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RESUMEN

La pérdida y desperdicio de alimentos supone un problema global de gran magnitud
con implicaciones significativas en los ambitos ambiental, econémico y social. Una fraccion
importante de dichas pérdidas esta producida por las enfermedades postcosecha causadas por
fitopatdgenos. De forma convencional, estas enfermedades se combaten con pesticidas
quimicos, pero en la actualidad se estan buscando alternativas mas sostenibles, como los
agentes de biocontrol naturales, entre los que destacan los microorganismos antagonistas.
Para garantizar su efectividad y proporcionar proteccion y estabilidad a dichos
microorganismos, su combinacion con matrices biopoliméricas en forma de recubrimientos
podria ser una alternativa. Sin embargo, las técnicas convencionales de produccidon de dichos
recubrimientos no garantizan la homogeneidad del tratamiento sobre el alimento, pudiendo
afectar a su efectividad. En este sentido, las nanofibras hiladas mediante procesos electro y
aerohidrodinamicos pueden actuar como una matriz biopolimérica para atrapar dichos
microorganismos, y pueden ser depositadas homogéneamente en la superficie de los
alimentos, y esto, junto a que son estructuras con una gran superficie-volumen, las hace mas
activas y eficientes. Por tanto, el objetivo general de esta investigacion fue el desarrollo de
recubrimientos comestibles antifingicos basados en micro o nanofibras biopoliméricas
producidas mediante procesos electro y aerohidrodinamicos, conteniendo la levadura
biocontrol Meyerozyma caribbica, para el control de antracnosis en aguacate “Hass” (Persea

americana Mill. cv. Hass) y garantizando ademas los parametros de calidad en el fruto.

Para lograr este objetivo, el estudio se dividio en cuatro etapas. Las etapas 1y 2,
consistieron en la realizacion de un estudio sobre la formacién de micro y nanoestructuras
biopoliméricas mediante procesos electrohidrodindmicos y aerohidrodinamicos. Para ello, se
Ilevé a cabo el desarrollo y caracterizacion fisicoquimica de las disoluciones poliméricas de
goma de anacardo (CG) y FucoPol (FP) como polimeros principales, y poli (6xido de etileno)
(PEO) y pululano (Pul) como polimeros de soporte. De tal modo, se desarrollaron
formulaciones de CG, FP, FP:PEO y FP:Pul capaces de formar estructuras mediante
electrospray y electrospining. La etapa 1 se centr6 en el estudio de la CG, mientras que la

etapa 2 se centrd en el estudio del FP. Las estructuras obtenidas mediante electrospray y



electrospinning fueron caracterizadas mediante microscopia electronica de barrido (SEM),
espectroscopia de infrarrojo (ATR-FTIR), dispersion de rayos X (WAXS), analisis
termogravimétrico (TGA) y calorimetria diferencial de barrido (DSC). Las microestructuras
obtenidas a partir de la disolucion de CG, resultaron ser capsulas esféricas y sin depresiones
irregulares. El TGA 'y el analisis de exposicion a la luz UV mostraron que las capsulas de CG
brindaron proteccién térmica y fotoestabilidad al compuesto modelo encapsulado (j-
caroteno). El analisis ATR-FTIR mostr6 indirectamente la presencia del B-caroteno en las
capsulas de CG. Por otro lado, FP, FP:Pul y FP:PEO mostraron fibras helicoidales cilindricas,
lisas y gruesas. Los andlisis de DSC y WAXS mostraron que las nanofibras de FP:PEO
presentaban naturaleza cristalina reducida en comparacién con PEO puro. Finalmente,
mediante WAXS, en las nanofibras de FP:Pul y FP:PEO se detectaron nuevos picos a angulos
por debajo de los 10°, lo que sugiere que FucoPol podria afectar la estructura polimérica de

otros materiales con una estructura secundaria helicoidal.

La etapa 3 consistié en la encapsulacion de M. caribbica en nanofibras de pululano,
CG:PEO y FP:PEO obtenidas mediante electrospinning. Las nanofibras se caracterizaron
mediante SEM, ATR-FTIRy TGA. Se determind la viabilidad de M. caribbicaa 6 °Cy 26 °C
durante 25 dias y se evalud la actividad antifungica de las nanofibras frente a seis hongos de
interés comercial (Fusarium oxysporum, Colletotrichum gloeosporioides, Penicillium
italicum, Penicillium digitatum, Trichothecium roseum y Botrytis cinerea). Las nanofibras
de pululano, CG:PEQO y FP:PEO con M. caribbica mostraron nanofibras cilindricas, lisas y
homogéneas. El analisis ATR-FTIR mostré que no hubo interacciones quimicas entre la
levadura y los polimeros. Las fibras con M. caribbica mostraron un efecto fungistatico en la
germinacién de esporas de los seis hongos de interés comercial, las nanofibras de pululano
mostraron la viabilidad més alta de M. caribbica, asi como el mayor porcentaje de inhibicion

en el crecimiento de los seis hongos evaluados.

Finalmente, la etapa 4 consistio en la encapsulacion de M. caribbica en nanofibras de
pululano, CG:PEO y FP:PEO obtenidas mediante Solution Blow Spinning (SBS) y su
posterior evaluaciéon in vivo en frutos de aguacate almacenados a temperaturas de
almacenamiento y de comercializacion. La estructura de las nanofibras se caracterizo
mediante SEM, obteniéndose fibras homogéneas, continuas y rizadas. Posteriormente, se

determind la viabilidad de M. caribbica en las nanofibras, se evalué la actividad antifungica

Vi



in vitro e in vivo como tratamientos preventivos y curativos frente a C. gloeosporioides. Se
observd una alta viabilidad de M. caribbica en las nanofibras aplicadas en la superficie de
los aguacates mediante SBS bajo las diferentes condiciones evaluadas. Las nanofibras de
pululano con M. caribbica como tratamiento preventivo inhibieron por completo el
crecimiento de C. gloeosporioides en los frutos de aguacate. Finalmente, se evaluo el efecto
de las nanofibras sobre los parametros de calidad de los aguacates (s6lidos solubles totales,
pH, contenido de materia seca, pérdida de peso, acidez titulable, firmeza, color). La
aplicacion de las nanofibras de pululano sobre los aguacates no afecto a los parametros de

calidad con respecto al control.

El pululano, la CG y el FP en combinacién con PEO y pululano se han estudiado por
primera vez para formar estructuras mediante electrospray, electrospinning y SBS. Estos
resultados, sugieren un alto potencial de las nanofibras para su uso en la industria alimentaria
y representan una alternativa interesante para el tratamiento postcosecha de frutos en el
control de enfermedades fungicas, contribuyendo de esta manera a reducir la pérdida en la

produccion de alimentos.

Palabras clave: FucoPol, goma de anacardo, pululano, electrospinning, solution blown

spinning, Meyerozyma caribbica, control postcosecha.
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ABSTRACT

Food loss and waste is a large global problem with significant implications for the
environment, the economy, and society. An important fraction of these losses is caused by
postharvest diseases caused by phytopathogens. Conventionally, these diseases were fought
with chemical pesticides, but more sustainable alternatives are currently being sought, such
as natural biocontrol agents, among which antagonistic microorganisms stand out. To
guarantee its effectiveness and provide protection and stability to these microorganisms, its
combination with biopolymeric matrices in the form of coatings could be an alternative.
However, the production techniques of these coatings do not guarantee the homogeneity of
the treatment on the food, which may affect its effectiveness. In this sense, nanofibers spun
using electro- and aerohydrodynamic processes can act as a biopolymeric matrix to trap
microorganisms and be deposited homogeneously on the surface of food, in addition to being
structures with a large surface-volume ratio, which makes them more active and efficient.
Therefore, the general objective of this research was the development of antifungal coatings
based on biopolymeric micro or nanofibers produced by electro- and aerohydrodynamic
processes and loaded with the biocontrol yeast Meyerozyma caribbica for the control of
anthracnose in “Hass” avocado (Persea Americana Mill. cv. Hass) and guaranteeing quality

parameters in the fruit.

To achieve this objective, the study was divided into four stages. Stages 1 and 2
consisted of a study on the formation of biopolymeric micro and nanostructures via
electrohydrodynamic and aerohydrodynamic processes. For this, the development and
physicochemical characterization of the polymer solutions using cashew gum (CG) and
FucoPol (FP) as main polymers, and polyethylene oxide (PEO) and pullulan (Pul) as
supporting polymers were performed. In this manner, formulations of CG, FP, FP:PEO, and
FP:Pul capable of forming structures by electrospray and electrospinning were developed.
Stage 1 focused on the study of CG, whereas stage 2 focused on the study of FP. The
structures developed by electrospray and electrospinning were characterized by scanning
electron microscopy (SEM), infrared spectroscopy (ATR-FTIR), wide angle x-ray scattering
(WAXS), thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC).

The microstructures obtained from the CG solution resulted to be spherical capsules without



irregular depressions. TGA and UV light exposure analysis showed that CG capsules
provided thermal protection and photostability to the encapsulated model compound (-
carotene). The ATR-FTIR analysis indirectly showed the presence of B-carotene in CG
capsules. On the other hand, FP, FP:Pul and FP:PEO showed cylindrical, smooth, and thick
helical fibers. DSC and WAXS analysis demonstrated that FP:PEO nanofibers had a reduced
crystalline nature compared to pure PEO. Finally, using WAXS, new peaks at angles below
10° were detected in FP:Pul and FP:PEO nanofibers, suggesting that FucoPol could affect

the polymer structure of other materials with a secondary helical structure.

Stage 3 consisted of the M. caribbica encapsulation in nanofibers of pullulan, CG:PEO,
and FP:PEO obtained by electrospinning. Nanofibers were characterized by SEM, ATR-
FTIR and TGA. The viability of M. caribbica was determined at 6 °C and 26 °C for 25 days
and the antifungal activity of nanofibers was evaluated against six fungi of commercial
interest (Fusarium oxysporum, Colletotrichum gloeosporioides, Penicillium italicum,
Penicillium digitatum, Trichothecium roseum and Botrytis cinerea). Nanofibers of pullulan,
CG:PEO and FP:PEO loaded with M. caribbica showed cylindrical, smooth and
homogeneous nanofibers. The ATR-FTIR analysis showed no chemical interactions between
yeast and polymers. Fibers loaded with M. caribbica showed a fungistatic effect on the
germination of spores of the six fungi of commercial interest, pullulan nanofibers showed the
highest viability of M. caribbica, as well as the highest percentage of inhibition in the growth

of the six fungi evaluated.

Finally, stage 4 consisted of the encapsulation of M. caribbica in nanofibers of pullulan,
CG:PEO and FP:PEQ obtained via Solution Blow Spinning (SBS) and its subsequent in vivo
evaluation in avocado fruits stored at storage and commercialization temperatures. The
structure of the nanofibers was characterized by SEM. Subsequently, the viability of M.
caribbica in nanofibers was determined, and the antifungal activity in vitro and in vivo was
evaluated as preventive and curative treatments against C. gloeosporioides. Finally, the effect
of the developed nanofibers loaded with M. caribbica on avocado quality parameters (total
soluble solids, pH, dry matter content, weight loss, titratable acidity, firmness, and color) was
evaluated. Homogeneous, continuous, and curly fibers were obtained. SBS ensured a high
viability of M. caribbica in nanofibers applied on the surface of avocados under different

evaluated conditions. Nanofibers of pullulan loaded with M. caribbica as a preventive
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treatment completely inhibited the growth of C. gloeosporioides in avocado fruits. The
pullulan nanofibers application on avocados did not affect the quality parameters concerning
the control.

Pullulan, CG, and FP in combination with PEO and pullulan have been studied for the
first time to form structures by electrospray, electrospinning, and SBS. These results suggest
a high potential of nanofibers for use in the food industry and represent an interesting
alternative for the post-harvest treatment of fruits in the control of fungal diseases, thereby

contributing to reducing loss in food production.

Keywords: FucoPol, cashew gum, pullulan, electrospinning, solution blown spinning,

Meyerozyma caribbica, post-harvest control.
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RESUM

La pérdua i malbaratament alimentari suposa un problema global de gran magnitud amb
implicacions significatives en els ambits ambiental, economic i social. Una part important
d'aquestes perdues esta produida per les malalties post collita causades per fitopatogens.
Normalment, aquestes malalties es combaten amb pesticides quimics, perd en l'actualitat
s'estan fent recerques alternatives més sostenibles, com els agents de biocontrol naturals,
entre els quals destaquen els microorganismes antagonistes. Per a garantir la seua efectivitat
1 proporcionar proteccid i estabilitat a aquests microorganismes, la seua combinacié amb
matrius bio-polimeriques en forma de recobriments comestibles podria ser una alternativa.
No obstant aix0, les técniques convencionals de produccié d'aquests recobriments no
garanteixen I'homogeneitat del tractament sobre I'aliment, podent afectar la seua efectivitat.
En aquest sentit, les nanofibres filades mitjangant processos electre i aerohidrodinamics
poden actuar com una matriubio-polimerica per a atrapar aquests microorganismes, i poden
ser dipositades homogeniament en la superficie dels aliments, i aixo, al costat de qué son
estructures amb una gran superficie-volum, les fa més actives i eficients. Per tant, I'objectiu
general d'aquestarecerca va ser el desenvolupament de recobriments comestibles antifungics
basats en micro o nanofibres bio-polimeériques produides mitjancant processos electre i
aerohidrodinamics, contenint el llevat biocontrol Meyerozyma caribbica, per al control d’
antracnosis en alvocat “Hass” (Persea americana Mill. cv. Hass) i garantint a més els

parametres de qualitat en el fruit.

Per a aconseguir aquest objectiu, I'estudi es va dividir en quatre etapes. Les etapes 1 1
2, van consistir en la realitzacié d'un estudi sobre la formacidé de micro i nanoestructures bio-
polimériques mitjancant processos electrehidrodindmicos i aerohidrodinamics. Per a aixo, es
va dur a terme el desenvolupament i caracteritzacié fisicoquimica de les dissolucions
polimeriques de goma d'anacard (CG) 1 FucoPol (FP) com a polimers principals, i poli (oxid
d'etile) (PEO) i pululan (Pul) com a polimers de suport. Aixi, es van desenvolupar
formulacions de CG, FP, FP:PEO i FP:Pul capagos de formar estructures mitjancant
electrospray i electrospining. L'etapa 1 es va centrar en 1'estudi de la CG, mentre que I'etapa
2 es va centrar en l'estudi del FP. Les estructures obtingudes mitjancant electrospray 1

electrospinning van ser caracteritzades mitjangant microscopia electronica d'escombratge
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(SEM), espectroscopia d'infraroig (ATR-FTIR), dispersi6 de raigs X (WAXS), analisis
termogravimétrica (TGA) 1 calorimetria diferencial d'escombratge (DSC). Les
microestructures obtingudes a partir de la dissolucié de CG, van resultar ser capsules
esfériques 1 sense depressions irregulars. El TGA 1 1'analisi d'exposici6 a la [lum UV van
mostrar que les capsules de CG van brindar proteccid térmica i foto estabilitat al compost
model encapsulat (B-carote¢). L'analisi ATR-FTIR va mostrar indirectament la preséncia del
B-carote en les capsules de CG. D'altra banda, FP, FP:Pul i FP:PEO van mostrar fibres
helicoidals cilindriques, llises i gruixudes. Les analisis de DSC i WAXS van mostrar que les
nanofibres d'FP:PEO presentaven naturalesa cristal-lina reduida en comparacié amb PEO
pur. Finalment, mitjancant WAXS, en les nanofibres d'FP:Pul i FP:PEO es van detectar nous
pics a angles per sota dels 10°, la qual cosa suggereix que FucoPol podria afectar I'estructura

polimerica d'altres materials amb una estructura secundaria helicoidal.

L'etapa 3 va consistir en 1'encapsulacié de M. caribbica en nanofibres de pululan,
CG:PEO i1 FP:PEO obtingudes mitjancant electrospinning. Les nanofibras es van
caracteritzar mitjangant SEM, ATR-FTIR i TGA. Es va determinar la viabilitat de M.
caribbicaa 6 °C 126 °C durant 25 dies 1 es va avaluar l'activitat antifingica de les nanofibres
front a sis fongs d'interés comercial (Fusarium oxysporum, Colletotrichum gloeosporioides,

Penicillium italicum, Penicillium digitatum, Trichothecium roseum i Botrytiscinerea).

