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ABSTRACT

The current spraying of agrochemicals is unselective and ineffective, consuming a high amount of fungi-
cides, which endangers the environment and human health. Cellulose-based nanocarriers (NCs) are a
promising tool in sustainable agriculture and suitable vehicles for stimuli-responsive release of agro-
chemicals to target cellulase-segregating fungi, which cause severe plant diseases such as Apple
Canker. Herein, cellulose was modified with undec-10-enoic acid to a hydrophobic and cross-linkable
derivative, from which NCs were prepared via thiol-ene addition in miniemulsion. During the crosslink-
ing reaction, the NCs were loaded in situ with hydrophobic fungicides, Captan and Pyraclostrobin. NCs
with average sizes ranging from 200 to 300 nm and an agrochemical-load of 20 wt% were obtained.
Cellulose-degrading fungi, e.g. Neonectria. ditissima which is responsible for Apple Canker, lead to the
release of fungicides from the aqueous NC dispersions suppressing fungal growth. In contrast, the non-
cellulase segregating fungi, e.g. Cylindrocladium buxicola, do not degrade the agrochemical-loaded NCs.
This selective action against Apple Canker fungi, N. ditissima, proves the efficacy of NC-mediated drug
delivery triggered by degradation in the exclusive presence of cellulolytic fungi. Cellulose NCs represent
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a sustainable alternative to the current unselective spraying of agrochemicals that treats many crop dis-

eases ineffectively.

© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

Only about 10% of the over 4 million tonnes of pesticides
applied annually to fields worldwide reach the targeted crop, due
to poor uptake, runoff, and degradation [1-3]. This off-target appli-
cation of pesticides generates grave environmental problems and
poses risk to human health; therefore, it is essential to achieve sus-
tainable crop production while maintaining crop yield [4].

Stimuli-responsive nanocarriers (NCs) for triggered release of
agrochemicals have the potential to reduce environmental impact
while the volume of agricultural production remains unaltered
[5,6]. We have prepared cellulose NCs with high agrochemical-
load that can be selectively cleaved by cellulases from plant patho-
gens, such as the fungal disease Apple Canker. The fungi secrete
enzymes to destroy plant tissue containing cellulose to collect
nutrients. Agrochemical-loaded NCs designed from the nutrient
source of the fungi are degraded by fungal enzymes and, thereby,
release actives at the site of the infection.

Our previous work used lignin NCs relying on triggered release
by lignin-degrading fungi, [7,8] but several plant pathogens use
cellulose as a nutrient source, such as the fungus Neonectria ditis-
sima (syn. Nectria galligena), responsible for causing European Can-
ker (Apple Canker), a disease with no curative treatment available,
leading production losses of many fruit crops worldwide, remark-
ably affecting apple trees [9-11]. For this reason, cellulose nanocar-
riers are promising vehicles for the pathogen-specific delivery of
agrochemicals against cellulase-segregation fungi. The design of
cellulose-based NCs for cellulase triggered the release of fungicides
has not yet been investigated. In such a delivery system, the
disease-associated fungi degrade the loaded cellulose NCs and
fungicide is released exclusively at the site of infection, which
allows preventive and curative treatment (Scheme 1).

NCs based on cellulose derivatives, e.g. carboxymethyl cellu-
lose, have been reported in few cases for agrochemical delivery;
however, the agrochemical load reported was low (<8%) and the
delivery was based on diffusive release only [12]. To prepare NCs
with high agrochemical load, the miniemulsion technique can be
used, in which the hydrophobic fungicide and the monomer or

pre-formed polymer are dispersed in a continuous aqueous phase;
then the encapsulation of the fungicide and the formation of poly-
mer NCs occur in one single step. To that end, we needed a com-
mon solvent able to dissolve the agrochemicals and the cellulose
and form the dispersed phase, which is only possible by chemically
modifying cellulose to a hydrophobic derivative. Strategies for its
chemical modification allow the development of building blocks
for nanostructures [13-15]. Cellulose was chemically modified
with fatty acid chains, namely undec-10-noic acid, to produce an
organo-soluble ester derivative with pendant double bonds. Subse-
quently, covalently crosslinked NCs were prepared in miniemul-
sion via thiol-ene addition of cellulose undecenoate with a
dithiol, pi-dithiothreitol, followed by solvent evaporation. Captan
and Pyraclostrobin, non-systemic and systemic fungicides, respec-
tively, utilized in the field against European Canker, were intro-
duced in the organic phase and encapsulated in situ during the
miniemulsion step. The miniemulsion technique allows the forma-
tion of aqueous NC dispersions that can be readily utilized; thus,
the as-synthesized dispersions were studied in vitro to evaluate
their antifungal activity. Dose-dependent tests determined the
minimum inhibitory concentration (MIC) of NCs formulations
towards several pathogens. Furthermore, the inhibition effects of
agrochemical-loaded cellulose NCs on germination and mycelial
growth of European Canker pathogen and non-cellulolytic fungus
were compared, and nanoformulations were only active in the
presence of cellulase-segregating fungi due to the degradation-
triggered release of fungicides. This strategy represents a more sus-
tainable alternative to the current unselective spraying of agro-
chemicals that treats many crop diseases ineffectively.

