLS analysis was performed over 11 runs and in duplicate 
for each formulation. Samples were diluted at 1:200 with 
Milli-Q water before measuring to adjust optical density.

Zeta potential measurements were performed with 
Zetasizer PRO Red Label (Malvern Panalytical Co., Ltd., 
Malvern, UK). Samples were diluted at 1:100 with MilliQ 
water. Each reported ZP value was averaged over 3 runs.

2.4  Scanning Electron Microscopy (SEM)

SEM measurements were performed Gaia 3 (Tescan s.r.o, 
Brno, Czech Republic) and FIB-SEM (Focused Ion Beam-
Scanning Electron Microscope). Electron beam used for 
SEM imaging had the voltage of 10 kV and operating in 
high-vacuum and with secondary electron detector at the 
CEME-Centro di Microscopie Elettroniche “Laura Bonzi,” 
CNR Research Area (Florence, Italy). Samples were 

Fig. 1  Technical sketch of the preparation procedure of nanocapsules

Table 1  Samples name and composition, solution pH used for dissolving lignin and grape seed tannins, and final pH of the obtained formula-
tions. L, lignin; T, tannin; NCs, nanocapsules; N, neem oil; CAP, capsaicin

Samples Names Grape seed tannins 
concentration (w/v %)

Lignin concen-
tration (w/v %)

Neem oil 
(w/v %)

Capsaicin 
(w/v %)

pH of the starting 
KOH solution

pH of the 
final formu-
lation

Empty vectors Empty 5L ─ 5 ─ - 11.5 6.4
Empty 5T 5 ─ ─ - 11.5 6.5

Lignin NCs NCs 5L_N ─ 5 4.5 - 11.5 6.0
NCs 5L_NCAP ─ 5 4.5 0.1 11.5 6.0

Mixed NCs NCs  4L_1T_N 1 4 4.5 - 11.5 5.6
NCs 4L_1T_N_CAP 1 4 4.5 0.1 11.5 5.6
NCs 1L_1T_N 2.5 2.5 4.5 - 11.5 5.5
NCs 1L_1T_N_CAP 2.5 2.5 4.5 0.1 11.5 5.4

Tannins NCs NCs 5T_N 5 ─ 4.5 - 11.5 4.8
NCs 5T_N_CAP 5 ─ 4.5 0.1 11.5 4.9
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deposited on a stub, dried in a vacuum, and then coated with 
an ultrathin coating of gold to enhance the contrast thanks to 
the presence of an electrically conducting material.

2.5  Small Angle X‑ray Scattering (SAXS)

SAXS experiments were performed at the high brilliance 
SAXS beamline ID02 of the European synchrotron radiation 
facility (ESRF), Grenoble, France. The wavelength of the 
incident photons was λ = 1 Å. The scattering vector q was 
in the range 0.216 ×  10−4–0.75  nm−1, with a sample-detector 
distance ranging from 1 to 30 m.

The scattering vector q is defined:

where θ is the scattering angle and λ the X-ray wavelength 
(= 0.1 nm)

Samples were diluted at 1:10 in Milli Q water and they 
were placed in quartz capillaries of 1.5-mm diameter. SAXS 
measurements were performed at room temperature.

The SAXS intensity profile obtained was fitted using SAS 
view 5.0.5 (https:// www. sasvi ew. org/) [32]. The different 
contributions were superimposed using Origin PRO (http:// 
www. origi nlab. com/ origin) [33].

2.6  Antifungal Activity

The fungal species chosen to test the activity of the nano-
formulations are deposited in the collection of DAGRI-Plant 
pathology and entomology section (University of Florence). 
These strains have been isolated from grapevine and are 
associated with different symptoms (Table 2). In particular, 
three strains of different fungal species Verticillium dahl-
iae, Phaeomoniella chlamydospora, and Phaeoacremonium 
minimum were used to perform conidial germination assays, 
following the procedures described by Jaspers [34] and Del 
Frari et al. [35] with minor modifications.

The fungal colonies were grown on potato dextrose agar 
(PDA) until they covered the plate surface. Then, colonies 
were flooded with 2-mL sterile deionized water and conidia 
were collected using a sterile inoculation loop. The num-
ber of conidia in the stock suspension was counted with 
a Burker chamber and diluted to give 1 ×  105 conidia/mL 

q =

4�

�
sin

�

2

concentration. Conidia suspensions, after lowering the tem-
perature to 30 °C, were mixed with PDA in order to have 
a final concentration of  1x106 conidia/mL in the growth 
medium. Nanovectors were administered in drops to the 
agar surface after medium solidification, to avoid overheat-
ing of the natural compounds used in these experiments. The 
natural compounds alone and empty nanocapsules were also 
administered, for comparison, at different dilutions, as it is 
shown in Table 3. Each antifungal assay was performed in 
triplicate.