Les nanofibres de pululano, CG:PEO i FP:PEO amb M. caribbica van mostrar
nanofibres cilindriques, llises i homogenies. L'analisi ATR-FTIR va mostrar que no va haver-
hi interaccions quimiques entre el llevat i els polimers. Les fibres amb M. caribbica van
mostrar un efecte fungistatic en la germinacid d'espores dels sis fongs d'interes comercial, les
nanofibres de pululan van mostrar la viabilitat més alta de M. caribbica, aixi com el

percentatge més gran d'inhibici6 en el creixement dels sis fongs avaluats.

Finalment, 1'etapa 4 va consistir en 1'encapsulacié de M. caribbica en nanofibres de
pululan, CG:PEO I FP:PEO obtingudes mitjancant Solution Blow Spinning (SBS) i la seua
posterior avaluacid6 in vivo en fruits d'alvocat emmagatzemats a temperatures
d'emmagatzematgei de comercialitzacio. L'estructura de les nanofibres es va caracteritzar
mitjancant SEM, obtenint-se fibres homogenies, continues i arrissades. Posteriorment, es va

determinar la viabilitat de M. caribbica en les nanofibres, es va avaluar l'activitat antifungica



invitro 1 in vivo com a tractaments preventius i curatius enfront de C. gloeosporioides. Es va
observar una alta viabilitat de M. caribbica en les nanofibres aplicades en la superficie dels
alvocats mitjancant SBS sota les diferents condicions avaluades. Les nanofibres de pululan
amb M. caribbica com a tractament preventiu van inhibir per complet el creixement de C.
gloeosporioides en els fruits d'alvocat. Finalment, es va avaluar 1'efecte de les nanofibres
sobre els parametres de qualitat dels alvocats (solids solubles totals, pH, contingut de matéria
seca, perdua de pes, acidesa titulable, fermesa, color). L'aplicaci6 de les nanofibres de pululan

sobre els alvocats no va afectar els parametres de qualitat respecte al control.

El pululan, la CG 1 I'FP en combinacio amb PEO i pululan s'han estudiat per primera
vegada per a formar estructures mitjangant electrospray, electrospinning i SBS. Aquests
resultats suggereixen un alt potencial de les nanofibres per al seu Gs en la industria alimentaria
1 representen una alternativa interessant per al tractament post collita de fruits en el control
de malalties fingiques, contribuint d'aquesta manera a reduir la pérdua en la produccio

d'aliments.

Paraules clau: FucoPol, goma d'anacard, pululan, electrospinning, solution blown spinning,

Meyerozyma caribbica, control post collita.
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CAPITULO 1. INTRODUCCION

1. INTRODUCCION

La pérdida y desperdicio de alimentos supone un problema global de gran magnitud con
implicaciones significativas en los ambitos ambiental, econdmico y social, repercutiendo
negativamente en la seguridad alimentariay la nutricion, en las emisiones de gases de efecto
invernadero (GEI), la contaminacion del medio ambiente, la degradacion de los ecosistemas
naturales y la pérdida de biodiversidad. De acuerdo con estimaciones de Naciones Unidas,
este problema se manifiesta a lo largo de diversas etapas de la cadena de suministro de
alimentos. Globalmente, alrededor de un 13% de los alimentos producidos se pierden en
produccidn y procesamiento, mientras que el 17% se pierden en las etapas de distribuciony
venta, o durante el consumo (ONU, 2023a), alimentos que de acuerdo con estimaciones de
la Organizacion de las Naciones Unidas para la Alimentaciony la Agricultura (FAO) podrian
alimentar a 1260 millones de personas hambrientas cada afio (FAO, 2023). Es por tanto
necesario llamar a la accion tanto al sector publico (autoridades nacionales o locales) como
al sector privado (empresas e individuos), para priorizar acciones que permitan reducir la
pérdida y el desperdicio de alimentos y asi restaurar y reconstruir sistemas alimentarios
mejores y mas resilientes. Esta problematica constituye uno de los Objetivos de Desarrollo
Sostenible de 1a Agenda 2030 de Naciones Unidas, esta presente en las estrategias europeas
“European Green Deal” y “Farm to fork”. El gobierno estadounidense, a través del
Departamento de Agricultura de los Estados Unidos (USDA); tiene programas que apoyan
practicas agricolas para reducir el impacto ambiental y promueven la salud del suelo, asi
como la promocion de sistemas de alimentos locales y regionales (USDA, 2023). Por otro
lado, México ha implementado diversas estrategias y politicas en términos de economia
circular reduciendo el desperdicio de alimentos y fomentando practicas sostenibles en la
produccién y el consumo. También se han implementado programas de agricultura
sostenible, incluyendo el apoyo a la agricultura organica y la implementacion de practicas

agricolas que reduzcan el impacto ambiental (ONU, 2023b).

Centrando la atencidon sobre la producciéon agricola, el conjunto de causas que
ocasionan la pérdida de alimentos se pueden clasificar en factores medioambientales y
biologicos (fenomenologia extrema, enfermedades y plagas), factores tecnologicos
(herramientas, técnicas o instalaciones inadecuadas), factores econdmicos y sociales

(variabilidad de los precios, normas y estandares de calidad, desajustes en la oferta y la
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demanda), y factores humanos (programacion inadecuada, abandono, mala gestion)

(Magalhaes y cols., 2021).

Entre los anteriores factores, las enfermedades postcosecha representan una importante
amenaza para los cultivos, hortalizas y frutas cosechados, durante su transporte,
manipulacidény almacenamiento; ademas son consideradas como el factor mas importante de
dafio del alimento a nivel cosmético, organoléptico y nutricional induciendo una reduccion
en la percepcion de calidad multifuncional (Ramirez-Gil y cols.., 2021). Por lo tanto, ha
surgido un interés creciente en prevenir las enfermedades postcosecha causadas por

microorganismos fitopatogenos en los alimentos frescos.

Tradicionalmente, la principal medida para el control de los fitopatdgenos ha sido el
uso de pesticidas quimicos, los cuales generalmente se aplican por aspersion sobre los frutos,
previo al almacenamiento en los envases. Sin embargo, el uso desmedido y en
concentraciones subletales ha incrementado la presencia de especies resistentes a estos
compuestos, y esto, aunado al creciente interés por tener bajos riesgos toxicologicos, el
menor riesgo a especies endogenas, lanecesidad de contar con alimentos inocuos y disminuir
el impacto negativo al medio ambiente (Sharma, Singh y Singh, 2009), ha llevado a la

busqueda de medidas alternativas que minimicen el uso de agentes quimicos.
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2. ANTECEDENTES

2.1 El aguacate
El aguacate es una fruta conocida por su alto contenido nutricional y los beneficios que
confiere a salud (Alvarez y cols.., 2012), cuyas caracteristicas como tamafo (entre los 120 g
y los 2.5 kg), tipo de piel (lisa o rugosa, delgada o gruesa), nimero de semillas, dependen de
la variedad, de las condiciones climaticas y de las practicas agricolas durante su cultivo

(Morton, 2004).

2.2 Produccion de aguacate
El aguacate (Persea americana Mill. cv. Hass) es un cultivo de gran importancia econdmica
a nivel mundial, siendo uno de los diez principales cultivos en México. En 2021, la
produccion global de aguacates oscild en torno a los 8.1 millones de toneladas (STATISTA,
2023), principalmente debido a la creciente demanda de este fruto causada por su versatilidad
y los beneficios nutricionales que éste presenta. México es el primer productor y exportador
mundial de aguacate, con una produccion nacional en el 2021 de 2.44 millones de toneladas
métricas (STATISTA, 2023), de los cuales alrededor del 50% se exporta a aproximadamente
26 paises entre los que se encuentra China, Estados Unidos, o la Unién Europea. Los
principales estados productores de aguacate son Michoacan, Jalisco, Estado de México,
Nayarit y Morelos. En el afio 2021, Nayarit tuvo una produccién nacional de 75, 013.41
toneladas de aguacate (SIAP, 2021). A pesar de la alta produccion de este fruto, el aguacate
es un fruto climatérico, hecho que dificulta su conservacion y comercializacion a mercados
distantes, disminuyendo su calidad, vida util y su valor comercial (Ramirez-Gil y cols.,
2021), ademas es altamente susceptible a enfermedades postcosecha, factores que generan

importantes pérdidas de la produccidn y consecuentemente econdmicas.

2.3 Causas que afectan a la pérdida de valor comercial del aguacate
Durante el proceso de maduracion, los frutos de aguacate son susceptibles a magulladurasy
pudriciones. Las primeras generalmente son provocadas por algunas lesiones mecanicas, ya

sea por impacto, compresion o vibracion de los frutos al momento de su manipulacion.
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Mientras que, las pudriciones son el resultado de algunos patégenos fungicos que pueden
atacar al fruto en la etapa de floracion o durante la cosecha del fruto (Cuadro 1), siendo la
antracnosis y la pudricion del tallo, las dos enfermedades mas importantes que atacan a este

fruto, causando grandes pérdidas econdmicas.

Cuadro 1. Enfermedades postcosecha mas comunes en aguacate

Nombre comin Agente causal

Antracnosis Colletotrichum gloeosporioides

Pudricion del tallo Botryodiploidia theobromae Pat Dothiorella spp.
Thyronectria pseudotrichia

Pudricion por Alternaria Alternaria spp.

Pudricion por Rhizopus Rhizopus stolonifer

Pudricién por Fusarium Fusarium spp.

Podredumbre rosa Trichothecium roseum Link.

Tizén de halo Colletotrichum gloeosporioides

Moho azul Penicillium expansum Link.

Fuente: (Bill y cols., 2014)

2.3.1 La enfermedad de la antracnosis

Esta enfermedad es causada principalmente por hongos dentro del complejo de
Colletotrichum gloeosporioides, aunque en algunos paises también es causada por hongos de
las especies C. acutatum 'y C. boninense (Bill y cols., 2014). Este patogeno se presenta en
temporada de lluvias y en condiciones de alta humedad relativa, causando dafios en hojas y

frutos en cualquier etapa fenoldgica, y también en postcosecha.

El suelo, el agua de riego y los restos vegetales forman una fuente importante de
infeccion debido a la posibilidad de acumulacion de esporas, las cuales pueden ser
transportadas mediante corrientes de aire o lluvias, o dispersadas por insectos, a las flores y
a las frutas jovenes.

Cuando las esporas germinan forman apresorios que penetran en la cuticulade la fruta
y produce una hifa subcuticular latente. El crecimiento de la hifa usualmente se activa cuando
el fruto comienza a madurar fisioldégicamente, provocando lesiones circulares de color

marron claro, las cuales se agrandan y producen areas hundidas de color marrén oscuro o
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negro en la superficie del fruto, causando lesiones severas en el mismo (Dahn y cols., 2013).
Como consecuencia de dichas lesiones se producen grandes pérdidas postcosechay por ende
pérdidas econdmicas. Por lo que se requieren estrategias que ayuden a controlar este tipo de
enfermedades. La siguiente seccion describe los métodos convencionales e introduce los

métodos mas innovadores en el control de enfermedades.

2.4 Métodos de control de enfermedades postcosecha en frutos

Para evitar o disminuir este tipo de enfermedades postcosecha, se han utilizado tratamientos
fisicos, quimicos o biologicos. Dentro de los tratamientos fisicos, destaca la conservacion
empleando frio o calor, este tipo de conservacion disminuye o aumenta la produccion de
C;Hs y CO,, y con ello se retrasa o acelera el proceso de maduracion, provocando cambios
en las propiedades organolépticas. Otro método es la aplicacion de ceras como recubrimiento
comestible, sin embargo, en aguacates ya se ha demostrado que tienen una mayor incidencia
de decoloracion del mesocarpio, retrasos prolongados en la maduracién y mayor desarrollo

de mas pudriciones que aguacates no tratados.

Entre los tratamientos quimicos, se encuentra la aplicacion de fungicidas quimicos, los
mas utilizados en postcosecha han sido: imazalil, tiabendazol, difenoconazol, propiconazol,
captan, oxicloruro de cobre e hidroxido de cobre (Agrios, 2005). Algunos fungicidas actiian
en multiples sitios de accidn, por ejemplo, en la desnaturalizacién no especifica de enzimas
y otras proteinas, otros actian en sitios especificos como en la tubulina de huso acromatico,
en la mitosis o interfiriendo en la respiracion celular de los hongos. Este tipo de fungicidas
ya han sido evaluados frente a diferentes microorganismos, por ejemplo, C. gloeosporioides,
C. acutatumy Penicillium spp (Gaviria-Hernandez y cols.,2013). No obstante, han generado
preocupacion en la opinion publica, respecto al total de los residuos generados, asi como
también al impacto potencial sobre el medio ambiente y la salud humana. Sin embargo,
algunos de ellos no son completamente efectivos. Principalmente los fungicidas quimicos,
representan un riesgo para la salud humana, contaminan el ambiente ya que existe un exceso
de residuos quimicos, ademas del desarrollo de resistencia por parte de los microorganismos

(Damasceno y cols., 2019).

A pesar de que estos métodos han demostrado cierta efectividad en el control de

enfermedades, se han buscado alternativas que ayuden a controlarlas, disminuyendo el
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impacto ambiental, el dafio al frutoy los posibles efectos adversos a la salud que los métodos
convencionales pudieran mostrar, por lo que se estan explorado nuevas alternativas, algunas

de las cuales se discuten a continuacion.

2.5 Agentes de control naturales

Dentro de los agentes de origen natural se encuentran los extractos vegetales, aceites
esenciales y microorganismos antagonistas. Generalmente, estos agentes de origen natural
son biodegradables, no muestran toxicidad, no son especificos en su mecanismo de accion,
lo que implica baja probabilidad de desarrollo de resistencia por parte de los
microorganismos y, ademas, tienen minima permanencia en el medio ambiente (Rodriguez

y cols., 2015; Tripathi y Dubey, 2004).

2.5.1 Extractos vegetales
Los extractos vegetales pueden obtenerse a partir de plantas o parte de ellas, mediante varios
procedimientos tales como la maceracion, la extraccion supercritica, la extraccion asistida
con ultrasonidos o microondas, empleando disolventes como agua, etanol, hexano, y
metanol, entre otros (Pérez,2012). Algunos de los metabolitos que pueden estar presentes en
los extractos vegetales, son terpenoides, compuestos fendlicos, fenilpropanoides, estilbenos,
alcaloides, y saponinas, entre otros (Rodriguez y cols., 2015). Estos extractos, han mostrado
tener amplio espectro frente a algunos fitopatdogenos, por ejemplo, C. gloeosporioides 'y P.
italicum (Véazquez-Gonzélez y cols., 2020), Fusarium oxysporum, Alternaria alternata o

Botrytis cinerea (Rodriguez y cols., 2015).

El uso de extractos de plantas puede ser una opcion viable para sustituir las medidas
actuales del control de hongos, basadas en las propiedades antifiingicas y la baja o nula
toxicidad que tales extractos presentan; sin embargo, su efectividad dependera del tiempo de
contacto, la concentracién utilizada, factores ambientales, asi como la susceptibilidad del

microorganismo.

2.5.2 Aceites esenciales
Los aceites esenciales son una mezcla compleja de compuestos organicos volatiles y
aromaticos producidos en diferentes partes de las plantas como flores, raices, semillas,

corteza, etc. Actualmente existen 3000 aceites esenciales reconocidos, algunos de los cuales
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ya son utilizados en la industria farmacéutica, cosmética, agronémica y alimentaria,
principalmente debido a sus conocidas propiedades antibacterianas, antifingicas, insecticidas
y antivirales (Tariq y cols., 2019). Los compuestos presentes en cada uno de los aceites
esenciales como aldehidos, cetonas, alcoholes, ésteres o hidrocarburos definiran sus

propiedades, puesto que son resultado de las interacciones complejas de los compuestos.

El mecanismo de accion de estos aceites frente a los hongos se basa en establecer un
potencial de membrana a través de la pared celular que interrumpe el ensamblaje de ATP,
dafiando la pared celular. Ademds, pueden desintegrar la membrana mitocondrial
interfiriendo con la via del sistema de transporte de electrones. Sin embargo, la eficacia de
los aceites esenciales dependera del microorganismo que se esté evaluando y la
concentracion de los compuestos presentes en los aceites, entre otros factores (Faleiro, 2011).
De este modo, algunos aceites esenciales han mostrado actividad antifungica frente a
Botrytis, Fusarium, Cladosporium, Candida acutus, Candida albicans, entre otros
(Calderén-Santoyo y cols., 2022; Gonzélez-Estraday cols., 2017; Iniguez-Moreno y cols.,
2022; Tariq y cols., 2019).