2. Experimental section
2.1. Materials
Sigmacell Cellulose type 20, undec-10-enoic acid (98%), bL-

dithiothreitol (pL.-DTT, > 98% ), lithium chloride, 2-chloro-4,4,5,5-
tetramethyl-1,3,2-dioxaphospholane (95%), 1,8-Diazabicyclo[5.4.0
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Scheme 1. Concept of the NCs-mediated agrochemical delivery in plants: green pathway: degradation of a substrate inside of the plant leads to the growth of the pathogen
and the progress of the infection/disease; red pathway: a negative feedback loop is initiated by concealing a fungicide that fights the pathogen in NCs based on the nutrient
source of the pathogen. Fungicide-loaded cellulose NCs release the agrochemical load only in the presence of cellulolytic enzymes secreted by pathogens.
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Jundec-7-ene (DBU, > 90%), endo-N-hydroxy-5-norbornene-2,3-di
carboximide (N-Hydroxy-5-norbornene-2,3-dicarboxylic  acid
imide, 97%), pyridine (99.8%), deuterated chloroform (CDCls,
99.96%), potassium persulfate (KPS, ACS reagent, > 99.0%) and
chromium(IIl) acetylacetonate (97%) were purchased from Sigma-
Aldrich and used as received. Pyraclostrobin and Captan were
purchased from TRC Canada. N,N-Dimethylacetamide (DMAc,
anhydrous, 99.8%) and isopropanol (>99.5%) were obtained from
Merck. The lithium chloride and cellulose were dried at 100 °C in
a vacuum oven overnight before use. The anionic surfactant
sodium dodecyl sulfate (SDS) was purchased from Alfa Aesar and
used as received.

2.2. Esterification of cellulose with Undec-10-enoic acid

Cellulose was modified by esterification with undec-10-enoic
acid to produce a fatty acid cellulose ester (UACE). Firstly, undec-
10-enoic acid (11.37 g, 61.7 mmol) is reacted with 1,1’-carbonyl
diimidazole (CDI, 11 g, 67.8 mmol) in a round-bottom flask using
40 mL of DMAc (37.6 mL) as a solvent. UA is added dropwise under
stirring due to the formation of CO, upon the coupling with CDI;
then, the solution was placed in an oil bath at 50 °C overnight
for 15 h to assure the complete conversion of UA to the intermedi-
ate acylimidazole, as reported in the literature [16]. Secondly, two
grams of cellulose (Sigmacell cellulose type 20) is added to a
round-bottom flask containing 100 mL of DMACc/LiCl (7 wt%) and
the system is stirred and allowed to form a slurry under argon flow
for 10 min; then, the flask is sealed and placed in an oil bath at
160 °C under stirring for 3 h. Finally, after the complete dissolution
of cellulose to form a golden solution, the temperature is lowered
to 80 °C and the solution containing the intermediate acylimida-
zole, prepared in the first stage, was added dropwise to the golden
cellulose solution. The esterification reaction was carried out for
120 h under stirring (500 rpm) at 80 °C. The reaction mixture
was precipitated into isopropanol under vigorous stirring, the solid
was isolated by filtration, repeatedly washed with isopropanol
thrice and once with water. The product was freeze-dried after
purification. Yields are typically from 20 to 50% to native cellulose.

2.3. Preparation of nanocarriers

The preparation of cellulose nanocarriers was carried out by
thiol-ene cross-linking in miniemulsion followed by solvent evap-
oration. The typical procedure is the following: A honey-like solu-
tion was formed upon the dispersion of UACE (500 mg) in 15 g of
chloroform by vigorous stirring with an Ultra Turrax® homogenizer
at 20,000 rpm for 3 min under ice-cooling. The amount of solvent
lost during the homogenization was replenished and the final solu-
tion was used throughout the experiments. 1.55g of the honey-like
UACE solution was added into an aqueous solution (4.5 mL) con-
taining 0.1 wt% of the surfactant SDS and the resulting mixture
was pre-emulsified by vigorous stirring using an Ultra Turrax®
homogenizer at 20,000 rpm for 1 min under ice-cooling to prevent
evaporation of the organic solvent. The pre-emulsion was submit-
ted to ultrasonication for 3 min (1/2 in. tip, 70% amplitude, 20 s
pulse on followed by 10 s pulse off) under ice-cooling to prevent
evaporation of the solvent. After the formation of a miniemulsion,
an aqueous solution (0.5 mL) containing the crosslinker, DTT
(25 mg), and the initiator KPS (4.4 mg, 10 mol% to DTT), was added
dropwise. After the addition of the crosslinker, the reaction was
carried out for 15 h at 50 °C under mild stirring. After the comple-
tion of the cross-linking process, chloroform was evaporated by
stirring the open vessel overnight at room temperature and the
amount of water lost in the process was replenished to complete
5 mL. To encapsulate a set of agrochemicals to treat fungal infec-
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tions, 10 mg of fungicides, pyraclostrobin, and captan, were intro-
duced in the organic phase together with the UACE and
chloroform, and the procedure followed as described above. The
final concentration of fungicide was 2 mg-mL~! to the volume of
latex and 20 wt% to UACE.

2.4. Dynamic light scattering

The hydrodynamic diameters of the particles were measured by
DLS with Zetasizer Nano S90 submicron particle sizer (Malvern
Panalytical, UK) at a fixed angle of 90° and a laser diode running
at 633 nm, samples were diluted before measurement.