The toxicity test was conducted by maintaining the fungi 
at 25 °C until they covered all the plate surfaces, alternating 
12 h of darkness and 12 h of cool fluorescent light for 18 
days. The antifungal efficacy was evaluated as the size and 
intensity of the no-growth halo formed around the applica-
tion area and each experiment was repeated twice to check 
reproducibility.

2.7  Statistical Analysis

The antifungal assay was conducted in triplicate for each 
treatment tested. One-way ANOVA was used to check the 
significance of differences (at least p-value < 0.05) among 

Table 2  Fungal species used to 
test the antifungal activity

*PVFi: DAGRI, Patologia vegetale Florence, Italy; CBS: Westerdijk Fungal Biodiversity Institute, Utrecht, 
The Netherlands

Fungal species Strain* Host Symptom/disease

Verticillium dahliae PVFi12938Vd Eggplant Verticillium wilt
Phaeomoniella chlamydospora CBS 229.95 Grapevine Esca complex
Phaeoacremonium minimum CBS 631.94 Grapevine Esca complex

Table 3  Dilution in water of fungicides, natural compounds, and nan-
oformulations used in toxicity tests

Samples Compounds Dilution

Fungicides Pindarus 25 WDG 0.4% w/v
Idrorame Flow 0.4% w/v

Natural compounds Neem oil 78%v/v
Capsaicin 0.44 %w/v

Empty vectors Empty 5L As such, 1:2; 1:4; 1:10 
1:20

Empty 5T As such, 1:2; 1:4; 1:10
Lignin NCs NCs 5L_N As such, 1:2; 1:4; 1:10

NCs 5L__N_CAP As such, 1:2; 1:4; 1:10
Mixed NCs NCs 1L_1T_N As such, 1:2; 1:4; 1:10

NCs 1L_1T_N_CAP As such, 1:2; 1:4; 1:10
NCs 4L_1T_N As such, 1:2; 1:4; 1:10
NCs 4L_1T_N_CAP As such, 1:2; 1:4; 1:10

Tannin NCs NCs 5T_N As such, 1:2; 1:4; 1:10
NCs 5T_N_CAP As such, 1:2; 1:4; 1:10

https://www.sasview.org/
http://www.originlab.com/origin
http://www.originlab.com/origin
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means, using GraphPad Prism 7 GraphPad Software, San 
Diego, CA, USA). An Honestly Significant Differences 
(HSD)-Tukey test was run for post hoc comparisons to 
determine if there are any differences in the Inhibition Zone 
Diameter (IZD) of the mycelium among treatments after 
conidial germination.

3  Results

3.1  DLS and ZP analysis

The average diameter and polydispersity index of the lignin/
tannin nanoparticles prepared in this work are reported in 
Table 4. The size of empty and neem containing NCs was 
between 280 nm and 1 μm while the size of NCs loaded 

with capsaicin was lower, i.e., in the range 265–300 nm, 
showing that capsaicin molecules were able to increase the 
local curvature of the particles, which in turn reduced their 
overall size. Specifically, the size of sample NCs 5T_N, 
which encapsulated neem oil in tannins polymer was much 
larger than its capsaicin-loaded counterpart (sample NCs 
5T_N_CAP). The very large diameter measured for particles 
present in the NCs 5T_N formulation indicated that these 
aggregates did not possess a typical capsule-like morphol-
ogy, but rather were elongated, flexible particles. In line with 
these results, lower polydispersity index was obtained for 
capsaicin-loaded systems (0.20 versus 0.31).

The surface charge of nanoaggregates was negative in all 
the formulations investigated, varying from – 52 mV (pure 
lignin NCs) to – 37 mV (pure tannin NCs) with intermediate 
values for mixed compositions. The presence of capsaicin 
did not alter significantly the ZP results. From these data, we 
can infer that plain and loaded nanovectors possessed sub-
stantially the same stability and compatibility toward plants.