No obstante, al igual que los extractos vegetales, su efectividad dependera de su
composicion, del tiempo de contacto, la concentracion utilizada, factores ambientales, asi

como la susceptibilidad del microorganismo.

2.5.3 Microorganismos antagonistas
Los microorganismos antagonistas, generalmente levaduras, mohos y bacterias (Damasceno
y cols., 2019), se han utilizado desde 1977, para el control de algunas enfermedades
postcosecha. Por ejemplo, ha sido reportado el uso de Trichoderma para controlar Botrytis
en fresas (Tronsmo y Dennis, 1977), o el uso de Bacillus subtilis para controlar Monilinia
fructicola en duraznos (Wilsony Pusey, 1985). Sin embargo, se ha avanzado poco hacia una
implementacion comercial mas amplia de productos de biocontrol eficaces y

econdmicamente viables.

Entre los mecanismos de accion mdas importantes que presentan los agentes de
biocontrol (BCA) se encuentran la colonizaciony competencia por nutrientes, exudacion de
enzimas especificas, capacidad de inducir resistencia al huésped frente a algunos

fitopatogenos, capacidad de regular la densidad de poblacion en sitios especificos, secrecion
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de sustancias antimicrobianas (solubles en agua o volatiles) y quizas produccion de
metabolitos activos especificos inducidos por la interaccion con tejidos de las frutas o plantas

(Droby y cols., 2009; Liu y cols., 2010).

Algunas levaduras que han mostrado actividad antifingica para inhibir el crecimiento
del género Colletotrichum, se muestran en el Cuadro 2. En general, dentro de las diversas
cepas que se han estudiado como agentes de biocontrol, recibe atencion Meyerozyma
caribbica, puesto que esta cepa es efectiva como control bioldgico en mango (Bautista-
Rosales y cols., 2013), en papaya (Aguirre-Giiitrony cols., 2022) y recientemente en frutos

de aguacate (Gonzalez-Gutiérrez y cols., 2021; Iihiguez-Moreno y cols., 2020).

Cuadro 2. Levaduras antagonistas frente a Colletotrichum gloeosporioides.

Levadura antagonista Fruto Referencia

Yamadazyma mexicana Aguacate Gonzalez-Gutérrez y cols. (2023)
M. caribbica Mango y papaya  Aguirre-Giiitréon y cols. (2022)
M. caribbica Aguacate Gonzalez-Gutiérrez y cols. (2021)
M. guilliermondii Mango Loépez-Cruz y cols. (2020)

M. caribbica Aguacate Ifiiguez-Moreno y cols. (2020)
Debaryomyces nepalensis ~ Mango Zhou y cols. (2018)

2.5.3.1 Meyerozyma caribbica
La levadura M. caribbica (GenBank ID: JQ398674) fue previamente aislada del mango
“Ataulfo” e identificada por Bautista-Rosales y cols. (2013). M caribbica tiene un genoma
pequeio (10.6 Mb, 8 cromosomas) no produce hifas y forman consorcios celulares adheridos

por biopeliculas (Herrera-Balandrano y cols., 2023).

Bautista-Rosales y cols. (2013) evaluaron los mecanismos de accion y la actividad
antifungica de M. caribbica en el control de C. gloeosporioides en mango variedad
“Ataulfo”. Reportaron que M. caribbica redujo significativamente la lesion causada por el
hongo en las frutas heridas en un 86.7% en comparacion con el control. Por lo que es
considerada como un antagonista efectivo de C. gloeosporioides al aplicarlo en

concentraciones de 1 x 1070 1 x 10® células/mL.
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Respecto a los mecanismos que esta levadura utiliza en la inhibicion, se reportan
principalmente competencia por nutrientes, como sacarosay fructosa, produccion de enzimas

hidroliticas (glucanasa, nagasa y quitinasa), parasitismo y produccion de biopeliculas.

No obstante, para aumentar la efectividad de M. caribbica, algunos autores han
reportado el uso de estrés hidrico y térmico (Gonzalez-Gutiérrezy cols., 2021), asi como la
induccion de enzimas hidroliticas en las levaduras (Ifhiguez-Moreno y cols., 2020) con el
objetivo de su posible aplicacion en tratamientos pre y postcosecha en frutos de aguacate

Hass.

De acuerdo con lo reportado por Ocampo-Suarez y cols. (2017) esta cepa no ha
mostrado toxicidad ni patogenicidad en modelos murinos, embriones de pollo ni irritacién

dérmica en conejos. Por lo tanto, su uso como agente de biocontrol es una alternativa segura.

2.6 Encapsulacion de agentes de control

Para el uso comercial de los agentes de biocontrol, se requiere desarrollar métodos de
produccidn que permitan mantener la viabilidad celular de los microorganismos, tener una
vida ttil de al menos 6 meses a temperaturaambiente o en refrigeracion, mostrar estabilidad
genética, ademds de mantener su metabolismo y fisiologia celular (Droby y cols., 2009;
Wiyono y Widodo, 2013). Este tipo de microorganismos deben cumplir con algunas

caracteristicas que permitan desarrollarlos de manera comercial (Cuadro 3).

Cuadro 3. Caracteristicas de BCA para su desarrollo comercial

*Genéticamente estable

*Efectivo a bajas concentraciones

*No exigente en sus requerimientos de nutrientes

*Habilidad para sobrevivir en condiciones ambientales adversas

*No debe ser perjudicial para la salud humana

*Disponible para la produccion en medios de crecimiento econdmico
*Disponible para la formulacion con una vida larga de anaquel

*Compatible con procesos comerciales

Fuente: (Droby y cols., 2009)
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Sin embargo, algunas levaduras son susceptibles a condiciones de estrés abidtico
(contaminacidn, desecacion) y su viabilidad puede verse comprometida (Gonzélez-Estraday
cols., 2017) cuando se aplican directamente en las matrices vegetales. Por este motivo, se ha
propuesto la incorporacion de levaduras biocontrol en matrices poliméricas con la finalidad
de brindarles proteccion y estabilidad, con el fin de mantener su actividad y eficacia contra

los patégenos (Sharma y cols., 2009).

Una de las tecnologias actualmente empleadas para tal fin, ha sido la encapsulacion.
Por ejemplo, Aguirre-Giiitron y cols. (2019) encapsularon M. caribbica mediante secado por
aspersion y posteriormente evaluaron la efectividad de esta formulacion, observando una
reduccién de la incidencia y la severidad de la enfermedad hasta en un 53.4% y un 23.9%,
respectivamente, en mangos almacenados a 25 °C. Lopez-Cruz y cols. (2020) encapsularon
mediante secado por aspersion a M. guilliermondii para controlar la antracnosis en mango,

mostrando una inhibicion de 86.4 = 1.1% del crecimiento micelial de C. gloeosporioides.

Por otro lado, el atrapamiento de estos agentes antifiingicos en matrices poliméricas es
una estrategia eficiente para facilitar su almacenamiento, la manipulacion y el transporte de
este tipo de microorganismos, ademas de brindarles proteccion frente a factores ambientales
y alargar su vida atil. La aplicacion de este tipo de matrices poliméricas sobre los frutos puede

realizarse mediante métodos convencionales y actualmente mediante métodos emergentes.

2.6.1 Meétodos convencionales

2.6.1.1 Biopeliculas o recubrimientos comestibles

Son matrices formuladas a base de lipidos, proteinas y carbohidratos o mezclas de estos
componentes (Rohasmizah y Azizah, 2022), que les confieren diferentes propiedades
fisicoquimicas y sirven como vehiculos para incorporar aditivos especificos que refuerzan su

funcionalidad (Aayush y cols., 2022).

Las propiedades de barrera, mecanicasy de transporte dependeran del material con que
se formulen, no obstante, los materiales mas utilizados han sido los polisacaridos, ya que
estos presentan mayor adherencia y flexibilidad en la superficie de los productos
hortofruticolas (Aayushy cols., 2022; Iiiguez-Moreno y cols., 2021; Rohasmizah y Azizah,
2022; Romero y cols., 2022).
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2.6.1.2 Aplicacion de recubrimientos por inmersién
Este método es el mas empleado para el recubrimiento de los alimentos, generalmente se usa
en alimentos de superficie irregular. El tiempo de inmersioén dependera de la humedad,
concentracion o viscosidad de la solucion, de la superficie y de la posible penetracion de la
dispersion de recubrimiento en el alimento. Los alimentos recubiertos por inmersion deben
someterse posteriormente a etapas de escurrido y secado con el fin de obtener una pelicula
adherida a la superficie del alimento. El espesor de la pelicula estard determinado por la
viscosidad del material del recubrimiento y/o por la velocidad con la cual la viscosidad

cambia después de la aplicacion (Moncayo-Martinez, 2013).

2.6.1.3 Aplicacion de recubrimientos por aspersion
La aplicacion mediante aspersion evita el consumo excesivo de recubrimiento; sin embargo,
la aplicacién manual no es homogénea, provocando una disminucidn en el total del area del
fruto recubierta (Aayush y cols., 2022; Moncayo-Martinez, 2013). En la aplicacion

automatizada se deben controlar principalmente la velocidad de flujo y el tipo de boquilla.

Debido a las limitaciones de las técnicas convencionales se han investigado técnicas
que sean mas eficientes, permitan una liberacion controlada del agente activo y a su vez,
permitan una aplicacion directa sobre el fruto. Tal es el caso de las tecnologias emergentes
de encapsulacion mediante procesos electrohidrodindmicos y aerohidrodinamicos que
permiten obtener capsulas y micro o nanofibras que puedan ser aplicadas directamente sobre

el fruto.

2.6.2 Meétodos emergentes

2.6.2.1 Nanocapsulas
Actualmente, la encapsulacion estd siendo ampliamente estudiada, puesto que sirve como
alternativa para brindar proteccién al agente activo frente a factores ambientales (luz,
oxigeno, radiacion humedad, entre otros), permitir una liberacion controlada, asi como para
mejorar y mantener la viabilidad, durante su almacenamiento (Ningtyas y cols., 2019). Una
gran variedad de materiales pueden ser usados para la encapsulacion de agentes activos,
polisacaridos, maltodextrina, trehalosa, almidon de maiz, proteinas (Aguirre-Giiitron y cols.,

2018), goma arabiga (Ballesteros y cols., 2017), dextrano (Moncayo-Martinez, 2013), suero
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de leche, zeina, gelatina o lipidos, aceites, acidos grasos insaturados o poliinsaturados (Khan
y cols., 2012), entre otros. Se han encapsulado exitosamente extractos vegetales (Ballesteros
y cols., 2017), algunos productos lacteos (O’Sullivan y cols., 2019), probidticos (Zaeim y
cols., 2018), B-caroteno (Ramos-Hernandez y cols., 2018), entre otros. No obstante, se estan
buscando alternativas para el atrapamiento de compuestos que permitan nuevas aplicaciones,

como son las nanofibras.

2.6.2.2 Nanofibras
Las nanofibras son estructuras nanométricas en forma de fibras, tubos, cintas, varillas y
cables, que debido a su escala presentan propiedades nuevas que no estan presentes en
estructuras de igual composicion y tamafio macroscopico. Caracteristicas como el diametro
submicrométrico, elevada relacion superficie-volumen (50 m? por gramo de material), baja
densidad, flexibilidad en la superficie, porosidad variable, poros interconectados y un
rendimiento mecéanico superior comparado con otras estructuras, las hacen aptas para

desarrollar nuevas aplicaciones (Andrady, 2008).

Entre las aplicaciones mas estudiadas se encuentran dispositivos biomédicos, tales
como sistemas de tejidos, prendas de vestir, productos de limpieza y de cuidado personal,
hasta productos industriales de filtrado, barreray aislamiento. Actualmente, la aplicacion en
el 4rea de los alimentos estd siendo explorada, por ejemplo en la encapsulacion de
compuestos bioactivos (Aceituno-Medina y cols., 2013; Cruz-Salas y cols., 2019), envases
comestibles (Pérez-Masia y cols., 2013), modificadores, aplicacion de chocolate, sabor

ahumado a la carne, productos de confiteria y aditivos alimentarios (Khan y cols., 2012).

Los polimeros més utilizados para la elaboracion de nanofibras han sido generalmente
polimeros sintéticos tales como poli (alcohol vinilico), poli (6xido de etileno), poli (€-
caprolactona), polihidroxialcanoatos, polivinilpirrolidona, nylon, polilactida, poliamida o
poliestireno (Ricaurte y Quintanilla-Carvajal, 2019). También se han estudiado algunos
biopolimeros, los cudles son comunmente comestibles, tales como pululano (Garcia-Moreno
y cols., 2017), proteina de zeina (Pérez-Masiay cols., 2013), gelatina (Deng y cols., 2017),
proteina de amaranto (Aceituno-Medina y cols., 2013), ciclodextrina (Aytacy cols., 2017),
entre otros polisacaridos (Ricaurte y Quintanilla-Carvajal, 2019). Estos materiales han

mostrado buenas propiedades para ser utilizados principalmente en la industria alimentaria.



CAPITULO 2. ANTECEDENTES

Algunos procesos para la obtenciéon de micro y nanoestructuras, son los procesos
electro y aerohidrodindmicos (Sousa y cols., 2015), los cuales ya se han utilizado en

diferentes aplicaciones.

2.7 Procesos electrohidrodinamicos y aerohidrodinamicos

Los procesos electro y aerohidrodindmicos mas usados en nanotecnologia de materiales
involucran las técnicas de electropulverizado (Electrospraying), electrohilado
(Electrospinning), hilado mediante soplado por fusioén (Meltblown)y actualmente hilado por

soplado (Solution Blow Spinning).

2.7.1 FElaboracion de nanofibras por Electrospinning
El electrohilado es un proceso sencillo, que requiere de un suministro de energia de alto
voltaje, una bomba de jeringa, una jeringa, un tubo, un inyector con una aguja o punta capilar
(hilera) y un colector (Fig. 1). Durante el proceso de electrohilado, se genera un campo
eléctrico entre dos electrodos, uno formado por una aguja que es parte del sistema de
inyecciony otro por un plato metélico (colector). La solucion polimérica se coloca dentro de
una jeringa, ésta es inyectada mediante una bomba y por el efecto de la polarizacion causada
por el campo eléctrico, la solucidn se estira formando hilos con diferentes caracteristicas, los
cuales tras la evaporacion del disolvente a temperatura ambiente da lugar a las fibras
electroestiradas (Olvera-Gracia y cols., 2013; Ricaurte y Quintanilla-Carvajal, 2019; Sousa
y cols., 2015). Esta tecnologia ha demostrado ser altamente respetuosa con los compuestos

bioactivos, sin disminuir su efectividad.
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Figura 1. Parametros del proceso de electrospinning basado en (Ricaurte y Quintanilla-Carvajal, 2019).

Sin embargo, lanecesidad de una fuente de voltaje y de un sustrato conductivo dificulta
la aplicacion directa sobre los frutos. Por lo que se estd migrando a la busqueda de otras
técnicas que permitan lograrlo, como el hilado mediante soplado por fusion y el hilado

mediante soplado.

2.7.2 Hilado mediante soplado por fusion (Melthlown)
Meltblown es una tecnologia no tejida que produce fibras finas (1-5 pm) generalmente a
partir de polimeros formadores de fibras termoplasticas. Las fibras se producen por extrusion
del polimero fundido a través de una matriz que contiene pequefios orificios. Luego, las fibras
son atenuadas rapidamente por corrientes convergentes de aire caliente y posteriormente son
transportadas por aire a alta velocidad hacia un colector (Hassan y cols., 2013). Este proceso
fue originalmente desarrollado en su forma comercial por la firma Exxon a fines de la década

de 1970.

La tecnologia es muy util y sus productos se utilizan en muchas aplicaciones técnicas,
higiénicas y médicas, como medios de filtracion, almohadillas de sorcidn, pafiales, mascaras
de respiracion, paios desechables y otros. Sin embargo, hay pocas aplicaciones en la
industria alimentaria. Los polimeros basicos utilizados para la produccion de materiales no
tejidos, soplados por fusién son polipropileno, polietileno, poliestireno, tereftalato de
polietileno, acido polilactico, tereftalato de polibutileno, poli-g-caprolactona (Erben y cols.,

2016). Con la excepcion del acido polilactico, estos polimeros no son biodegradables y no
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pueden usarse para consumo humano. Adicionalmente, el uso de altas temperaturas podria

afectar a la efectividad de la levadura biocontrol.