2.5. Gel permeation chromatography

For GPC measurements in DMAc (containing 9 wt% of lithium
chloride as an additive) an Agilent 1100 Series (Agilent Technolo-
gies 1260 Infinity) was used as an integrated instrument, including
a PSS GRAM linear M column, a UV detector (270 nm), and a RI
detector at a flow rate of 0.5 mL-min~' at 80 °C. Calibration was
carried out using PS standards provided by Polymer Standards
Service.

2.6. Electron microscopy

An LEO Gemini 1530 (Zeiss GmbH, Germany) scanning electron
microscope (SEM) was used to visualize the nanocarriers. The dis-
persion was diluted in water and drop-cast on conductive carbon
adhesive tapes resting on a stub. After drying of the SEM sample
at room temperature, it was inserted into a sample holder and
transferred into the SEM. The SEM was operated at an acceleration
voltage of 0.7 kV.

2.7. NMR spectroscopy

'H and 3'P nuclear magnetic resonance (NMR) spectroscopy
was performed at a Bruker AVANCE (USA) system at 300 MHz.
For 'TH NMR spectroscopy, 5 mg of the sample was dispersed in
600 pL of CDCl;. To determine the number of OH groups in the
sample, 3'P NMR spectroscopy was used after derivatization
according to the literature [13] for other cellulose derivatives: ca.
25 mg of dried sample was weighed and dissolved in 500 pL of
CDCls. Pyridine (150 uL) was added upon complete dissolution.
Afterwards, endo-N-hydroxy-5-norbornene-2,3-dicarboximide
(125 pL, 123.21 mM in Pyridine : CDCl3 / 3 : 2, 0.0154 mmol) as
internal standard was added and the solution was stirred for
15 min, then 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane
(100 pL, 0.63 mmol) was added to the solution and allowed to stir
for 15 min, lastly, a solution of chromium(Ill) acetylacetonate
(50 pL, 50 mM in pyridine : CDCl3 / 3 : 2) as relaxation agent the
solution was stirred for further 5 min. Then, 700 puL of the solution
was transferred to an NMR tube. DS values were calculated accord-
ing to the equation discussed in the literature [17] and described
below in Eq. (3):

)

Where DS is the degree of substitution, DSy« is the maximum
degree of substitution per AGU, which is 3, OHge. is the number of
free hydroxyls in the fatty acid cellulose ester per weight of the
sample, OH. is the number of hydroxyls in cellulose per weight
of anhydroglucose unit (AGU), M.W.gps. is the molecular weight
of the fatty acid substituent minus OH (17 g-mol™!). OHje. is calcu-
lated based on the 'P NMR spectrum given by Eq. (4):

1 1
OHfree OHcel.

MW. T
subs. OHfree

DS — DSy ( )
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Where Ipy is the integral from 140 to 150 ppm of phosphory-
lated hydroxyl groups in modified cellulose samples, Isandard iS
the integral from 151 to 152 ppm of the phosphorylated dicarbox-
imide standard, and Mg is the weight of the sample. OH,. is a the-
oretical value given by Eq. (5):

DSmﬂX.
M~W~AGU
Where DSax. is the maximum degree of substitution per AGU,

which is 3, and M.W.agy is the molecular weight of an AGU, which
is 162.14 g-mol .

OHjree = (4)

1 standard

OHcel. = (5)

2.8. IR spectroscopy

To investigate the chemical structures of cellulose, undec-10-
enoic acid cellulose ester (UACE), and crosslinked nanocarriers,
their Fourier transform infrared (FTIR) spectra were recorded by
Nicolet iS10 with Vertical ATR Accessory. Cellulose and fatty acid
cellulose esters samples were dried at 50 °C temperature in the
vacuum oven overnight, while the nanocarriers were extracted
from the latex by centrifugation, at 10,000 rpm for 60 min, washed
twice with water to remove any water-soluble impurities, and
dried in a vacuum oven at 50 °C overnight. Spectra were recorded
between 600 and 4000 cm ™' at a resolution of 4 cm ™! and codding
32 scans.

2.9. Degree of crystallinity

Huber image plate Guinier camera 670 with a step size 0.02° at
2.5 sec step time. Cu radiation = 1.5418 A, and 20 = 10 - 70° range,
employing a scanning rate of 2.5°/min. The degree of crystallinity
was estimated by XRD by a methodology validated in the literature
[18], which considers the intensity of crystalline diffraction and the
intensity of the amorphous halo as follows in Eq. (6):

_Intensity(002) — Intensity(am)

uCrl(%) = Intensity(002)

x 100%

(6)

Where the intensity of crystalline diffraction from plane 002 in
cellulose, intensity (002), is obtained at 22.5° and the intensity of
the amorphous halo is obtained at 21°.