3.2  SEM Micrographs

Figure 2 shows representative SEM images of pure lignin 
(NCs 5L_N_CAP, panel A) and tannins (NCs 5T_N_CAP, 
panel B) nanoformulations. Globular objects with size 
distribution were detected as the typical polymeric aggre-
gates formed in these systems. Similar micrographs were 
also obtained for samples containing mixed nanoparticles 
without capsaicin. The most abundant NCs fraction had a 
diameter of 100–200 nm which was in the range of DLS 
measurements. It should be noted here that DLS has the 
advantage of analyzing scattering objects in solutions, i.e., 

Table 4  Average diameter and polydispersity index of the nanoparti-
cles

Samples Names Zeta average, nm PDI

Empty vectors Empty 5L 770 ± 50 0.86
Empty 5T 950 ± 50 0.87

Lignin NCs NCs 5L_N 320 ± 20 0.15
NCs 5L_N_CAP 310 ± 15 0.18

Mixed NCs NCs 1L_1T _N 280 ± 10 0.11
NCs 4L_1T_N 305 ± 15 0.09
NCs 1L_1T _N_CAP 265 ± 10 0.13
NCs 4L_1T_N_CAP 275 ± 10 0.15

Tannins NCs NCs 5T_N 1000 ± 50 0.31
NCs 5T_N_CAP 300 ± 20 0.20

Fig. 2  SEM micrograph of pure lignin (A) and tannins (B) formulations, NCs 5L_N_CAP and NCs 5T_N_CAP respectively
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in their unaltered environment, while Electron microscope 
reports the morphology of dried samples. Thus, in the case 
of DLS, transient aggregates due to Brownian motion can be 
evidenced to the expense of very small particles.

3.3  SAXS Investigations

Figure 3 A reports the SAXS intensity curves of lignin, tan-
nin, and mixed lignin-tannin formulations encapsulating 
neem oil, while Figure 3B shows the curves of systems con-
taining both neem oil and capsaicin. All profiles indicated 
that a plurality of scattering objects, i.e., different aggre-
gates, was present in these samples as it was also confirmed 

by fitting (vide infra). This characteristic was well in line 
with the complexity of the present formulations and with the 
analysis of similar polymeric nanosystems made from lignin 
[36–38]. The main features observed in the SAXS curves 
were (i) a  q−3 or  q−4 decay below q 0.01  nm−1; (ii) a shoulder 
at intermediate q (0.01 < q < 0.1); and (iii) a large bump at 
high q which was peculiar of formulations containing cap-
saicin and large amounts of tannins (Figure 3A). Notewor-
thy, the shoulder at intermediate q could be correlated with 
nanosystems showing the highest antifungal efficacy. On the 
basis of fitting (Figure 4A and B), this shoulder was attrib-
uted to hollow spheres with 60–90-nm radius and 9–10-nm 
thickness. We assumed that the hydrophobic neem oil was 
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segregated from the water environment and located inside 
cavities surrounded by a lignin corona. Smaller spheres (r 
≈ 1 nm) were generally detected in samples with mixed 
composition and were not correlated with the formulation 
efficacy. They were interpreted as due to micelles or small 
polymer coils coexisting with larger structures. Such larger 
objects, whose dimensions exceeded the investigated q range 
were responsible for the  q−4 and  q−3 decays [39–41].

In particular, the  q−4 power law was attributed to the 
tails of SAXS profiles due to particles with 500–600 nm 
size (Porod regime). In Figure 3A, the SAXS diagram of 
NCs 5L_N differs from the other formulations containing 
neem oil only and shows the characteristic profile of the 
well-performing systems as previously discussed.

Figure  4 shows the experimental and fitted data for 
NCs_5L_N_CAP (Figure 4A) and NCs 5T_N_CAP (Fig-
ure 4B). In NCs 5L_N_CAP, the contribution of the Porod 

regime is predominant over the hollow spheres. The fitting 
of NCs 5T SAXS profile showed the presence of one fur-
ther population of hollow spheres and full spheres at high q 
(r ≈ 1 nm). The structural properties and their normalized 
contributions of different populations are listed in Table 5.

3.4  Antifungal Assays

Nanoformulation efficacy against the three species listed in 
Table 2 was evaluated on the basis of the area developed 
around the drop where fungal mycelium growth was inhib-
ited. The dimension of the IZD increases proportionally to 
the antifungal efficacy of the administered compounds. The 
antifungal activity was monitored for 18 days, considering 
that conidia germinated in 3/4 days and mycelium expanded 
covering the Petri dishes depending on the sensitivity to the 
conventional antifungal products and nanoformulations.