Por tanto, una alternativa prometedora que permita encapsular estos agentes
antifingicos utilizando polimeros de origen natural, sin uso de temperatura y que ademas
permita aplicarlos directamente al fruto, es la elaboracion de nanofibras mediante hilado por

soplado.

2.7.3 Elaboracion de nanofibras mediante hilado por soplado (Solution Blow
Spinning)

Este método es una técnica simple y rapida para producir nanofibras, esta técnica fue
desarrollada utilizando una combinacion de las tecnologias electrospinning y meltblown, con
el fin de tener una mayor producciéon (Medeiros y cols., 2009), utilizauna corriente de aire a
presion (1-80 psi) como fuerza impulsora para la formacion de fibras (Daristotle y cols.,
2016). Esta técnica supera algunos inconvenientes asociados con electrospinning como el
uso del campo eléctrico (Santosy cols.,2016). Ademas, la principal ventajaradica en su gran

potencial para su uso en la deposicion in situ.

Este sistemautilizauna bomba de jeringa para suministrar una solucion de polimero a
un inyector que consiste en boquillas concéntricas por las cuales la solucion de polimero se
bombea a través de la boquilla interna mientras se mantiene un flujo de gas comprimido (N,
Ar o Aire) constante y de alta velocidad a través de la boquilla externa (Fig. 2) (Medeirosy
cols., 2009). La diferencia de presion y el cizallamiento en la interfase gas/disolucion
provocan la generacion de multiples hebras de solucion polimérica las cuales vuelan hacia
un colector. Durante el vuelo, el disolvente se evapora rapidamente a temperatura ambiente
formando una red de micro y nanofibras. Los principales parametros de proceso son
velocidad de inyeccion, la presion del flujo de gas, la concentracion de polimero, la distancia
de trabajo y la distancia de protrusion de la boquilla interior. Estos parametros pueden
determinar la facilidad de procesamiento, asi como el diametro de la fibray la morfologia de

estas.

Esta técnica se ha utilizado exitosamente para obtener nanofibras con aplicacion en
materiales de construcciéon (polimeros reforzados), producciéon, conversion 'y

almacenamiento de energia (celdas solares, baterias), mejora y proteccion ambiental
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(filtracion de aire, tratamiento de aguas residuales), aplicaciones biomédicas (dosificacion de
medicamentos, ingenieria de tejidos, cicatrizacion de heridas) (Barhoum y cols.., 2019), sin

embargo, su aplicacion en alimentos apenas esta siendo explorada.

Atomizador
conceéntrico

Ny .
%olector
B N e
Bomba de jeringa o,m

Sreny )

. |
)
»

Gas comprimido
Figura 2. Esquema de Solution Blow Spinning basado en Medeiros y cols. (2009).

Para la elaboracion de estas nanofibras, se han utilizado diversos polimeros sintéticos.
No obstante, los biopolimeros han demostrado no ser nocivos para la salud humana y los
ecosistemas acuaticos, no son toxicos ni corrosivos y son biodegradables (Freitas y cols.,

2017), ademés de mostrar alta estabilidad bajo diferentes condiciones (Lim y cols., 2018).

2.8 Polimeros usados
Para el desarrollo de diferentes nanofibras, ya se han utilizado diversos polimeros como
metaloceno, polipropileno isotactico (Hassan y cols., 2013), fructanos de agave (Cruz-Salas
y cols., 2019), o6xido de polietileno, polivinilpolipirrolidona (Benavides y cols., 2012), poli
metacrilato de metilo, poliestireno, dcido polilactico (Medeiros y cols., 2009), polialcohol

vinilico, propilenglicol, entre otros (Daristotle y cols., 2016).

Actualmente se han buscado otras alternativas de origen natural, o biopolimeros, con
la finalidad de ampliar sus aplicaciones, por ejemplo, en la industria alimentaria, ademas de

que son bastante accesibles y muestran menores costes de produccion.

La goma de anacardo es un polisacarido exudado obtenido de los arboles Anacardium
occidentale, es un heteropolisacarido dcido ramificado de baja viscosidad (Das y cols., 2014).

La goma contiene 9.8—-13.2% de humedad, 1.9-4.8% de materia insoluble, 0.5-1.2% de
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ceniza total, 1.27-1.80% de proteina, 9.6-21.0% de azicar y 0.21-2.26% de fenol
(Olorunsola y cols., 2016), estda compuesta de B-D-galactosa (72%), a-D-glucosa (14%),
arabinosa (4.6%), ramnosa (3.2%) y acido glucuronico (4.7%) (Silva y cols., 2006), ha
mostrado buenas propiedades térmicas (Olorunsola y cols., 2016), fisicoquimicas (Gyedu-

Akoto y cols., 2008), asi como propiedades emulsificantes (Abdulsamad y cols., 2006).

También han sido estudiados algunos otros polisacaridos, por ejemplo, los
exopolisacaridos (EPS), estos no son tdxicos y estan ampliamente disponibles, los EPS son
biopolimeros complejos que presentan diversas propiedades fisicoquimicas, su produccion
depende de los microorganismos, las fuentes de carbono y nitrégeno, asi como los nutrientes

que se les suministren, ademas de la via metabdlica que estos microorganismos experimenten

(Shukla y cols., 2019).

Este tipo de polisacaridos son ecoldgicos y biodegradables, algunas bacterias
productoras de EPS ya han sido ampliamente estudiadas como: Leuconostoc mesenteroides
(Nwodo y cols., 2012), Xanthomonas campestris (Shukla y cols.., 2019), Acinetobacter
calcoaceticus (Kumar y cols., 2007), asi como también, algunos exopolisacaridos fingicos
producidos por: Aureobasidium pullulans (Singhy cols.,2006), Fusarium solani (Mahapatra
y Banerjee, 2012), Coriolus versicolor (Ooi y Liu, 2000), para aplicaciones farmacéuticas,

agricolas, alimentarias y cosméticas.

Un EPS que ha llamado la atencién por sus caracteristicas hidrofilicas, alta
permeabilidad al vapor de agua (1.01 x 10" mol/ ms Pa), buenas propiedades de barrera al
oxigeno y al dioxido de carbono (0.7 x 10 mol m/ m?s Pay 42.7 x 107! mol m / m?s Pa,
respectivamente) y excelentes propiedades mecanicas (Ferreiray cols., 2014), es el FucoPol
recientemente reportado producido por Enterobacter A47 (DSM23139) utilizando glicerol
como fuente de carbono (Torres y cols., 2011). Es un heteropolisacarido de alto peso
molecular (4.19 x 10°-5.80 x 10° Da), compuesto de residuos de azicar (fucosa, galactosa,
glucosa y acido glucordénico) y grupos acilo (piruvato, succinato, acetato) (Freitas y cols.,
2011). Tiene un caracter anionico y tiene propiedades funcionales como buena capacidad de

emulsion y formacion de pelicula (Freitas y cols., 2014).

El pululano también es un exopolisacarido producido por el hongo Aureobasidium

pullulans tiene un peso molecular de 2 x 10° Da. Su estructura consiste en un a-glucano
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lineal, hecho de tres unidades de glucosa unidos por un enlace a-(1,4) en unidades de
maltotriosa unidas a su vez en un enlace a-(1,6). Esta formacion hace que el pululano muestre
dos importantes caracteristicas, flexibilidad estructural y solubilidad mejorada. Debido a sus
propiedades, el pululano se ha usado como agente gelificante, material de recubrimiento y
envasado para alimentos y medicamentos, entre otras aplicaciones (Karim y cols., 2009;

Kong y Ziegler, 2014; Singh y cols., 2008).
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3. JUSTIFICACION

A nivel mundial el aguacate es un cultivo de gran importancia econémica, debido a su
versatilidad y alos beneficios nutricionales que este fruto presenta. En el 2017, Nayarit ocup6
el cuarto lugar en la produccion nacional con 49 mil toneladas. Sin embargo, debido a la
susceptibilidad que muestran estos frutos a enfermedades causadas por fitopatdogenos se
generan grandes pérdidas alimentarias y econdémicas. Dentro de estas enfermedades, la
antracnosis es la principal enfermedad que ataca a este fruto, causando un dafio severo en el
mismo. Para su control, se han utilizado algunos tratamientos fisicos, quimicos y bioldgicos,
como el uso de temperatura, recubrimientos comestibles y fungicidas quimicos, sin embargo,
pese a su efectividad, han generado preocupacion, respecto a los residuos generados, asi
como al impacto potencial sobre el medio ambiente y la salud humana, por lo que se han
buscado medidas alternativas que disminuyan estos efectos, tal es el caso del uso de
microorganismos antagonistas. M. caribbica es un microorganismo que ha demostrado ser
efectivo en el control de antracnosis generada por C. gloeosporioides en frutos de mango,
papaya y aguacate, por lo que su uso puede ser una alternativa viable. Recientemente se
aplico estrés hidrico y térmico, asi como la induccion en la sintesis de enzimas hidroliticas
en M. caribbica con el fin de aumentar su efectividad. Para facilitar la manipulacion,
transporte, almacenamiento y aplicacion de este agente de biocontrol, se ha agregado a
matrices poliméricas, ya sea en recubrimientos comestibles, cdpsulas o micro y nanofibras.
Sin embargo, las técnicas convencionales de proceso y de aplicacion no permitirian aplicarlas
directamente, puesto que son generalmente aplicadas de forma manual y no proporcionan
homogeneidad en el tratamiento, es por ello que los procesos electrohidrodinamicos y
aerohidrodinamicos podrian permitir la aplicacion directa de fibras a frutos de aguacate
“Hass”, ya que estos procesos son mas eficientes para lograr una cobertura super ficial
homogénea, al mismo tiempo que proporcionan una liberacion controladay protecciona los

agentes antifingicos ante factores ambientales.
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CAPITULO 4. OBJETIVOS

OBJETIVOS

4.1 Objetivo general

Desarrollar recubrimientos antifingicos basados en micro o nanofibras biopoliméricas

adicionadas con M. caribbica producidos mediante procesos electro y aerohidrodinamicos

para el control de antracnosis en aguacate “Hass” (Persea americana Mill. cv. Hass)

garantizando ademas los parametros de calidad en el fruto.

4.2 Objetivos especificos

l.

Desarrollar las formulaciones poliméricas de pululano, goma de anacardo y FucoPol
procesables mediante procesado electro y aerohidrodindmico.

Estudiar las condiciones de proceso para la obtencion de micro y nanoestructuras
biopoliméricas mediante electrospraying, electrospinningy Solution Blow Spinning.
Estudiar la encapsulacionde M. caribbica mediante electrospinningy Solution Blow
Spinning.

Caracterizar las micro y nanoestructuras con y sin M. caribbica en términos de
morfologia, estructura y propiedades térmicas.

Evaluar la viabilidad in vitro de M. caribbica en las fibras obtenidas mediante
Electrospinning y SBS.

Evaluar la actividad antifungica in vitro de las fibras con M. caribbica obtenidas
mediante Electrospinning y SBS.

Evaluar la viabilidad in vivo de M. caribbica como tratamiento preventivoy curativo
frente a C. gloeosporioides.

Evaluar el efecto de las nanofibras sobre los parametros de calidad y las propiedades

organolépticas de frutos de aguacate “Hass”.
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5. HIPOTESIS

Las condiciones idoneas del procesado electrohidrodindmico y aerohidrodindmico permitiran
aplicar directamente nanofibras biopoliméricas cargadas con la levadura biocontrol
Meyerozyma caribbica sobre los frutos de aguacate, capaces de controlar la enfermedad de
antracnosis en aguacate “Hass” (Persea americana Mill. cv. Hass), sin afectar los parametros

de calidad y las caracteristicas organolépticas del fruto.
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6. MATERIALES Y METODOS

6.1. Etapa 1. Formacion de microestructuras de goma de anacardo mediante

procesado electrohidrodinamico

6.1.1. Materiales
La goma de anacardo (CG) fue proporcionado por Embrapa (Fortaleza, CE, Brasil). El -
caroteno, el aceite de ricinoy el tensioactivo Span® 20 se adquirieron en Sigma Aldrich (St.
Louis, MO, EE. UU.). El cloroformo se adquiri6 en Panreac AppliChem (Barcelona, Espafia).
Durante todo el estudio se utiliz6 agua destilada. Todos los productos quimicos se utilizaron

tal como se recibieron sin ninguna purificacion adicional.

6.1.2. Preparacion de disoluciones
En primer lugar, se prepararon disoluciones de goma de anacardo a diferentes
concentraciones en agua destilada para estudiar la formacion de microestructuras mediante
procesado electrohidrodindmico. Se consideré también la posibilidad de afadir un

surfactante para estabilizar el proceso.

Para la obtencién de microcépsulas, la solucion de goma de anacardo se prepard con
una concentracion del 50% (p/p) en agua destilada y una concentracion de Span 20 del 1%
(p/p). La solucion se homogeniz6 agitando magnéticamente durante 36 h a temperatura

ambiente.

Para la preparacion de emulsiones que contenian B-caroteno, inicialmente se prepard
una solucidon concentrada de B-caroteno en aceite de ricino (5 % p/p). Se prepard una
emulsion anadiendo lentamente la fase organicaa la fase acuosa en una relacion de volumen
de 20:80 y 10:90, posteriormente fue homogeneizada utilizando un homogeneizador Vortex

Mixer IR Digital (VELP SCIENTIFICA, Usmate Velate, Italia) durante 5 minutos.

6.1.3 Determinacion de la viscosidad

La viscosidad aparente, se determin6o mediante un viscosimetro rotatorio Visco Basic Plus L
(Fungilab S.A., San Feliu de Llobregat, Espafia) con un husillo L1 (regularmente usado para

altas viscosidades). El husillo L1 se coloco en el viscosimetro y 25 mL de muestra se
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colocaron en un tubo de ensayo conico y ambos se pusieron en contacto para obtener el valor

de viscosidad aparente.

6.1.4 Determinacion de la tension superficial

La tension superficial se midid usando el método Wilhemy plate en un tensiometro EasyDyne
K20 (Kriiss GmbH, Hamburgo, Alemania). Se colocaron 25 mL de muestra en un
cristalizador, se procedio a la limpieza de la placa Wilhelmy mediante pir6lisis y se coloco
en el soporte, posteriormente se procedio al analisis de cada una de las muestras (Ramos-

Hernandez y cols., 2018).

6.1.5 Determinacion de la conductividad

La conductividad se determiné usando un medidor de conductividad Hanna Instruments HI-
4521 (Melrose, MA, USA). La sonda se sumergi6 en 10 mL de muestra en un tubo conico

hasta cubrir y estabilizar los sensores.

6.1.6 Determinacion de la distribucion del tamafio de gota en las emulsiones
La distribucion del tamafio de gota en las emulsiones empleadas para encapsular B-caroteno
fue observada mediante un microscopio Optico convencional (Nikon Eclipse 90i, Nikon
Instruments Inc., New York, USA), para esto se tomo una alicuota y se colocd sobre un
portaobjetos para ser vista en el microscopio. La distribucion del tamafo de particula en las
emulsiones fue determinada mediante espectroscopia de correlacion fotonica empleando un
Mastersizer 2000 (Malvern Instruments, Malvern, Reino Unido). Se colocaron alicuotas de
emulsion en el equipo y mediante el software de Malvern Instruments, se obtuvo el reporte

de los resultados.

6.1.7 Obtencion de microestructuras mediante procesado electrohidrodinamico
El procesado electrohidrodindmico se realiz6 en un equipo Fluidnatek LE-10 de Bioinicia
S.L. (Valencia, Espana). Las disoluciones o emulsiones preparadas se colocaron en una
jeringa de plastico de 5 mL, posteriormente fueron colocadas en una bomba de jeringay se
conecto por tubo de PTFE a un inyector en el que se colocd una aguja de acero inoxidable
del calibre 27. Un electrodo positivo de una fuente de alimentacion de alta tension fue

acoplado a la aguja. Las soluciones fueron procesadas a un caudal constante de 200 uL/h'y
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el voltajede 25 kV. La distanciaentre la punta de la aguja y el colector plano fue de 28 cm.

El proceso se realizo en condiciones ambientales.