2.10. Encapsulation efficiency

The encapsulation efficiency was evaluated by two methods: a
direct method, which is achieved by quantifying the amount of
fungicide enclosed in the NCs, and an indirect method, which con-
sists of measuring the amount of remaining fungicide in the super-
natant and calculating, by difference, the encapsulated amount.
Latexes were submitted to centrifugation (10,000 rpm for
60 min) and the aqueous supernatant isolated thereof was used
to estimate the encapsulation efficiency according to the indirect
method. The precipitated NCs were freeze-dried and ca. 5 -
10 mg was placed in a vial with THF under stirring at room temper-
ature for 24 h to extract the encapsulated fungicides, then the NCs
were filtered off with a syringe filter (pore size: 450 nm) and the
extract was analyzed in by HPLC to provide the encapsulation effi-
ciency by the direct method. The HPLC measurements were per-
formed on an Agilent Technologies Series 1200 setup equipped
with a UV detector (pyraclostrobin at 280 nm, captan at 220 nm)
and an ELSD detector 385-LC (both Agilent Technologies, USA).
The analyses were performed using an Agilent Eclipse Plus C18
and an eluent gradient from THF/water + 0.1% FA 20/80 to 100/0.
The encapsulation efficiencies were calculated according to the
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equations below (direct method, Eq. (7); and indirect method, Eq.

(8)):

m(extractedfungicide)

m(totalfungicide) x 100%

EE(%) =

(7)

m(totalfungicide) — m(fungicidesupernatant)
m(totalfungicide)

EE(%) = x 100% (8)
The HPLC calibration curved can be found in the Supplementary
Material, Figure S1 for captan, and Figure S2 for pyraclostrobin.

2.11. Antifungal activity

Neonectria ditissima (syn. Neonectria galligena), Phaeoacremo-
nium minimum and Cylindrocladium buxicola were used for the
spore germination and mycelial growth test as found in the litera-
ture [7]. Conidia from 18-day-old agar plate cultures were har-
vested. After centrifugation at 4000 rpm for 10 min, the conidia
were re-suspended in YMG-medium (10 gL' malt extract, 10
g-L! glucose, 4 gL' yeast extract, pH 5.5) to a concentration of
10° per mL. The test was carried out in 96-well microliter plates
(Greiner Bio-One GmbH, Frickenhausen) with conidia in 200 pL
of YMG-medium and an incubation time of 96 h at 27 °C The opti-
cal density was measured at a wavelength of 600 nm (Benchmark
Plus Microplate reader, BioRad, Munich). Tests were conducted in
triplicates. The concentration of latexes in the antifungal tests
was equivalent to a fungicide concentration of 5 pg per 200 pL
(25 mg-mL~!) medium in a well. The spores were diluted in yeast
glucose mineral (YMG) medium to a final concentration of 2000
spores-mL~! and added to the nanoparticles in the well to com-
plete 200 pL. The plates were incubated at 27 °C and 120 rpm on
an incubator and the optical density (OD) was measured every
24 h at a wavelength of 600 nm. The antifungal activity was
obtained by comparing the OD after the incubation of samples
treated with the positive control (just water is added), the negative
control (hygromycin, 100 mg-mL~!) to assure complete fungal
growth inhibition, the nanocarriers dispersion, and the free fungi-
cide. The OD relative to the positive control is considered 100% of
fungal growth.

3. Results and discussion
3.1. Undec-10-enoate cellulose esters (UACE)

Cellulose undec-10-enoate was synthesized via esterification of
cellulose with undec-10-enoic acid using CDI as the coupling agent
(Figure S3). IR spectroscopy of UACE proved the decrease of the -
OH stretch band at 3550 — 3400 cm ™! in UACE, the advent of bands
at 1743 cm~! due to C=0 stretch in ester groups, increased vibra-
tions at 2921 and 2851 cm~! due to CH antisymmetric and sym-
metric stretch from CH, and CHz of the alkyl chains of
undecenoic acid, at 1155 cm~! the C—O—C antisymmetric stretch
in aliphatic esters, and at 3075, 1640 and 907 cm™! vibrations for
the = C—H and C=C stretch in alkenes, and CH, out of plane wag
of vinyl compounds (Fig. 1b; FT-IR spectra were normalized to
the C—O0 band from anhydroglucose unit (AGU) at ca. 1050 cm™1).

The degree of functionalization of cellulose was determined by
a derivatization method from 3P NMR (Fig. 1a).[17] A degree of
substitution, DS = 2.35, was calculated from the >'P NMR spectrum.
'H NMR spectroscopy further proved the successful synthesis of
undec-10-enoic acid-modified cellulose (Fig. 1c). Hydrogens rela-
tive to the AGU appear from 4.8 to 3.0 ppm; the multiplet relative
to hydrogen b in the vinyl moiety is detected at 5.8 ppm, whereas
vinylic hydrogens a and a’, which interact by geminal coupling, are
revealed from 4.8 to 5.1 ppm; the remainders are relative to
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methylene groups neighboring a varied electronic environment.
The proportion between the integrals of the resonances relative
to the hydrogen ‘b” bonded to the vinyl carbon and the AGU
(Fig. 1c) have shown to be roughly three double bonds or fatty acid
chains per AGU, which is a similar DS as determined from the 3'P
NMR spectra of ca. 2.4.