The antifungal activities of (i) two commercial fungi-
cides, i.e., Pindarus 25 WDG and Idrorame Flow; (ii) natural 
compounds such as neem oil, capsaicin, and the two bio-
polymers lignin and tannin; (iii) the nanoformulations on 
selected fungal pathogens (V. dahliae, P. minimum, and P. 
chlamydospora) were showed in Table 6. Pindarus 25 WDG 
tebuconazole, inhibited the growth of all three selected 
fungi at a concentration higher than 0.04%w/v, revealing its 
potentiality as wide spectrum antifungal agent. Although 
we expected a similar trend for Idrorame Flow, this com-
mercial product exerted an antifungal activity only against P. 
chlamydospora. Regarding the natural compounds, neem oil 
showed antifungal activity diluted in water emulsion (78% 
w/v) only on P. minimum without impairing V. dahliae and 
P. chlamydospora growth. Capsaicin exerted its activity 
against V. dahliae and P. chlamydospora at a concentration 

Table 5  Normalized contributions of different terms in the best fits 
obtained with the unified phenomenological model in the SASview 
package

I(q) for NCs 5L_N_CAP = ((G1*0.6 + H1*0.4)*4) − 0.3
I(q) for NCs  5T_N_CAP= ((G1*0.45 + H1*0.15 + 
H2*0.12+F*0.32)*0.15) − 0.3

Sample Power law 
contribution 
 q−4 G1

Hollow 
sphere (H1)
r ≈ 90 nm 
thickness = 
9 nm

Hollow 
sphere (H2)
r ≈ 60 nm 
thickness = 
10 nm

Full sphere 
(F)
r ≈ 1nm

NCs 5L_N_
CAP

0.6 0.4 - -

NCs 5T_N_
CAP

0.41 0.15 0.12 0.32

Table 6  In vitro antifungal activity of commercial products, pure neem oil, capsaicin, empty nanoaggregates, and NCs (see Table 1 for sample 
names); NI, no inhibition zone around the drop

Samples Names V. dahliae P. minimum P. chlamydospora

Fungicides Pindarus 25 WDG Active (≥ 0.04 % w/v) Active (≥ 0.04 % w/v) Active (≥ 0.04% w/v)
Idrorame Flow NI NI Active (0.4 % w/v)

Natural fungicides Neem oil NI Water emulsion 78% w/v NI
Capsaicin ≥2.2 %w/v ≥4.4 %w/v ≥ 2.2 %w/v

Empty nanovector Empty 5L NI NI NI
Empty 5T NI NI NI

Lignin NCs NCs 5L_N NI Active [Neem] ≥ 0.45 % w/v NI
NCs 5L_N_CAP NI Active [Neem] ≥ 0.45 % w/v NI

Mixed NCs NCs 1L_1T_N NI Active [Neem] ≥ 0.45 % w/v NI
NCs 4L_1T_N NI Active [Neem] ≥ 1.5 % w/v NI
NCs 1L_1T__N_CAP NI Active [Neem] ≥ 0.45 % w/v NI
NCs 4L_1T_N_CAP NI Active [Neem] ≥ 0.45 % w/v NI

Tannins NCs NCs 5T_N NI NI NI
NCs 5T_N_CAP NI Active [Neem] ≥ 0.45 % w/v NI
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≥ 2.2% w/v while on P. minimum in doses ≥ 4.4% w/v. Both 
grape seed tannins and lignin administered as empty nano-
particles (samples Empty_5L and Empty 5T) did not show 
any antifungal activity.

Among the tested fungi, P. minimum was revealed to be 
the most sensitive to the marketable products and the dif-
ferent nanoformulations tested (Figure 5), compared to the 
water control (Figure 5D). Although Idrorame Flow did not 
show any significant antifungal activity against this fungus, 
Pindarus 25 WDG reduced the P. minimum growth with an 
IZD of 2.68 cm ± 0.2 (Figure 5C). Among the nanoformula-
tions, the effect of capsaicin (Figure 5D) was significantly 
enhanced by both NCs 4L_1T_N_CAP and NCs_5T_N_
CAP producing the IZD of 5.1 cm ± 0.3 and 4.8 cm ± 0.5, 
respectively. In particular, NCs 4L_1T_N_CAP significantly 
increased both capsaicin and neem oil antifungal activity 
enlarging the inhibition of the pure natural compounds alone 
(i.e., capsaicin and neem oil). We can assert that properly 
vehiculated capsaicin and neem oil exerted a synergic effect 
against fungi. NCs 5L_N_CAP (Figure 5F) produced a sig-
nificantly larger inhibitory zone at 0.56 % w/v of neem oil 
and 0.0125%w/v of capsaicin, i.e., at a concentration one 
hundred fifty times lower compared to the treatment with 