6.1.8 Microscopia Electronica de Barrido (SEM)
La morfologia de las microestructuras obtenidas fue determinada mediante SEM en un
equipo Hitachi-S-4800 FE-SEM (Hitachi High-Technologies Corporation, Tokio, Japon) con
una aceleracion del haz de electrones de 10 kV. Las muestras se fijaron con cinta de doble
cara en el porta muestras, posteriormente fueron recubiertas con una capa de oro-paladio. La
determinacion de la distribucion del tamafio de particulas basada en los didmetros de las
estructuras se realizd usando el software Image J Launcher v1.41 (National Institutes of

Health, Bethesda, MD, USA) con 100 mediciones por muestra.

6.1.9 Capacidad de carga y eficiencia de encapsulacion

El porcentaje de capacidad de carga (%CC) se estimo midiendo la cantidad de B-caroteno en
las particulas. Para ello, se disolvieron aproximadamente 0.05 g de particulas en agua y se
realizo una extraccion del B-caroteno con cloroformo. Las mediciones cuantitativas de [3-
caroteno fueron realizadas por espectrofotometria UV-vis en un espectrofotometro UV
UV4000 (Dinko Instruments, Barcelona, Espana). La absorbancia de B-caroteno se midid a
461 nm. Se usaron soluciones estandar de $-caroteno en cloroformoa 0.1 g/mL para construir
la curva de calibrado (y= 0.8433x + 0.0012, R>=0.9986), a partir de la cual se determino la
cantidad de B-caroteno presente en el volumen recuperado. Se calcul6 el porcentaje de CC

mediante la Ecuacion 1.

Masa del [ —caroteno

% CC = )x 100 Eq. 1

Masa de las particulas

La eficiencia de encapsulacion se estim6 midiendo el B-caroteno en la superficie de las
particulas mediante el lavado del polvo con un disolvente organico. Aproximadamente 0.025
g de muestra se lavaron con cloroformo durante 30 s y se centrifugaron durante 5 min a 7000
rpm. La absorbancia del filtrado se midi6 a 461 nm en un espectrofotdémetro UV4000 y se
determind la concentracion de PB-caroteno presente en el filtrado. El porcentaje de la

eficiencia de encapsulacion se calculd de acuerdo con la Ecuacion 2.
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(B—caroteno total)—(B—caroteno superficial)

% EE =

x 100 Eq.2

B —caroteno total

6.1.10 Espectroscopia infrarroja con transformada de Fourier en modo de
reflectancia total atenuada (ATR-FTIR)

Para determinar los espectros infrarrojos de las muestras se usé un equipo ATR-FTIR (Bruker
FTIR Tensor 37, Rheinstetten, Alemania). Las muestras se colocaron sobre el cristal de
diamante y se asegurd un buen contacto mediante el uso del accesorio de ATR. Todos los
espectros se obtuvieron dentro del rango de numeros de onda de 4000 a 600 cm™
promediando 10 escaneos a 4 cm™' de resolucion. El anélisis de los datos se llevo a cabo

usando Origin Pro, Version 2019 (OriginLab Corporation, Northampton, MA, EE. UU.).

6.1.11 Analisis termogravimétrico (TGA)
Se realizo un analisis termogravimétrico del B-caroteno, y de las capsulas con y sin -
caroteno usando un equipo TGA-STDA 1600 (Mettler Toledo, Columbus, OH, USA). Los
analisis fueron hechos bajo las siguientes condiciones: 1-5 mg de muestra, un calentamiento
de 25 °C a 600 °C, una rampa de calentamiento de 5 °C/min bajo un flujo de nitréogeno (50

mL/min).

6.1.12 Ensayo de fotooxidacion
Las particulas encapsulando -caroteno, se compararon con la tasa de degradacion de -
caroteno libre colocando las muestras bajo una lampara de simulacién de luz solar, a
temperatura ambiente. Se utiliz6 una lampara Osram Ultra-vitalux (300 W) (OSRAM,
Munich, Alemania), que genera una mezcla de radiacion, utilizando un tubo de descarga de
cuarzo y un filamento de tungsteno. La distancia entre la lampara y las muestras fue de 20
cm. Las muestras se recogieron durante periodos de tiempo de iluminacién (0 min, 30 min,
45 min, 60 min, 75 min, 90 min y 105 min) y la concentracion del B-caroteno se determind

usando un espectrofotometro UV4000 a 461 nm.

Las muestras control de B-caroteno se disolvieron en 1 mL de cloroformo y las
particulas primero se disolvieronen 1 mL de agua destilada para abrir la matriz polimérica,

y posteriormente se agregd 1 mL de cloroformo para extraer el f-caroteno presente. La
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mezcla fue agitada en un vortex y centrifugada a 10,000 rpm durante 2 minutos. La fase
organica fue separada y la concentracion de [-caroteno fue determinada por

espectrofotometria UV-vis.

6.2 Etapa 2. Formacion de micro y nanofibras de FucoPol mediante procesado
electrohidrodinamico

6.2.1 Materiales
FucoPol (Mw ~ 4,4 x 10° Da) fue proporcionado por el Grupo de Ingenieria Bioquimica de
la Facultad de Cienciasy Tecnologia de la Universidad Nova de Lisboa (Caparica, Portugal).
El pululano (Mw ~ 2 x 10° Da) se adquirié de Hayashibara Co., Ltd. (Tokio, Japén), y el
oxido de polietileno (PEO) (Mw ~ 100 000 Da), 2,2,2-trifluoroetanol y Span 20 se
adquirieron de Sigma Aldrich (St. Louis, MO, EE. UU.). El etanol absoluto (EPR. Ph.Eur.)
se obtuvo de Labkem (Vilassar de Dalt, Espafia). Se utilizé agua destilada durante todo el

estudio.

6.2.2 Preparacion de disoluciones
Primeramente, se prepararon disoluciones de FucoPol con una concentraciéonde 0.015 g/mL
en agua destilada, posteriormente para mejorar la formacion de fibras, se prepararon mezclas
con otros polimeros ampliamente estudiados en diferentes proporciones (Cuadro 4). Para
ello, se prepararon disoluciones de FucoPol con pululano (concentracion: 0.015 g/mL) y
FucoPol con PEO (concentracion: 0.015 g/mL) en etanol:agua (30:70, v/v), la concentracion
usada en este estudio fue ajustada de acuerdo con ensayos previos. En cada una de las
disoluciones se agregd Span 20 al 5% (w/w). Las disoluciones se homogenizaron agitando
magnéticamente durante 15 h a temperatura ambiente. Las disoluciones que mostraron mejor
formacion de fibras fueron caracterizadas de acuerdo con la metodologia propuesta en el
apartado 6.1.3 Determinacion de la viscosidad, el apartado 6.1.4 Determinacion de la tension

superficial y el apartado 6.1.5 Determinacién de la conductividad.
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Cuadro 4. Proporciones de la mezcla de polimeros FucoPol, Pululano y PEO para la
preparacion de las nanofibras mediante electrospinning.

FucoPol/PEO FucoPol/Pululano Tensoactivo Span 20
(p/p) (p/p) (%)
3:1 3:1 3
2:1 2:1 3
1:1 1:1 3
1:0 1:0 3
0:1 0:1 3
1:2 1:2 3
1:3 1:3 3

6.2.3 Obtencion de fibras mediante Electrospinning
El procesado electrohidrodinamico se realizo en el equipo Fluidnatek LE-500 de Bioinicia
S.L. (Valencia, Espafia) siguiendo la metodologia anteriormente descrita en el apartado 6.1.7
Obtencion de microestructuras mediante procesado electrohidrodindmico. Las soluciones
fueron procesadas de acuerdo con condiciones establecidas en ensayos previos. Para la
solucion de FucoPol, se establecieron las siguientes condiciones, un caudal de 250 pL y un
voltajede 20 kV y -2 kV. Las disoluciones de FucoPol con pululano se electroestiraron bajo
un caudal de 250 pL y un voltaje de 23 kV y -2 kV. Finalmente, las disoluciones de FucoPol
con PEO, se procesaron empleando un caudal de 300 pL, un voltaje de 22 kV y -3 kV. La
distancia de trabajo empleada fue de 28 cm, la temperatura oscil6 desde los 30 a los 35 °Cy

una humedad relativa desde 23% hasta 28%.

6.2.4 Caracterizacion de las nanofibras
Se caracterizo la morfologia de las estructuras mediante SEM, de acuerdo con lametodologia
propuesta en el apartado 6.1.8 Microscopia Electronica de Barrido (SEM), ATR-FTIR
(6.1.10 Espectroscopia infrarroja con transformada de Fourier en modo de reflectancia total
atenuada (ATR-FTIR) y TGA de acuerdo con el apartado 6.1.11 Analisis termogravimétrico
(TGA).

6.2.5 Calorimetria Diferencial de Barrido (DSC)

Las transiciones térmicas se analizaron en un equipo DSC-8000 equipado con el accesorio

de refrigeracion Intracooler 2, todo de PerkinElmer, Inc. (Waltham, MA, USA). Se realizaron
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3 barridos: un primer barrido de calentamiento de 30 °C a 250 °C, seguido de un enfriamiento
de 250 °C a 25 °C y completado por un segundo calentamiento de 25 a 300 °C. La velocidad
de calentamiento y enfriamiento se establecieron en 10 °C/min, y la masa de la muestra fue
de alrededor 3 mg. Se utilizé una cépsula de aluminio vacia como referencia, mientras que
la calibracion se realiz6 utilizando una muestra de indio. Los valores del punto de fusiéon 'y
entalpia de fusion se obtuvieron del barrido de calentamiento, mientras que la temperatura

de cristalizaciony entalpia de cristalizacion se determiné a partir del barrido de enfriamiento.

6.2.6 Dispersion de Rayos X de angulo amplio (WAXS)
La cristalinidad de las fibras y de los polimeros puros fue evaluada por WAXS utilizando un
difractometro Bruker AXS D4 Endeavor (Bruker, Ettlingen, Alemania). Se registraron los
escaneos radiales de intensidad con respecto a los angulos de dispersion (20) a temperatura
ambiente en el rango de 2 a 40° (20) (tamafio del paso = 0.02°, velocidad del escaneo = 4
s/paso) con radiacion CuKa filtrada (L= 1.54 A), una tensioén de funcionamiento de 40 kV y

un filamento de 40 mA.

6.3 Etapa 3. Nanofibras antifiingicas de goma de anacardo, FucoPol y pululano
hiladas por electrospinning

6.3.1 Materiales

El pululano (Pul) (Mw ~ 2 x 10° g/mol) se adquirié de Hayashibara CO., LTD. (Tokio,
Japon). Se adquirieron PEO (Mw ~ 4 x 10° g/mol), PEO (Mw ~ 5 x 10° g/mol), solucion
salina tamponada con fosfato (PBS), medio de cultivo YPD (extracto de levadura peptona
dextrosa) y Span 20 de Sigma Aldrich (St. Louis, MO, EE. UU.). Se empled glicerol de
PanReac AppliChem (Barcelona, Espaiia). FucoPol (FP) (1.1 x 107 g/mol) fue proporcionado
por el Grupo de Ingenieria Bioquimica de la Facultad de Ciencias y Tecnologia de la
Universidad Nova de Lisboa (Caparica, Portugal). La goma de anacardo (CG) (2.13 x 10*
g/mol) fue proporcionado por Embrapa (Fortaleza, CE, Brasil).

6.3.2 Preparacion de disoluciones
Para encapsular a M. caribbica (GenBank ID: JQ398674) en las nanofibras poliméricas,
primero se optimizaron las condiciones de electrospinning. Se utilizaron cuatro polimeros,

pululano (Pul), 6xido de polietileno (PEO), FucoPol (FP) y goma de anacardo (CG). La
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solucion de Pul se preparo a una concentraciondel 15% (p/p). La solucidén de FP se prepard
con PEO (Mw ~ 4 x 10° Da). La solucion de FP:PEO se prepar6 con una concentracion de
0.015 g/mL (relacion 1:2, p/p) con un 5% de Span 20 (p/v). La tercera solucion de CG
también se prepar6 con PEO (Mw ~ 5 x 10° Da). La solucion de CG:PEO se prepard con una
concentracion de 0.15 g/mL (relacion 5.6:1 p/p) con 1% de Span 20 (p/v). Para todas las
soluciones, se us6 agua destilada estéril y para evitar un tratamiento agresivo, Pul y CG:PEO
fueron irradiados bajo UV durante 30 min. Mientras que, FP fue esterilizado (autoclave
4001759, J.P. SELECTA, SA, Barcelona, Espafia) a 120 °C durante 20 min, ya que FP
contenia algunos residuos de Enterobacter A47, y no era posible esterilizarlo usando solo
radiacion UV. Posteriormente, cada solucion polimérica fue ajustada con M. caribbica a una

concentracion final de 1 x 10® células/mL.

6.3.3 Proceso de electrospinning
El proceso de electrohilado se realizo en un equipo Fluidnatek LE-500 de Bioinicia S.L.
(Valencia, Espana). Para obtener las nanofibras, se evaluaron diferentes condiciones de
proceso. Una vez logradas las condiciones Optimas, se procesaron todas las soluciones tanto
en presencia como en ausencia de M. caribbica. La solucion de Pul, fue procesada a la
velocidad de flujo constante de 500 pL/h, la distancia de trabajo fue de 20 cm, y el voltaje
fue de 9.7 kV en el inyectory -3 kV en el colector. La solucion de FP:PEO, fue procesada a
la velocidad de flujo constante de 600 pL/h, una distancia de trabajo de 15 cm y el voltaje
fue de 19 y -1 kV para inyector y colector, respectivamente. La solucion de CG:PEO fue
procesada segin los pardmetros optimizados reportados por Grumi (2021) con ligeras
modificaciones. Para ello se utilizo un caudal de 400 uL/h, la distancia de trabajo fue de 28
cm y la tension fue de 20 y -7 kV para inyector y colector, respectivamente. Para todas las
soluciones se utilizd una aguja del calibre 23. Las condiciones ambientales fueron

monitoreadas y mantenidas a 33 °Cy 28% HR.

6.3.4 Caracterizacion de las nanofibras

Se caracteriz6 lamorfologia de las estructuras mediante SEM, de acuerdo con la metodologia
propuesta en el apartado 6.1.8 Microscopia Electronica de Barrido (SEM), ATR-FTIR como

se menciond en el apartado 6.1.10 Espectroscopia infrarroja con transformada de Fourier en
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modo de reflectancia total atenuada (ATR-FTIR) y TGA de acuerdo con el apartado 6.1.11

Analisis termogravimétrico (TGA).

6.3.5 Microscopia optica convencional
Las nanofibras fueron encapsuladas en resina LR-White en capsulas de gelatina y
polimerizadas en estufa de secado convencional entre 55-60 °C durante 24 h. Los bloques se
cortaron a 2 um con la cuchillade diamante DIATOME en un ultramicrotomo (UC7, Leica,
Wetclar, Alemania). Para observar los cortes, fueron tefiidos con azul de toluidina y las
muestras fueron visualizadas mediante un microscopio convencional (Eclipse 901, Nikon

Instruments Inc., Nueva York, USA).

6.3.6 Cepas fungicas y condiciones de cultivo
En este estudio se emplearon: Colletotrichum gloeosporioides Pal4 (GenBank ID:
MN477464) aislado de aguacate en descomposicion en Nayarit, México (Bautista-Rosales 'y
cols.., 2013), Botrytis cinerea CECT 20973 (BCO03 Persoon 1794) aislado de uvas,
Penicillium digitatum CECT 21108 (NAV-7 (Persoon) Saccardo 1881) y Penicillium
italicum CECT 21109 (MAV-1 Wehmer 1894) aislados de citricos cosechados, Fusarium
oxysporum CECT 20967 (Schlechtendal 1824) aislado de la raiz de Citrus macrophylla,
Trichotheciumroseum CECT 20223 (Persoon) Link 1809) aislado de Diospyros kaki. Todas
estas cepas se obtuvieron de la Coleccion Espafiola de Cultivo Tipo (CECT) de la
Universidad de Valencia, y se cultivaron en placas de agar de papa y dextrosa (PDA,
Scharlau, Barcelona, Espafia). Las cepas obtenidas por la CECT se incubaron segun sus
condiciones Optimas de cultivo para cepas, es decir, 24 ~ 26 °C durante 7-10 dias. Mientras

que Colletotrichum gloeosporioides se cultivé a 28 °C durante 7-10 dias.