The molecular weights of cellulose and cellulose ester were
determined by GPC (Table 1). The apparent number average molec-
ular weight before chemical modification was found to be 8.2 kDa,
whereas UACE exhibited a number average molecular weight of
18.7 kDa (compared to polystyrene (PS) standards). The GPC-
results evidence changes in the polymer structure that governs
polymer properties in solution. The increase of the apparent
molecular weight denotes an increase in the radius of gyration
due to the grafting with fatty acid chains rather than precise
molecular weights. The used batch of cellulose was a semicrys-
talline polymer with ca. 40% of crystallinity estimated by XRD.
After the esterification with undec-10-enoic acid, an amorphous
polymer was obtained (Fig. 2a). Crystallinity index was estimated
as described in the literature by considering the crystalline diffrac-
tion intensity of the plane (002) at 22.5° and subtracting the inten-
sity of the amorphous halo at 21° [18]. Fatty acid moieties act as
spacer groups in the macromolecular structure, which impedes
the hydrogen bonding that bestows the semicrystalline character-
istic to cellulose.

Thermogravimetry (TGA) proved similar thermal stability of
UACE and the cellulose precursor with 50% of mass loss occurred
at 341 or 333 °C, respectively (Fig. 2b). Native cellulose contained
a small amount of water, of < 5 wt%; the end of this first decompo-
sition stage is reached at ca. 350 °C with > 70% of mass loss fol-
lowed by the change in slope and the decomposition of the final
20% residual mass. The second decomposition stage occurs slower
in UACE due to the fatty acid esters (Fig. 2b). Onwukamike et al.
have obtained similar TGA results regarding the second decompo-
sition stage for fatty acid cellulose esters (DS > 1) obtained by
transesterification of cellulose with high oleic sunflower oil [19].

DSC proved that the crystallinity of native cellulose vanished
after the modification, with UACE being amorphous up to ca
170 °C (Fig. 2¢). The melting temperature of cellulose was deter-
mined from the first DSC run at 184 °C. In contrast, the amorphous
cellulose ester exhibited an exothermic event upon heating, which
might be a melt crystallization at 174 °C (additional DSC data is
shown in Figure S4). The fatty acid spacer groups contribute, after
chemical modification, to reduce the organization of the polymer
chains that must be disentangled. The necessary mobility to disen-
tangle the polymer chains is provided upon heating which pro-
motes the reorganization and the establishment of some
crystalline domains [20]. Native cellulose and UACE were submit-
ted to scanning electron microscopy analyses to visualize the mod-
ification in the microstructural patterns (Figure S5).
Microcrystalline cellulose appears as classic solid grains [21], while
UACE seems amorphous, as confirmed by DSC and XRD analyses.
The results demonstrate the successful esterification of undec-
10-enoic acid with cellulose to an amorphous cellulose-ester, bear-
ing multiple double bonds suitable for thiol-ene crosslinking
reactions.

3.2. Nanocarrier preparation

Thiol-ene addition has been reported in the literature as a suit-
able strategy to produce polymers and nanocarriers from renew-
able resources, especially to polymerize vegetable oils [22]. Thiol-
ene addition is considered as a click reaction since it can be carried
out under mild conditions and normally provides high yields and
no by-products. Novel biomaterials are arising from thiol-ene poly-
merization due to the interest in the unique crosslinking structure,
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Table 1

Summary of the molecular weights of native cellulose and UACE samples, crystalline indexes, Crl, and degree of substitution (DS).
Entry M,* (kDa) M,,* (kDa) b Crl (%) DS
Cellulose 8.2 204 2.5 56 -
UACE 18.7 52.9 2.8 - 235

" Molecular weights are compared to PS standard and denote a change in polymer structure rather than precise M.W. values.
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Fig. 2. a) X-rays diffractograms of native cellulose and udec-10-enoic acid cellulose
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improved mechanical properties, clean and environmentally harm-
less reaction, fast and regioselective polymerization, and degrad-
ability improvement that thiol-ene moieties can provide [23]. We
used the bio-based dithiol crosslinker, pi-dithiothreitol, to cross-
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link UACE in miniemulsion and to form the cellulose-based
nanocarriers (Fig. 3).

Captan and Pyraclostrobin were chosen as fungicides, which
were encapsulated in situ into the cellulose nanocarriers (their
chemical structures are shown in Fig. 3). Both fungicides are effec-
tive against trunk disease-promoting fungi, such as Phaeominiella
chlamydospore [24] and Neonectria ditissima (syn. Neonectria galli-
gena) [10], which are major responsible fungi for Esca and Canker.

Cellulose-based nanocarriers loaded with fungicides were pre-
pared by dissolving UACE in chloroform containing the fungicides
and dispersing the organic phase in water by high shear energy
to produce the miniemulsion (Fig. 3a), followed by thiol-ene reac-
tion (Fig. 3b). The miniemulsion/solvent evaporation process
allows the formation of nanodroplets of pre-synthesized polymers,
e.g. cellulose undecenoate, and a volatile solvent, chloroform. The
cross-linking thiol-ene reaction occurs within these droplets fol-
lowed by solvent evaporation to form the nanocarriers. Emulsifica-
tion/solvent evaporation processes have been extensively used for
preparing micro- and nanosized particles from a different synthetic
and biobased polymers [25]. For an extensive description regarding
the aspects that influence nanodroplet formation and nucleation
mechanism we refer to early works [26,27].