the neem oil alone and comparable to the effect promoted 
by capsaicin at a concentration of 4.4%w/v (Figure 6). The 
inhibition area induced by NCs 5L_N_CAP had a diameter 
of 3.98 cm ± 0.23, which is more than double with respect to 
the inhibition area induced by the pure neem oil (IZD: 1.62 
cm ± 0.2). A similar trend was observed for NCs 1L_1T_N_
CAP which induced the IZDs of dimensions 4.52 cm ± 0.6 
and 4.4 ± 0.3 at the following concentration of neem oil 
1.13% w/v and 0.56% w/v, and capsaicin 0.025% w/v and 
0.0125% w/v. This indicated that the efficacy of combined 
capsaicin and neem oil as antifungal agents were boosted by 
times, respectively, through their combined administration 
in the form of nanocapsules.

4  Conclusions

In this work, we prepared biopolymer-based nanoformula-
tions to vehiculate neem oil and capsaicin [42] against three 
fungal pathogens that typically affect plants of commercial 
interest, such as vegetables or grapes. Tannins and lignin are 
both polyphenolic compounds; therefore, in the design of 
mixed formulations, we assumed that compatibility between 

Fig. 5  Effect on P. minimum growth exerted by A Neem admin-
istered as 78% w/v water emulsion; B Capsaicin; C Pindarus 25 
WDG (0.04% w/v); D water; E NCs_4L_1T_N_CAP (Neem conc = 

2.3%w/v; CAP conc = 0.5%w/v); F NCs_5T_N_CAP (Neem conc. = 
4.5% w/v; CAP conc = 0.1% w/v). Scale bar: 1 cm
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these molecules should be good. The obtained results con-
firmed this hypothesis, in that none of the samples prepared 
showed signs of phase separation or even partial miscibility. 
In-depth physico-chemical characterization of the obtained 
nanocapsules was performed by DLS, ZP, SEM, and SAXS. 
DLS showed that nanocapsules have average dimensions of 
265–300 nm, which is a suitable range in drug delivery, 
either for improving the release of active compounds and 
conferring stability to the formulation [43]. In particular, 
stability was indicated by the negative surface charge meas-
ured by zeta potential. In the formulations containing cap-
saicin, the mean diameter was slightly smaller with respect 
to NCs loaded only with neem oil. This suggested that in the 
present conditions (i.e., nanoformulations made by mixing 
tannins with lignin), capsaicin favored the formation of more 
tightly packed aggregates. DLS data were in agreement with 
SEM and SAXS, that provided additional information on the 
structure and size of particles in the formulation. Specifi-
cally, SEM and SAXS revealed that more than one popula-
tion contributed to the overall scattered intensity.

The principal aim of this work was to set up and fully 
characterize biopolymer-based nanoformulations, given the 
relevance that this approach is gaining in the search for low-
impact pesticides [44], even more so following the request of 
reducing the impact of chemicals on the environment follow-
ing the Farm to Fork Strategy of the European Union. The 
suitability and efficacy in improving the antifungal activ-
ity of a substance were tested selecting natural substances, 

as capsaicin and neem oil, known to have some efficacy in 
disease control and to have positive characteristics for envi-
ronmental impact [45]. The potential of biopolymer-based 
nanoformulations was explored and confirmed on two types 
of pathogens, involved in Esca complex, a wood disease of 
grapevine on which a lot of research is concentrated at pre-
sent, in searching sustainable control tools, and on a wide 
spectrum pathogen of relevance on many vegetable crops, 
as a good example of useful application of a low impact 
tool for disease control. The antifungal assays performed in 
this study allowed to show that the formulation containing 
smaller particles, among which, NCs_5T _N_CAP, exerted 
the highest fungal effect against P. minimum. We can thus 
infer that the larger interface provided by very small particles 
(diameter < ca. 100nm) plays a critical role in the contact 
and exchange between capsaicin and pathogen organisms.

These results open the road to a new approach for improv-
ing consistently the antifungal efficacy of active compounds 
with low environmental impact. The method set up and 
evaluated in this research can be applied to other natural 
substances, allowing future applications to disease control 
not only in grapevine but also in other crops where a strong 
reduction of synthetic pesticides is more and more needed 
for the safety of the environment and the consumer health.
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