6.3.7 Viabilidad de M. caribbica después del proceso de electrospinning
Las nanofibras se recogieron en tubos estériles después del proceso de electrospinning. La
cantidad empleada de nanofibras se calculé de acuerdo con el porcentaje de solidos
contenidos en la solucion polimérica incluidos el peso del polimero y la levadura. Las
nanofibras se mezclaron con agua destilada estéril en matraces y se agitaron durante 1 h.
Posterior a ello, se prepararon diluciones seriadas y se distribuyeron 100 L de muestra en

las placas YPD. Los recuentos de M. caribbica se realizaron después de 48 h de incubacion
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a 28 °C. Los andlisis se realizaron por triplicado para cada tratamiento y el experimento se

repitio tres veces.

6.3.8 Inhibicion in vitro de germinacion de esporas

La inhibicion de la germinacion de esporas se determiné de acuerdo con Gonzélez-Estraday
cols. (2017). Se utilizd PBS para hacer la suspension de esporas. Luego, se agregaron 10 mL
a cada placa para cosechar el hongo, y las suspensiones de esporas se hicieron frotando la
superficie del agar con un bucle de inoculacion estéril. Luego, la suspension se filtro en gasa
estéril y se recuperd en un tubo conico. La concentracion de esporas se ajustd a 1 x 10°
esporas/mL mediante conteo microscopico en un hemocitoémetro. Cincuenta microlitros de
esporas fungicas (1 x 10° esporas/mL) se esparcieron en discos PDA (1.4 cm) y luego se
dejaron secar durante 5 min en un camara de seguridad. Después de este tiempo, los discos
fueron cubiertos con nanofibras que contenian a M. caribbica (Pul, FP:PEO, y CG:PEO).
Consecutivamente, los discos se incubaron segun las condiciones de cultivo de las cepas de
CECT (24 ~ 26 °C) durante 7-10 dias. Después del tiempo de incubacion, las nanofibras
fueron absorbidas por los discos de PDA. El porcentaje de germinacién de cada hongo
evaluado se determindé mediante microscopia convencional. El porcentaje de esporas
germinadas se midi6 después de 24 h (26 °C) para B. cinerea, después de 9 h (25 °C) para P.
digitatum,después de 9 h (25 °C) para P. italicum, después de 6 h (26 °C) para F. oxysporum,
después de 6 h (25 °C) para T. roseum y después de 9.5 h (25 °C) para C. gloeosporioides.
En el control se tuvieron en cuenta un minimo de 200 esporas germinadas. Las esporas se
consideraban germinadas cuando la longitud del tubo germinal era igual o mayor que el

diametro de la espora.

6.3.9 Inhibicion in vitro del crecimiento micelial de las nanofibras con M.
caribbica

Se evaluo la efectividad de las nanofibras contra las diferentes cepas de hongos, los ensayos
se realizaron en cajas de PDA. 100 pL de esporas fungicas (1 x 10° esporas/mL) se
esparcieron en el centro de las placas de Petri y luego se dejaron secar durante 5 min en una
camara de seguridad. Luego, las placas inoculadas fueron cubiertas con las nanofibras que
contenian M. caribbica (fibras de Pululano, FP:PEO y CG:PEO). El diametro de crecimiento
se registro durante 6 dias (24 °C) para B. cinerea, durante 8 dias (25 °C) para P. digitatum,
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durante 8 dias (25 °C) para P. italicum,durante 6 dias (26 °C) para F. oxysporum, durante 8
dias (25 °C) para T. roseum y durante 7 dias (28 °C) para C. gloeosporioides. El porcentaje

de inhibicion del crecimiento micelial se calculd segun la Ecuacién 3:

% Inhibicion = [(de - df)/dc] x 100 Eq. 3

Donde dc (cm) es la media del didametro de la colonia del control y d¢ (cm) es la media
del didmetro de la colonia de los tratamientos. Todas las pruebas se realizaron por triplicado.

Todas las placas de Petri se cubrieron con papel Parafilm para evitar la deshidratacion.

Tanto para el ensayo de inhibicion de germinacion de esporas como el ensayo de
inhibicion de crecimiento micelial, se usaron como control placas de PDA inoculadas y sin

nanofibras y placas de PDA inoculadas con nanofibras sin M. caribbica.

6.4 Etapa 4. Nanofibras antifiingicas de goma de anacardo, FucoPol y pululano
hiladas por Solution Blow Spinning

6.4.1 Materiales

El pululano (Mw ~ 2 x 10° g/mol) se adquiri6 de Hayashibara CO., LTD. (Tokio, Japdn). Se
adquirid6 PEO (Mw ~ 4 x 10° g/mol), solucion salina tamponada con fosfato y medio de
cultivo YPD de Sigma Aldrich (St. Louis, MO, EE. UU.). FucoPol (1.1 x 107 g/mol) fue
proporcionado por el Grupo de Ingenieria Bioquimica de la Facultad de Ciencias y
Tecnologia de la Universidad Nova de Lisboa (Caparica, Portugal). La goma de anacardo
(CG) (2.13 x 10* g/mol) fue proporcionada por el Departamento de Agricultura, Servicio de
Investigacion Agricola (Peoria, Illinois, EE.UU.). El fungicida Azoxystrobin se adquiri6 de
AMISTAR® (Syngenta, Zeneca, Frankfurt, Alemania). Se obtuvieron aguacates sanos en
etapa de madurez fisiologica y de tamafio uniforme (~120 g, con un contenido de materia
seca aproximado del 24%) de la empresa Leb Trading Products (Guacamodely S. de R.L. de
C.V., Xalisco, México).
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6.4.2 Preparacion de disoluciones

Para obtener las nanofibras con M. caribbica mediante SBS, se prepararon previamente
disoluciones poliméricas de pululano (Pul), poli (6xido de etileno) (PEO), FucoPol (FP) y
goma de anacardo (CG). Estas soluciones poliméricas fueron preparadas como se describe
en laseccion 2.3 del manuscrito titulado “A new method for antifungal nanofibers production

and its potential post-harvest application on avocado fruit”.

6.4.3 Proceso de Solution Blow Spinning

El procesado aerohidrodindmico fue llevado a cabo en un equipo Fluidnatek LE-10
electrospray (Bioinicia S.L. Valencia, Spain) con una adaptacion de aire comprimido de 1
bar de presion (14.50 psi) a 8 bares (116.03 psi). Las soluciones fueron puestas en jeringas
de plastico conectadas a un tubo PTFE y a un inyector de boquillas concéntricas conectadas
a latoma de aire comprimido. Para obtener las nanofibras se evaluaron diferentes condiciones
(solucion de pululano [flujo: 5 mL/h, presion: 3 bar, distancia de trabajo: 42.5 cm], solucion
de FP:PEO [flujo: 2 mL/h; presion: 1 bar; distancia de trabajo; 36.5 cm], y para la solucion
de CG:PEO [flujo: 3 mL/h; presion: 2 bar; distancia de trabajo; 36.5 cm]. Para los ensayos
in vitro las nanofibras fueron colectadas sobre papel aluminio y se cortaron circulos de 2 y
de 8 cm para posterior andlisis. Para los andlisis in vivo se colocaron 20 aguacates en una
camara de acrilico para la aplicacion de las nanofibras. Las nanofibras fueron depositadas
sobre la superficie de los aguacates durante diferentes periodos de tiempo de acuerdo a las
diferentes concentraciones de las soluciones (Pul 1 h, FP:PEO 4 hy 10 min y CG:PEO 3hy
46 min).

6.4.4 Microscopia Electronica de Barrido

La morfologia de las estructuras obtenidas mediante SBS con y sin M. caribbica fue
caracterizada de acuerdo con la metodologia mencionada en el apartado 6.1.9 de la presente

tesis.
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6.4.5 Ensayos in vitro de las nanofibras con M. caribbica obtenidas mediante SBS en
la inhibicion de C. gloeosporioides

Los ensayos se llevaron a cabo de acuerdo con la metodologia propuesta en el apartado 6.3.8
Inhibicidn in vitro de germinacién de esporas y en el apartado 6.3.9 Inhibicion in vitro del
crecimiento micelial de las nanofibras con M. caribbica de la presente tesis. Se usaron como
controles placas de Petri con PDA o en su caso discos de PDA inoculados sin recubrir e

inoculados recubiertos con las nanofibras sin M. caribbica (Pul, FP:PEO, CG:PEO).

6.4.6 Viabilidad de M. caribbica en las nanofibras aplicadas sobre la superficie del
aguacate

La viabilidad de M. caribbica fue evaluada a dos diferentes condiciones de almacenamiento:
1) 25 °C durante 15 d, y 2) 6 °C durante 10 d y madurada a 25 °C durante 5 d para simular
las condiciones de comercializacion del aguacate. Los aguacates fueron puestos dentro de
bolsas estériles que contenia 50 mL de PBS. Las levaduras fueron removidas de la superficie
del aguacate mediante sonicacion (90 s, KENDAL, Model CD 48-20, Middletown, USA).
Posterior a ellos, se hicieron diluciones seriadas que fueron esparcidas en placas de Petri con

YPD. Las colonias fueron incubadas por 48 h a 28 °C (Ifiguez-Moreno y cols., 2020).

6.4.7 Evaluacion de las nanofibras de Pululano, FP:PEO y CG:PEO como
tratamientos curativos y preventivos en la inhibicion de C. gloeosporioides

Se tomaron frutos sanos con un tamafio homogéneo (~120 g). Los frutos fueron lavados y
desinfectados con hipoclorito de sodio al 2% durante 2 min, posterior a ello fueron lavados
con agua destilada estéril y se secaron con una corriente de aire estéril. Para llevar a cabo el
tratamiento curativo se hicieron dos agujeros en los aguacates, y se dejaron secar para
permitir al patdogeno infectar antes de aplicar los tratamientos. Para llevar a cabo el
tratamiento preventivo primero se aplicaron los tratamientos y posterior a ello se inocul¢ la
suspension de C. gloeosporioides. Los aguacates fueron almacenados en una cémara
(Novatech, Model CA-550; Kingwood, USA) bajo dos diferentes condiciones 1) 25 °C
durante 15d (75 % RH), y 2) 6 °C durante 10 d (95% RH) durante 10 d y maduradosa 25 °C
(75 % RH) durante 5 d. Se evalu¢ la incidencia (porcentaje de frutos infectados), las heridas
infectadas (porcentaje)y la severidad (didmetro de la lesion, mm). Los tratamientos aplicados

fueron: (1) control (agua destilada), (2) azoxystrobin (800 mg/L), (3) nanofibras de Pul,
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FP:PEO y CG:PEO sin M. caribbica y (4) nanofibras de Pul, FP:PEO y CG:PEO con M.

caribbica.

6.4.8 Efecto de las nanofibras de Pululano, CG:PEO y FP:PEO sobre los
parametros de calidad en los aguacates.

Se evaluaron los parametros de calidad en los aguacates después de la aplicacion de los
tratamientos; control (agua destilada), (2) azoxystrobin (800 mg/L), (3) nanofibras de Pul,
FP:PEO y CG:PEO sin M. caribbica y (4) nanofibras de Pul, FP:PEO y CG:PEO con M.
caribbica. Las determinaciones se hicieron de acuerdo con la metodologia descrita en los
apartados 2.8.1 Pérdida de peso, 2.8.2 Solidos solubles totales, 2.8.3 Acidez titulable y pH,
2.8.4 Firmeza, 2.8.5 Contenido de materiasecay 2.8.6 Color del manuscrito titulado “A new
method for antifungal nanofibers production and its potential post-harvest application on

avocado fruit”.

6.5 Analisis estadistico

Se realizo un analisis de varianza (ANOVA) y pruebas LSD para evaluar diferencia entre las
medias de los tratamientos (P = 0.05) utilizando el software STATISTICA 10 (Statsoft Inc.,
Tulsa, OK, USA).
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7. RESULTADOS Y DISCUSION

7.1 Estudio de la goma de anacardo como polisacarido para la encapsulacion de
compuestos mediante electrospraying

Los resultados correspondientes a la etapa 1 de este proyecto de tesis estan contenidos en la
siguiente publicacion:

Electrosprayed cashew gum microparticles for the
encapsulation of highly sensitive bioactive materials

Vazquez-Gonzalez, Y., Prieto, C., Filizoglu, M. F., Ragazzo-Sanchez, J. A., Calderon-
Santoyo, M., Furtado, R. F., Cheng, H. N., Biswas, A., Lagaron, J.M.

Carbohydrate Polymers 264 (2021) 118060, DOI:10.1016/j.carbpol.2021.118060.
Factor de impacto (2021): 10.723

Numero de citas: 17
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7.1.1 Introduccion al tema

De entre las técnicas de encapsulacion disponibles, el electrospraying surge como una nueva
tecnologia en donde las nano o las microparticulas son producidas a temperatura ambiente
mediante la aplicacion de alto voltaje a una disolucion polimérica. En este proceso estan
involucrados parametros tales como propiedades fisicoquimicas como viscosidad, tension
superficial, y la conductividad de la solucion polimérica, y parametros del proceso como la
distancia de trabajo, el voltajey el flujo, los cuales afectan a la formaciony las caracteristicas
de las nano o microparticulas obtenidas. En la encapsulacion de compuestos bioactivos
mediante la técnica de electrospraying, no hay limitaciones acerca de la naturaleza del
material polimérico, asi pueden emplearse polimeros naturales como polisacaridos, proteinas
o lipidos. De esta manera, los polisacaridos han jugado un papel importante en la
encapsulacion. En particular, algunos recubrimientos a base de gomas proporcionan una
barrera semipermeable en la superficie del producto que permite reducir la tasa de
respiracion, la pérdida de peso y ademds permite mantener el valor nutricional de los
productos. Las gomas han sido reconocidas como GRAS (Generally Recognized As Safe) por
la Administracion de Alimentos y Medicamentos de los Estados Unidos (FDA), por lo que
suuso es seguro para el consumidor. En particular, la goma de anacardo (CG) es un exudado
gomoso obtenido a partir del arbol Anacardium occidentale, €l cual estd ampliamente
distribuido en la parte nororiental de Brasil. Existe un alto potencial para explorar la CG ya
que se trata de una materia prima econdmica, biocompatible, ecologica y altamente
biodisponible. Sin embargo, hasta abril 2021, no existian reportes de su uso en procesos de
encapsulacion mediante procesos electrohidrodindmicos. Por lo que el objetivo de la presente
investigacion fue evaluar la factibilidad de emplear la CG como una matriz protectora para
encapsular al compuesto modelo B-caroteno mediante el proceso de electrospraying para su
potencial aplicacion en alimentos y productos farmacéuticos. Para ello se prepararon cuatro
diferentes disoluciones, la disolucién 1 (D1) fue preparada a una concentracion del 50%
(w/w) en agua destilada. La disolucion 2 (D2) fue preparada a la misma concentracion junto
con el 1% de Span 20 como surfactante. La disolucion 3 (D3) consistio en una disolucionde
goma de anacardo con B-caroteno en aceite de ricino (5% w/w) en proporciones de 20:80
(v/v). Mientras que, la disolucién 4 (D4) fue preparada en proporciones de 10:80 (v/v).

Posteriormente las diferentes disoluciones fueron caracterizadas fisicoquimicamente, en
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cuanto a la conductividad, la tension superficial y la viscosidad, ademads, en las disoluciones
D3 y D4 se determiné la distribucion del tamaiio y la morfologia de las particulas que
conformaron las disoluciones. Todas las disoluciones fueron procesadas mediante un equipo

de electrospray LE-10 con la finalidad de obtener particulas.

Las particulas obtenidas fueron caracterizadas mediante microscopia electronica de
barrido (SEM), espectroscopia de transformada de Fourier (ATR-FTIR) y analisis
termogravimétrico (TGA). También se determiné la capacidad de carga de B-caroteno y el
B-caroteno extraible. Finalmente se evalto la fotoestabilidad de las capsulas de -caroteno

frente a la luz UV.

Se obtuvieron particulas esféricas de superficie lisa y tamafio medio entre 3 y 6 pm.
Las particulas producidas a partir de la emulsion 90:10 (v/v) mostraron capacidad de carga
de 0.075 + 0.006% y una pequefia cantidad de B-caroteno extraible, 10.75 + 2.42%. La goma

de anacardo demostro ofrecer fotoproteccion durante cortos periodos de tiempo.