After the reaction and solvent evaporation, some aggregates
that might have been formed during the crosslinking reaction were
filtered off. The final solid content of the dispersion was typically
between 1.0 and 1.3 wt%. Solid nanocarriers with average particle
sizes of 170-230 nm and PDI 0.11-0.14 were obtained for plain
particles and particles loaded with 20 wt% of the fungicides,
respectively (measured by DLS, Table 2). The {-potentials at pH 7
were found to be ca. - 50 mV, due to the presence of the anionic
surfactant. The introduction of fungicides increased the solid con-
tent of the dispersed phase, which contributed to an increase in
particle size [26,27]. Furthermore, the presence of the fungicide
in the dispersed phase might impact the interplay between the
interfacial tension of the two immiscible liquid phases, which
might lead to the formation of larger particles at higher concentra-
tions of the fungicide. When amounts of fungicide were further
increased to 30 wt% (to UACE), the DLS measurements showed
multimodal size distributions, indicating aggregation of the
nanocarriers under these conditions.

Visualization of the nanocarriers by SEM proved the spherical
morphology and showed diameters between ca. 150 and 250 nm,
consistent with DLS measurements (Figure S7: plain nanocarriers
- CNP 01, Figure S7a), NCs containing Captan (CNP 02, Figure S7b)
and NCs containing Pyraclostrobin (CNP 03, Figure S7c). The
freeze-dried nanocarriers were analyzed by DSC and revealed a
glass transition of ca 55 °C (Figure S8).

FT-IR spectroscopy of the nanocarriers further proved the suc-
cessful reaction of the olefinic double bonds (Fig. 4). The compar-
ison between the different nanocarriers (CNP 01, 02, and 03) to
the precursor (UACE) showed an increase in alkane vibrations at
2921 and 2851 cm™! after the reaction - related to CH antisym-
metric and symmetric stretches from CHy-groups as double bonds
had been converted into single bonds (Figure S9a, note: IR spectra
were normalized to the C — O band from AGU at ca. 1050 cm™ ).
Besides, the decrease of double bond vibrations can be observed
by the decrease of the band at 907 cm™! correspondents to CH,
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Table 2

Summary of cellulose-based nanocarriers containing captan and pyraclostrobin.

Entry Fungicide Load / mg-mL~! Dp / nm PDI {-potential / mV
CNP 01 - - 167 0.12 — 54

CNP 02 Captan 2 230 0.11 — 48

CNP 03 Pyraclostrobin 2 222 0.14 — 49

CNP 04 Captan 3 228 0.44 -

CNP 05 Pyraclostrobin 3 324 0.64 -

out of plane wag in vinyl compounds, which is strongly present in
the UACE precursor (Figure S9b). Moreover, —~OH stretch bands at
3550 - 3400 cm~! were detected in the crosslinked nanocarriers
due to the presence of hydroxyls in the dithiol crosslinker. High
encapsulation efficiencies (above 90%) of both captan (CNP02)
and pyraclostrobin (CNP0O3) were determined by HPLC analyses
(Fig. 5). The encapsulation efficiency was determined by analyzing
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the remaining concentration of fungicide in the supernatant after
centrifugation (indirect method). In the case of captan (CNP02),
no free fungicide was detected in the supernatant of duplicates,
suggesting an almost quantitative encapsulation. When the encap-
sulation efficiency (EE) was determined by extraction of the fungi-
cide from the nanocarriers (direct method), EE of 74 + 29% was
obtained (note: the considerable error is probably due to the diffi-
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culty in extracting with THF from the crosslinked polymer matrix,
but the average EE suggests a high loading efficiency during the
crosslinking procedure). The EE of pyraclostrobin in CNP 03 mea-
sured indirectly from the supernatant of the duplicates was found
to be 89 + 3%, whereas the results based on the measurements of
pyraclostrobin encapsulation obtained by its extraction from the
nanocarriers revealed an EE of 81 + 18%. Overall, miniemulsion
crosslinking of UACE provided satisfactory results regarding the
encapsulation of the agrochemicals captan and pyraclostrobin.

3.3. Antifungal activity

Antifungal activities in vitro were evaluated in terms of mini-
mum inhibitory concentration (MIC) and inhibition of spore germi-
nation and fungal growth, respectively. Minimum inhibitory
concentration is a dose-dependent antifungal activity assay and
is considered the lowest concentration capable of inhibiting mea-
surable growth. Nanoformulations CNPO1 (empty nanocarriers),
CNPO2 (captan, 2 mg-mL~!), CNPO3 (pyraclostrobin, 2 mg-mL™1),
CNP04 (captan, 3 mg-mL™!), CNPO5 (pyraclostrobin, 3 mg-mL™!)
and the mixture CNP0O4/CNPO5 were tested. The test organisms
for the MIC assay P. chlamydospore, N. ditissima, Phytophthora infes-
tans, Magnaporthe oryzae, Botrytis cinereal, and Neofusicoccum par-
vum segregate cellulases and should be capable of degrading the
nanocarriers.
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Botrytis cinerea is a necrotrophic fungus that causes grey mold
in many plant species such as wines and strawberry.[28] Magna-
porthe oryzae is a pathogenic fungus that causes mainly rice blast
disease.[29] Neofusicoccum parvum is one of the most aggressive
members of Botryosphaeriaceae and is related to canker pathology
in fruit trees.[30] Neonectria ditissima (syn. Neonectria galligena) is a
pathogen responsible for Apple Canker, a disease damaging the
bark, leaves, and fruits and causing the death of seedlings and pro-
duction losses.[11] Phytophthora infestans is an oomycete responsi-
ble for late blight, a very destructive disease in potato plants.[31]
Phaeomoniella. chlamydospore is phytopathogenic fungus globally
known to be related to trunk diseases in grapevines such as Esca
disease and Petri disease.[32]

Nanoformulations were more efficient than the pyraclostrobin
bulk formulation for the growth inhibition of standard organisms
(Table 3), P. infestans, M. oryzae and B. cinereal, which are more sus-
ceptible than the Esca and apple canker pathogens. Nanoformula-
tions present a high surface area and are water-dispersible which
increases the availability of drugs in the growth medium promot-
ing lower MICs, whereas bulk formulations are normally intro-
duced with an amount of solvent such as ethanol to improve
their solubility in the media. Even though fungicides concentration
in the well was the same for all formulations, the increase of drug
concentration within the nanocarrier, i.e. drug-to-UACE ratio, has
successfully promoted lower MIC probably due to faster release.
The combination of CNP04 and CNPO5 was mostly not activity-
enhancing, only in Magnaporthe a synergistic effect was visible.
Empty cellulose nanocarriers, CNP 01, did not present activity
towards fungal growth inhibition; it was able to inhibit the growth
of Magnaporthe at the highest concentration; however, probably
the amount of solvent (ethanol) used in the dilution was already
enough to cause inhibition or, since Magnaporthe spores are quite
sensitive, the rough surfaces produced by sedimenting particles
could also trigger sporulation.

Phaeoacremonium minimum and Neonectria ditissima, related to
severe trunk diseases, were chosen for spores germination and
mycelial growth assays, in which growth of microorganisms was
also determined by the OD at 600 nm (Fig. 6). Cellulose nanocarri-
ers dispersions were incubated together with the spores and
included hyphae for 96 h. Positive control consists of a spore and
hyphae sample without nanocarriers, only growth medium, while
the positive control consists of hygromycin at 100 ug-mL~". Captan
was tested for comparison at 25 pg-mL~!. The growth was normal-
ized to the value relative to the positive control, which is consid-
ered 100% spore germination and mycelial growth. The fungal
growth is displayed in Fig. 7 and the inhibition is considered as
100% minus the growth displayed in the graph. The results
obtained for the empty cellulose NCs demonstrate that the NCs
alone did not inhibit the growth of N. ditissima, quite the opposite,
the presence of cellulose nanocarriers has allowed N. ditissima to
grow past the positive control, probably because the nanocarriers
are a source of nutrients. Interestingly, empty cellulose NCs have
affected the growth of P. minimum by 15% inhibition. The negative
control, hygromycin, has inhibited the spore germination and
mycelial growth of N. ditissima and P. minimum by 80% and 95%,
respectively. Plain captan has exhibited fungal growth inhibition
of 70% for N. ditissima and of ca. 95% for P. minimum. During the
in vitro tests conducted in 96-well plates for four days, and thereby
an inoculation time twice as long as the duration of MIC tests,
stronger inhibition of N. ditissima was observed. Therefore, we
were able to show that captan has a higher effect on mycelial
growths (in vitro tests) compared to spore germination (MIC tests).

Cellulose nanocarriers with different fungicide amounts were
analyzed: CNP 02 containing captan 20 wt% or 2 mg-mL~'; CNP
03 containing pyraclostrobin 20 wt% or 2 mg-mL~!, CNP 04 con-
taining captan 30 wt% or 3 mg-mL~!, and CNP 05 containing pyra-
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Dose-dependent antifungal activities of NCs formulations and free fungicides. Minimum inhibitory concentration (MIC) towards P. chlamydospore, N. ditissima, P. infestans, M.
oryzae, B. cinereal, and Ne. parvum. MIC (active ingredient, ug-mL™") represents the concentration at which inhibition of spore germination was first observed. Hygromycin and

ciclopirox were used as positive controls for the MIC.

Formulations

Minimum inhibitory concentration | ug-mL™!

P. infestans M. oryzae B. cinerea P. chlamydospora N. ditissima Ne. parvum
CNP 01 (Empty) >50 50 >50 >50 >50 >50
CNP 02 Cap.(20 wt%) 5-10 1-5 25 25 >50 >50
CNP 03 Pyr. (20 wt%) >50 25 10 10 50 5
CNP 04 Cap. (30 wt%) 25 0.5 0.5 50 >50 >50
CNP 05 Pyr. (30 wt%) 25 5 5 10 50 5
CNP 04/05 Cap./Pyr. 10 0.5 10 25 >50 10
Pyraclostrobin >50 10 10 10 50 5
Hygromycin 10 5 5 5 25 10
Ciclopirox 5 5 5 10 10 5
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Fig. 6. Phaeoacremonium minimum (Pmi) and Neonectria ditissima (Ndit) spores
germination and mycelial growth were determined by the optical density of the
media at 600 nm. The nanocarriers dispersions were incubated together with the
spores for 96 h. Positive control consists of a spore sample without nanocarriers,
only water, while the negative control consists of hygromycin at 100 pg-mL~".
Captan bulk formulation was tested for comparison at 25 pg-mL™'. The growth was
normalized to the value relative to the positive control, which is considered 100%
spore germination and mycelial growth. Error bars are the standard deviation from
triplicates.