Este estudio fue el primer reporte del uso de la goma de anacardo como material
encapsulante usando un proceso electrohidrodindmico, y ademés fue la base para tomar

decisiones en el desarrollo de los siguientes objetivos de la tesis.
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Abstract:

This study focuses on the production and characterization of electrosprayed cashew gum
(CG) microparticles that encapsulate p-carotene. CG is an inexpensive, non-toxic
polysaccharide obtained from Anacardium occidentale trees. Encapsulation of f-carotene
in CG was performed by electrospraying from two emulsion formulations (water : oil ratios
80:20 and 90:10 (v/v)) in which the dispersed phase consisted of B-carotene dissolved in
castor oil, and the continuous phase was a CG aqueous solution. Spherical particles with
smooth surface and medium size between 3 and 6 um were obtained. The particles produced
from the 90:10 (v/v) emulsion showed a loading capacity of 0.075+0.006% and a minor
amount of extractable B-carotene, 10.75+2.42%. ATR-FTIR confirmed the absence of
interaction between the particles’ components. CG demonstrated to offer thermoprotection,
and photoprotection for short periods of time. These results make CG a viable candidate to
encapsulate bioactive compounds via electrospraying for agricultural, food and

pharmaceutical applications.

Keywords: Cashew gum polysaccharide; p-carotene; electrospray; microparticles;

encapsulation.

Abbreviations: CG: Cashew gum, LC: Loading capacity, EBC: Extractable B-carotene.
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Highlights:
e (Cashew gum microparticles encapsulating [-carotene were produced by
electrospraying.
e Smooth and spherical microparticles with sizes between 3 and 6 um were obtained.
e 11% of extractable B-carotene confirmed the efficiency of the encapsulation process.
e (Cashew gum demonstrated to offer thermoprotection to B-carotene.

e Photoprotection for B-carotene was observed for short periods of time.
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1. Introduction

Encapsulation may be defined as the process that entraps a bioactive compound into a wall
material in order to protect it from different physico-chemical factors (temperature, oxygen,
humidity, pH, among others), which may engender its degradation and loss of bioavailability
(Sobel, Versic, & Gaonkar, 2014). This technology is of significant interest to the
pharmaceutical, cosmetic, and biotechnological sectors but has special relevance for the food
industry (Nedovic et al., 2011). Multiple encapsulation technologies have been developed so
far; the efficiency of the encapsulation process not only depends on the selected technology
but also on the characteristics of the wall material. Together, they can improve the core
material stability and reduce its volatility, mask undesirable aromas and flavors, avoid
migration of the core material to the particle surface, and provide controlled release (Botrel,
Borges, Fernandez, et al., 2017). The wall material must be biocompatible and biodegradable,
form a barrier between the internal phase and its surroundings, provide its release at the
desired time, and is approved for use in the final product. In addition, the availability and
cost of the wall material are also important (Fernandez et al., 2016). Wall materials can be
selected from a wide variety of natural or synthetic polymers. Most of the natural polymers
are water soluble and non-toxic, which makes them highly appropriate for the encapsulation
of sensitive bioactives (Nedovic et al., 2011). Among the natural polymers, polysaccharides
and proteins are the most often used in encapsulation processes. In view of their relevance
and utility, it is useful to study newly emerging and non-conventional biopolymers for this

application (Botrel, Borges, Fernandes, et al., 2017).

Polysaccharides appear to be appropriate for preparing micro- and nanoparticles due to
their unique physicochemical properties and excellent biocompatibility. Moreover, they are
safe, low-cost, highly biodegradable, and abundant in nature (Abreu et al., 2016).
Polysaccharides include cellulose, chitin and chitosan, glucans, gums, pectins, and starch.
Gum-biobased compounds are used mainly in food and bioproducts, because they are film-
forming and able to stabilize emulsions (Porto & Cristianini, 2018). They are derived from
different sources such as microbial (e.g., dextran, pullulan), plant and seed (e.g., starch,
pectin, cellulose), algal (e.g., alginate, carrageenan), and animal (e.g., chitosan, chondroitin)

(Valencia, Zare, Makvandi, & Gutiérrez, 2019; Yang, Han, Zheng, Dong, & Liu, 2015).
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Cashew gum (CG), an exudate gum, is a complex water-soluble heteropolysaccharide
extracted from Anacardium occidentale tree, which is widely distributed in northeastern
Brazil but can also be found in India, Mozambique, Tanzania, and Kenya among other
countries (Dias et al., 2016; Mothé, Souza, & Calazans, 2008). This gum has a high
availability, as an average 700 gram of gum is being produced per tree annually with a
potential global production of 50,000 tons per year (Cunha, Paula, & Feitosa, 2009).
Regarding its composition, purified CG is mainly composed of galactose (59.4-73%),
glucose (6.4-14%), arabinose (4.2-5.3%), rhamnose (2.4-4%) and glucuronic acid (6.3-
13.5%) (Silva et al., 2016). CG 1is an inexpensive, non-toxic, biocompatible, biodegradable
polymer with good rheological and mechanical properties (Botrel, Borges, Fernandes, et al.,
2017; Silva et al., 2012), readily soluble in water, and with good emulsifying, adhesive and
stabilizing properties (Botrel, Borges, Yoshida, et al., 2017). CG has also pharmaceutical
attributes, since earlier publications have reported its mucoadhesive, anti-inflammatory
(Nicolau et al., 2019; Souza Filho et al., 2018), anti-microbial, antidiarrheal, antitumor and
hypoglycemic effects (Silva et al., 2018). CG can be used pure or chemically modified to
improve viscosity, functionality and bioactive retention (Das, Dutta, Nayak, & Nanda, 2014;
Leite et al., 2017; Vasconselos Silva et al., 2019). All these properties make CG a suitable
candidate as a wall material in order to encapsulate bioactive compounds for food and
pharmaceutical industry. However, thus far, CG has not often been used for
microencapsulation (Abreuetal., 2016; Botrel, Borges, Fernandes, et al., 2017; Fernandes et

al., 2016; Porto & Cristianini, 2018).

Electrohydrodynamic spraying or electrospraying is a simple and highly versatile
method of liquid atomization by means of electrical forces which allows the production of
particles in the micro, submicro and nano range (Jaworek & Sobczyk, 2008). In this process,
the liquid flowing out of a capillary nozzle, within a high electrical potential, is forced by the
electrostatic forces to be dispersed into fine droplets, which after drying, generate the
capsules at room temperature (Gomez-Mascaraque, Ambrosio-Martin, Fabra, Perez-Masia,
& Loépez-Rubio, 2016; Torres-Giner, Martinez-Abad, Ocio, & Lagaron, 2010). This
technology is very suitable for the encapsulation of bioactive compounds due to its mild
operating conditions. In addition, this technology presents more advantages compared to

other encapsulation techniques, such as high encapsulation efficiency and reduced particle
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size. It does not require a subsequent step to separate the particles from the medium, and a
wide range of polymeric wall materials can be used (Echegoyen, Fabra, Castro-Mayorga,
Cherpinski, & Lagaron, 2017; Gémez-Mascaraque & Lopez-Rubio, 2016). This technology
has been involved in the encapsulation of multiple bioactive compounds with applications in
the food, pharmaceutical and cosmetic industries, such as B-carotene (de Freitas Zémpero,
Lopez-Rubio, de Pinho, Lagaron, & de la Torre, 2015), and folic acid (Aceituno-Medina,
Mendoza, Lagaron, & Lopez-Rubio, 2015; Pérez-Masia et al., 2015).

The objective of this study was to evaluate the feasibility of CG as a protective matrix
to encapsulate B-carotene (a challenging model bioactive compound) through the
electrospraying process for potential use in food and pharmaceutical products. The particles
produced were characterized via morphology, particle size, loading capacity and extractable
B-carotene. Stability studies against thermo and photo-oxidation were also included in this

investigation.

2. Experimental

2.1. Materials

CG was collected from native Anacardium occidentale L trees in the Experimental Field of
Embrapa Tropical Agroindustry (Fortaleza, CE, Brazil). The polysaccharide isolation from
CG was performed using the methodology previously described by Silva et al. (2018). The
centesimal composition of the CG was 94.09% carbohydrate, 4.43% water, 0.76% protein,
0.63% ash and 0.09% of ether extract, with a content of phenolic compounds of 143.85 mg
per 100 g of product; being the molar mass of the CG 2.13 x 10* g/mol with a PDI of 2.61
(Melo et al., 2020). The ratio of monosaccharides present in cashew gum was 9.85: 4.19:
4.74: 1 of galactose: arabinose: glucose: rhamnose, respectively, as determined by NMR
analysis using a 600 MHz Agilent DD2 equipment (Santa Clara, CA, USA) with a probe of
5 mm inside diameter (HF / 15N-31P), reverse detection and gradient field on the “z” axis.
The samples were prepared by dissolving 9.5 mg of purified cashew gum in 550 uL of D,O.

One-dimensional spectrum of 13C was performed at 80 °C with a time between each

acquisition of 1s, acquisition of 15k of transients ina spectral window of 251.1 ppm and 32k
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of number of points. The 13C signals related to anomeric carbons were integrated to obtain
the relative percentage of monosaccharides in the samples.

B-carotene, castor oil and Span® 20 surfactant were purchased from Sigma Aldrich (St.
Louis, MO, USA), and chloroform from Panreac AppliChem (Barcelona, Spain). Distilled
water was used throughout the study. All chemicals were used as received without any further
purification.

2.2. Preparation of solutions and emulsions

The CG solution (D1) was prepared at a concentration of 50% (w/w) in distilled water. CG
solution was also prepared containing 1% (w/w) of Span 20 as a surfactant (D2). Aqueous
solutions were homogenized under magnetic stirring for 36 h at room temperature, and
immediately used for the preparation of emulsions or for solution characterization.

For encapsulation of B-carotene in CG, initially a concentrated solution of B-carotene in
castor oil (5 % w/w) was prepared. An emulsion was then prepared by slowly adding the
organic phase to the aqueous solution with Span 20 (D2) in a volume ratio of 20:80 (D3) or
10:90 (D4) and homogenized using an IR Digital Vortex Mixer (Velp Scientifica, Usmate
Velate, Italy) for 5 min. Emulsions were denominated 80:20 and 90:10 in relation to the
proportion of aqueous and organic phase volumes. After homogenization, emulsions were
immediately processed or characterized.

2.3. Characterization of the solutions and distribution of particle size in the emulsions

The characterization of the solutions was performed in terms of electrical conductivity,
viscosity and surface tension. The electrical conductivity was analyzed with a multiparameter
potentiometer, Hanna Instruments HI-4521 (Melrose, MA, USA). The probe was immersed
in 20 mL of sample in a Falcon tube until sensors were covered and stabilized, and the
conductivity value was read. The viscosity was measured using a rotational viscosimeter,
Visco Basic Plus L (Fungilab S.A., Sant Feliu de Llobregat, Spain). The L1 spindle was
positioned in the viscosimeter, and 20 mL of samples were placed in a Falcon tube and put
in contact with the spindle to obtain the viscosity value. The surface tension was measured
with the Force tensiometer model K20 EasyDyne (Kriiss GmbH, Hamburg, Germany), with
the Wilhelmy plate method. 20 mL of sample were placed in a crystallizer, then the Wilhelmy

plate was cleaned by pyrolysis and suspended from the pendulum; the crystallizer with the
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sample was then placed on the platform for sample analysis. These measurements were made
in triplicate at room temperature.

2.3.1 Morphology and emulsion particle size distribution

The prepared emulsions were observed by conventional optical microscopy (Nikon Eclipse
901, Nikon Instruments Inc., New York, USA), whilst its particle size distribution was
determined by photon correlation spectroscopy using a Master Sizer 2000 (Malvern
Instruments, Malvern, United Kingdom). Emulsions were diluted with recirculating water
(3000 rpm) until it reached a dilution of 12%. The refractive indices of sunflower oil (1.469)
and water (1.330) were used as references. Results were given as droplet mean diameter
(D0.5). Measurements were made in triplicate.

2.4. Obtaining particles by electrospray

The electrospray process was performed in a high-throughput Fluinatek® LE-50 equipment
from Bioinicia S.L. (Valencia, Spain). The freshly prepared solutions or emulsions were
drawn in a 5 mL plastic syringe that was placed on a syringe pump and connected by PTFE
tube to a stainless-steel needle (27 gauge). A positive electrode of a high voltage power
supply was coupled to the needle. The solutions were electrosprayed at the constant flow rate
0of 200 uL/h and a voltage of 25 kV. The distance between the needle tip and the flat collector
was 28 cm. The process was performed under room conditions. Empty CG capsules were
also prepared as a control using the same operating conditions.

2.5. Morphological analysis of the obtained particles through SEM

The morphology of the particles obtained was determined using scanning electron
microscopy (SEM) in a Hitachi-S-4800 FE-SEM (Hitachi High-Technologies Corporation,
Tokyo, Japan) with an electron beam acceleration of 10 kV. Approximately 1.5 mg of sample
were affixed with double-sided tape on the sample holder and coated with a gold-palladium
layer. The determination of the particle size distribution based on the diameters of the
structures was made using the Image J Launcher v1.41 software (National Institutes of
Health, Bethesda, MD, USA) with at least 100 measurements per sample.

2.6. Loading capacity and extractable B-carotene

Loading capacity (LC) was estimated by measuring the total amount of B-carotene in the

particles. About 0.05 g of the particles were dissolved in water. 1.5 mL of chloroform were
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added to the aqueous solution to extract the f-carotene. The aqueous-chloroform mixture was
stirred on the vortex for 1 min and centrifuged at 10,000 rpm for 2 min for phase separation.
Quantitative measurements of B-carotene in the chloroform phase were performed by UV-
vis spectrophotometry. The absorbance of -carotene was measured at 461 nm in a UV4000
spectrophotometer (Dinko Instruments, Barcelona, Spain). Standard solutions made of -
carotene in chloroform at 0.1 mg/mL were used to build the standard curve (y = 0.8433x +
0.0012, R?=0.9986), from which the amount of B-carotene present in the filtrate was

determined (Equation 1).

Mass of B — carotene
Mass of particle

LC (%) =< ) x 100 (1)

The extractable -carotene (EBC) was estimated by measuring the readily soluble -carotene
by washing the particles with an organic solvent. 25 mg of the particles were thoroughly
washed with chloroform for 30 s and centrifuged for 5 min at 7000 rpm. The absorbance of
the filtrate was measured at 461 nm in a UV4000 spectrophotometer (Dinko Instruments,
Barcelona, Spain). The same standard curve was used (y = 0.8433x + 0.0012, R?=0.9986) to
determine the amount of B-carotene present in the filtrate. The extractable B-carotene was

then calculated according to Equation 2.

(surface B — carotene)
EBC (%) = total B — carotene x 100 2)

2.7. Fourier Transform Infrared Spectroscopy (ATR-FTIR)

Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR) (Bruker
FTIR Tensor 37 equipment, Rheinstetten, Germany) was used to evaluate possible changes
that occurred within the selected samples, e.g., CG, B-carotene, castor oil, empty CG capsules
and B-carotene-loaded CG capsules. The samples were placed on top of the diamond crystal
and appropriate contact was assured by using the low temperature ATR Sampling Golden
Gate accessory (Specac Ltd., Orpington, UK). All the spectra were obtained at 4000-600 cm”
by averaging 10 scans at 4 cm™ resolution. Analysis of spectral data was carried out using

Origin Pro, Version 2019 (OriginLab Corporation, Northampton, MA, USA).
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2.8. Thermogravimetric analysis (TGA)

Thermogravimetric analyses of CG polymer, B-carotene, castor oil, empty CG capsules and
B-carotene-loaded CG capsules were done in triplicate using TGA-STDA 1600 equipment
(Mettler Toledo, Columbus, OH, USA). The analyses were carried out under the following
conditions: 1-5 mg of sample, heating from 25 °C to 600 °C, heating rate 5 °C/min, and
nitrogen flow (50 mL/min).

2.9. UV photostability

Stability against photo-oxidation of the B-carotene-loaded CG capsules was compared with
the degradationrate of pure B-carotene by placing the samples under a simulator of sunlight
at room temperature. An Osram Ultra-vitalux lamp (300 W) (OSRAM, Munich, Germany)
was used, which generated a mixture of radiation, using a quartz discharge tube and a
tungsten filament OSRAM (Fernandez, Torres-Giner, & Lagaron, 2009). The distance
between the lamp and the samples was 20 cm. Samples were collected over periods of
illumination times (0 min, 30 min, 45 min, 60 min, 75 min, 90 min, and 105 min), and the
intact B-carotene concentration was determined using a UV4000 spectrophotometer (Dinko
Instruments, Barcelona, Spain) at 461 nm. For B-carotene concentration determination, a
control sample was prepared by dissolving B-carotene in 1.5 mL chloroform. The samples
consisting of encapsulated CG particles with B-carotene were dissolved first in 0.5 mL of
distilled water, and then B-carotene was extracted with 1.5 mL of chloroform. The mixture
was stirred on a vortex and centrifuged at 10,000 rpm for 1 min. The organic phase was
separated, and the B-carotene concentration was determined by spectrophotometry.