clostrobin 30 wt% or 3 mg-mL~!. Although the final concentration
of fungicide in the well was kept the same, NCs with higher
drug-load were expected to present an intensified activity due to
the higher fungicide-to-nanoparticle weight ratio. Nevertheless,
CNP 02 and CNP 04 presented similar performance towards the
assays with inhibition of ca. 70% for P. minimum and of ca. 35%
for N. ditissima. Their performance improved when analyzed in
comparison to empty cellulose NCs. For CNP 01 a 120% growth of
N. ditissima was detected compared to the control, which might
be explained by the fact that the nanocarriers are nutrients to sup-
port fungal growth; whereas CNP 02 and 04 have allowed only 60 -
70% of growth; this is an improvement of ca. 50%. CNP 03 and CNP
05 presented a perceptible discrepancy in antifungal activity
towards P. minimum, 10% and 80% of inhibition respectively, due
to the concentration of drug inside the nanocarriers; once the
release triggered by degradation, NCs enclosing a higher amount
of fungicides establishes faster release kinetics. Whereas for N.
ditissima, both CNP 03 and 05 allowed similar growth of 60%, i.e.
40% of inhibition. Finally, free captan and hygromycin had allowed
very little growth due to their imminent availability, while NCs
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Fig. 7. Cylindrocladium buxicola spores germination and mycelial growth were
determined by the optical density of the media (measured at 600 nm). The
nanocarriers dispersions were incubated together with the spores for 96 h. The
positive control consisted only of growth medium. The captan bulk formulation was
tested at 25 pg-mL~'. The growth was normalized to the value relative to the
positive control, which was considered 100% spore germination and mycelial
growth. Error bars are the standard deviation from triplicates.

only release the active by diffusion or towards cellulolytic degrada-
tion. In vitro studies are the first step towards proceeding test sys-
tems such as in vivo and during field trials, which can provide more
pieces of evidence to reinforce the applicability of NCs drug deliv-
ery systems in plants and their translation from in vitro assays to
living organisms.

To underline the enzymatic release of the fungicides, we inves-
tigated their activity also against an organism that does not pro-
duce any cellulase. The enzymatic degradation of cellulose esters
depends on a rather intricate synergy between different enzymes,
e.g. esterases and cellulases/glucanases, especially for highly sub-
stituted cellulose esters, which has led several authors to use
degradation protocols based on microorganisms.[33,34| Therefore,
rather than using an artificial combination of enzymes, we decided
to use fungi that could and could not degrade cellulose and com-
pared the growth inhibition after fungicide release.

Nanocarriers loaded with captan and pyraclostrobin were sub-
mitted to in vitro tests with Cylindrocladium buxicola (Fig. 7). Bulk
formulations of captan and pyraclostrobin were able to inhibit fun-
gal growth by ca. 90% in comparison to the positive control, the
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pure culture medium. In contrast, when the cellulose nanocarriers
(not loaded with a drug) were administered to the spores, the opti-
cal density remained relatively unchanged. The drug-loaded cellu-
lose nanocarriers (CNP02, 04, and 05) resulted in a slight decrease
in the mycelial growth by 30%, which might be attributed to some
drug leakage by diffusion under the conditions of the experiment.
However, the inhibition of the mycelial growth of Cylindrocladium
buxicola by the nanoformulations was much lower compared to the
other investigated organisms (e.g. P. minimum and N. ditissima)
that are capable of producing cellulose and thus degrading the
nanocarriers.

4. Conclusion

This work presents a general approach for the delivery of agro-
chemicals mediated by NCs and triggered by cellulase-segregating
pathogens, which are responsible for causing devastating fungal
diseases in fruiting trees.

Cellulose was modified with undec-10-enoic acid, a compound
derived from castor oil. Highly substituted cellulose fatty acid
esters (UACE) were prepared with a DS of 2.35. The attachment
of fatty acid residues to cellulose enabled the emulsification
together with commercial hydrophobic fungicides (captan and
pyraclostrobin), which are currently widely used in agriculture.
After emulsification, we were able to prepare the first cross-
linked and fungicide-loaded cellulose nanocarriers. Thiol-ene reac-
tion with p.-dithiothreitol produced nanocarriers loaded with up
to 30 wt% of the drug and diameters between 150 and 250 nm.
Captan and pyraclostrobin were encapsulated in high efficiencies
(above 70%, determined by HPLC). The cellulose-based drug-
loaded nanocarriers were able to efficiently inhibit the growth of
several plant pathogens, such as P. minimum and N. ditissima, that
release cellulases and are responsible for severe plant diseases
(Esca a devastating grapevine trunk disease and European canker).
Importantly, the drug-loaded nanocarriers were less efficient
against C. buxicola, a microorganism that cannot produce cellulase,
underlining the selective release of the cargo in the presence of cel-
lulase that leads to enzymatic degradation of the cellulose matrix.
In summary, we believe that our bio-based and biodegradable cel-
lulose nanocarriers might be a promising platform to treat such
severe plant diseases, which - to date - cannot be cured by con-
ventional applications. However, trunk injection of the nanocarri-
ers is a promising and environmentally friendly delivery method
to reduce the amounts of fungicides and as a cure for these plant
diseases, which is the subject of our further studies.
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