2.10. Statistic analysis

Data were analyzed by ANOVA with a P-value < 0.05. Fisher Test was used for the
comparison of means with STATISTICA 10 software (StatSoft, Inc., Tulsa, OK, USA).

3. Results and Discussion
3.1. Physicochemical Characterization of Solution

First, the physicochemical properties of the solutions and emulsions were evaluated in terms
of viscosity, conductivity and surface tension, since the stability of the electrohydrodynamic

process and the morphology of the structures obtained are highly related to them. Two
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solutions and two emulsions were prepared. The aqueous CG solution was identified as D1,
and the aqueous CG + Span 20 solution was designated D2. With respect to emulsions, the
80:20 (v/v) emulsion was called D3, and the 90:10 (v/v) emulsion was named D4. Results of
their characterization are shown in Table 1. The aqueous solutions, D1 and D2, showed
viscosity values around 400 cP, whereas the viscosity of the emulsions, D3 and D4, were
around 1000 cP, probably due to the incorporation of castor oil in the emulsion formulation
(u=1000 cP at 24 °C). The electrospraying of solutions with high viscosities tended to
produce particles with an increased particle size and could alter the shape of the particles
from spherical to spindle or fiber-like, making difficult the formation of homogeneous

particles (Ghorani & Tucker, 2015; Shenoy, Bates, Frisch, & Wnek, 2005).

The CG showed a surface tension of 54.80 + 0.20 mN/m, probably due to its
solubilization in water. However, the surface tension was reduced to 27.10 = 0.10 mN/m by
adding 1% (w/w) of Span 20 to the CG solution. It is well-known that the action of surfactants
decreases the surface tension of the liquids (Lin, Wang, Wang, & Wang, 2004; Manee-in,
Nithitanakul, & Supaphol, 2006). A slight increase of surface tension was observed in the
emulsion, 30.30 £ 0.10 and 29.50 + 0.10 mN/m, respectively for the 80:20 and 90:10 (v/v)
emulsions, probably due to the presence of -carotene and castor oil (surface tension of 36.10
mN/m) and to the role of Span 20 decreasing the interfacial tension between emulsion phases.
Nevertheless, this value was beneath the maximum limit of 50 mN/m, which was suggested

for a stable electrohydrodynamic process (Jaworek, 2007).

All the samples showed low conductivity values as shown in Table 1. These values are

adequate, since they are lower than the maximum values recommended for an electrospraying

process (<2.20 mS / cm) (Libran, Castro, & Lagaron, 2017).
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Table 1. Physico-chemical properties* of the solutions of CG, CG with Span 20 (1% w/w),

emulsion ratio 80:20 (v/v), and emulsion ratio 90:10 (v/v).

Viscosity Surface tension Conductivity
Sample

(cP) (mN/m) (mS/cm)
D1-CG 425.85 £9.69¢ 54.80 +£0.20a 1.35+0.00b
D2-CG + Span 20 428.30 +9.13c 27.10 £0.10d 1.41 +£0.00a
D3-Emulsion 80:20  1034.16 £29.97a 30.30 £ 0.10b 1.01 £0.01d
D4-Emulsion 90:10  918.86 + 2.10b 29.50+0.10c 1.17 £ 0.00c

*Each column represents the mean + standard deviation of three independent replicas.

Different letters in each column indicate significant difference (p < 0.05).

3.1.1. Distribution of particle size in the emulsions

Fig. 1 shows the morphology and particle size distribution of the droplets of the 80:20 and
90:10 (v/v) emulsions. The particle size distribution in both emulsions was wide, covering a
range between 0.8 to 100 pm. The 90:10 (v/v) emulsion (Fig. 1a) showed a higher proportion
(~2.5 %) of small particles (1 — 8 um) in comparison to the 80:20 (v/v) emulsion (~1.5 %,
Fig. 1b), whereas the 80:20 (v/v) emulsion showed a larger proportion of particles with larger
diameters (~8 %, 10 — 100 pm). This wide distribution is probably due to the use of a vortex
to homogenize the emulsions. The alternate use of ultrasound instead (or together with the
vortex) probably would help to obtain a more homogeneous distribution. Normally, the
ultrasound gives smaller droplet sizes (600 to 1000 nm) due to the cavitation effect
transmitted through waves that compress and expand the contents of the emulsions (Cabrera-
Trujillo, Filomena-Ambrosio, Quintanilla-Carvajal, & Sotelo-Diaz, 2018). Nevertheless,
other inherent characteristics such as the stability of the emulsion could also be involved.
Since the high volume of organic phase in the 80:20 (v/v) emulsion could not have allowed
Span 20 to form an interfacial layer with enough thickness to stabilize the droplets, and
consequently they could tend to aglomerate, thereby contributing to the formation of larger
droplets (Cai et al., 2018; Tadros, 2015). However, both emulsions remained apparently
stable during the whole electrospraying process, since no phase separation was observed.

Regarding the micrographs, they corroborated the observed difference between the particles

size in the emulsions. The 90:10 (v/v) emulsion (Fig. 1a), showed smaller particles with
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homogeneous sizes, while the 80:20 (v/v) emulsion (Fig. 1b) exhibited larger particles (30 —

50 um) of different sizes.
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Fig. 1. Particle size distribution and morphology of the droplets of the emulsions: a) 90:10

(v/v) emulsion, b) 80:20 (v/v) emulsion.

3.2. Morphology

The morphology of the capsules was studied by SEM. This is an important characteristic
since a good morphology is an assurance of high protection and retention of the encapsulated
compound (Silva et al., 2018). Overall, CG capsules and B-carotene-loaded CG capsules
produced with the 80:20 and 90:10 (v/v) emulsions showed completely spherical
morphologies with smooth surface, without the presence of cracks, fissures or breaks as
shown in Fig. 2. The incorporation of the oil with the B-carotene did not alter the morphology.
In contrast, Silva et al. (2018) encapsulated green tea extract with CG + maltodextrin by
spray drying and obtained microparticles that showed dents, cracked and concave surfaces.
The irregular surface obtained by Silva et al. (2018) could be due to the combination of the

CG with other polymeric matrices as well as the fast-drying process during spray drying.
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Botrel et al. encapsulated fish oil into CG by spray drying and obtained microparticles with

a raisin shape (Botrel, Borges, Fernandes et al., 2017).

In our samples, the particles obtained showed different mean particle sizes, being smaller
for the B-carotene-loaded CG capsules prepared with the 80:20 (v/v) emulsion (3.34 + 1.42
um). The empty and B-carotene-loaded CG capsules prepared with the 90:10 (v/v) emulsion
showed similar particle size, around 5.76 + 3.65 um and 5.09 + 2.03 um, respectively, as
shown in Fig. 2. Busolo et al. (2019) also observed that the incorporation of fish oil to the
encapsulating matrix led to capsules with a similar morphology but smaller in size (Busolo,
Torres-Giner, Prieto, & Lagaron, 2019). All of them showed wide particle size distributions.
Smaller particle size implies a large surface area, which may lead to a higher amount of non-

encapsulated material (Anwar & Kunz, 2011).
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Fig. 2. Scanning electron microscopy (SEM) images and particle size distribution of a), and
b) B-carotene-loaded CG capsules with emulsion ratio, 80:20 and 90:10 (v/v), respectively;
and c) CG capsules.



CAPITULO 7. RESULTADOS Y DISCUSION

3.3. Loading Capacity and extractable B-carotene

The B-carotene-loaded CG microcapsules prepared with emulsion ratios of 90:10 and 80:20
(v/v) presented loading capacities that were statistically different (p < 0.05), i.e., 0.075 £
0.006 % and 0.165 £+ 0.023 %, respectively, as shown in Table 2. This behavior could be
attributed to the limited solubility of B-carotene (Flaxbart, 1999), and to the low viscosity of
CG, because of the paucity of intra- and inter-molecularinteractions (de Paula & Rodrigues,
1995). The values obtained were relatively low compared to the results obtained by other
authors using other polymeric matrixes, for example, casein, PLG, PLA, and PVA
(Rezaeinia, Ghorani, Emadzadeh, & Tucker, 2019). For instance, Kumari et al. (Kumari,
Yadav, Pakade, Singh, & Yadav, 2010) obtained a loading capacity of 96.7% using PLA for
the encapsulation of quercetin via the solvent evaporation method. However, an enhancement
in loading capacity is observed if results are compared with the obtained by other authors
encapsulating B-carotene. Basar et al. obtained loading capacities of 0.037 % using whey
protein concentrate and deep eutectic solvents for the encapsulation of B-carotene via
electrospraying (Basar et al., 2020). The low loading capacity obtained with CG could limit
its application; however, chemical modification of the CG molecule, such as carboxylation
(Leite et al., 2017), oxidation (Das et al., 2014) or acetylation (Vasconcelos Silva et al.,
2019), can be used to improve the interactions between the bioactive compound and the
polymeric matrix and, hence enhance the retention. In addition, chemical modifications can
improve the emulsifying properties, since substitution by acetyl groups can lead to a
reduction of surface tension, thus promoting the improvement of surface properties (Lima
Cardial et al., 2019). In addition to chemical modifications, blending CG with other matrices

could be an alternative to improve the loading capacity of the particles.

As regards extractable B-carotene, the capsules prepared with the 90:10 (v/v) emulsion
showed low amount of extractable B-carotene (10.75 £ 2.42%) in comparison with the values
obtained with the capsules produced with the 80:20 (v/v) emulsion, 75.47 + 5.48 %. The
emulsion with ratio 90:10 (v/v) had a lower content of castor oil, and this could ease the
incorporation of the dispersed phase in the continuous phase, being the highest amount of j3-
carotene placed inside the microcapsule. With respect to the 80:20 (v/v) emulsion, the
extractable B-carotene results corroborated the finding that most of B-carotene was positioned

on the surface of the capsules. The high concentration of castor oil together with greater
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heterogeneity in the particle size, could have contributed to the increased extraction of -
carotene. Likewise, a higher viscosity of the 80:20 (v/v) emulsion could contribute to increase
emulsion stability and decrease the extractable B-carotene. Indeed, Rezaeinia et al. (Rezaeinia
et al., 2019) attributed the high loading capacity and encapsulation efficiency to the high

values of viscosity (5480 + 3 cP) obtained for their samples.

Table 2. Loading capacity and extractable B-carotene * of the electrosprayed B-carotene-

loaded CG microcapsules.

B-carotene-loaded CG Loading Capacity Extractable B-carotene
microcapsules (%) (%)

Emulsion ratio 90:10 0.075 + 0.006a 10.75+2.42a

Emulsion ratio 80:20 0.165 £0.023b 75.47 +5.48b

*Different letters within the same column indicate significant differences (p > 0.05).

3.4. ATR-FTIR Analysis

ATR-FTIR analysis was carried out in order to detect changes in the bioactive molecule
during the encapsulation process. B-carotene-loaded CG capsules produced with emulsion
ratios 80:20 and 90:10 (v/v), neat CG capsules, B-carotene, and castor oil were analyzed by
ATR-FTIR. The CG spectrum showed a broad band at 3300 cm™' due to the stretching
vibration of O-H, a small peak at 2912 cm™!, attributed to the C-H stretching vibration, an
absorption peak at 1635 cm™, due to O-H vibrations from bound water molecules, and a band
at ca. 1620 cm™, attributed to the carboxylate group. The peaks at 1137, 1060 and 1010 cm"
! were due to stretching vibrations of C-O-C from glycosidic bonds and O-H bending of
alcohols (da Silva, Feitosa, Paula, & de Paula, 2009; Silva et al., 2018), as shown in Fig. 3c.
B-carotene showed bands at 1442 and 1367 cm, attributed to the — CH stretch of the alkene
(Niu, Shao, Feng, Qiu, & Sun, 2020) (Fig. 3d). Castor oil showed a wide band at 3450 ¢cm!
for hydroxyl groups, 2920 and 2850 ¢m™ for CH, and CH; scissoring, 1743 cm™ for C-O
ester groups, 1711 cm™ for the stretching of C-O in free fatty acids, 1281 cm™! for asymmetric
C-O stretching, and 1413 and 941 cm! for O-H bending vibrations (Alves, Maia, Fernandes,
Feitosa, & de Sant'Ana, 2020; Khaskheli et al., 2015).
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B-carotene-loaded CG capsules produced with emulsion ratios 80:20 and 90:10 (v/v)
(Fig. 3a and 3b) showed peaks at 2920, 2850 cm™! (peak 1), and a peak at 1740 cm™! (peak 2),
attributed to the presence of castor oil, and characteristic peaks of CG around 1000 cm™, as
shown in Fig. 3c. We could not identify peaks of B-carotene in the electrosprayed capsules,
since the main absorption bands of the B-carotene were masked by the main bands of the
castor oil, and CG. However, the presence of B-carotene in the capsules can be indirectly

inferred from the presence of the castor oil in which it was dissolved.

Absorbance
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Fig. 3. ATR-FTIR spectra of a) and b) CG capsules with -carotene (emulsion ratio, 80:20
(v/v), and 90:10 (v/v), respectively), ¢) neat CG capsules, d) pure B-carotene, and e) pure
castor oil. Peaks 1 and 2 are attributed to the presence of castor oil in the B-carotene-loaded

CG capsules.
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3.5. Thermogravimetric analysis
For the evaluation of the thermoprotective effect of CG on the P-carotene-loaded

electrosprayed particles, thermogravimetric analysis at different storage temperatures was
performed. Results of this analysis are shown in Fig. 4. B-carotene showed an important mass
loss around 70% between 130 °C and 450 °C (Fig. 4d). Similar observation was reported by
Ramos-Hernandez et al. (Ramos-Hernandez et al., 2018), Cruz-Salas et al. (Cruz-Salas,
Prieto, Calderén-Santoyo, Lagaron, & Ragazzo-Sanchez, 2019), and Rostamabadi et al.
(Rostamabadi, Sadeghi Mahoonak, Allafchian, & Ghorbani, 2019). CG capsules showed
three weight loss steps as shown in Fig. 4c. The first weight loss step between 31 and 120 °C
of 10 % could correspond to the desorption of moisture of the polysaccharide; the second of
27% between 200 and 276 °C and the third of 43 % between 276 and 376 °C were due to
depolymerization of CG into water, CO,, and CH4 as demonstrated by Klein et al. (Klein et
al., 2018) during the preparation of CG-based flocculants by microwave- and ultrasound-
assisted methods. B-carotene-loaded CG capsules produced with emulsion ratios 80:20 and
90:10 (v/v) showed three similar weight loss steps (Fig. 4a, and 4b, respectively). The
capsules prepared with emulsion ratios 80:20 (v/v) and 90:10 (v/v) in the second weight loss
step showed a lower mass loss of 19 %, and 23 %, respectively in comparison with the neat
CG capsules (Fig. 4¢). In addition, the weight loss step at 130 °C was not observed. In other
words, the CG maintained the thermal stability of B-carotene, since both -carotene-loaded
capsules started the decomposition at 200 °C. This thermal protection could be due to high
inorganic composition of the polymer as observed by Olorunsola et al. (Olorunsola, Bhatia,
Tytler, & Adikwu, 2016), who demonstrated that the CG contains Na*, K*, Mg", Ca®, and
Cu".
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Fig. 4. Thermogravimetric analysis of a) and b) B-carotene-loaded CG capsules produced

with emulsion ratios 80:20 and 90:10 (v/v), respectively), ¢) neat CG capsules, and d) pure

B-carotene. Curve t represents the thermogram, and curve d represents the thermogram

derivative.

3.6. Stability of B-carotene-loaded cashew gum capsules against photooxidation

B-carotene is a well-known natural compound that is highly unstable in the presence of light

(Gutiérrez et al., 2013); therefore, it is an excellent model to evaluate the photoprotective

properties of CG. In this study, the photooxidation rate of pure B-carotene and B-carotene-

loaded capsules prepared with the emulsionratio 90:10 (v/v) were compared. This emulsion

formulation was selected because of the improved characteristics of the capsules. Results of

the study are shown in Fig. 5. While 95 % of pure B-carotene was degraded after 75 min of

UV light exposure, B-carotene-loaded capsules showed a 45 % degradation. The pattern

observed for the degradation of the B-carotene in the capsules was related to the degradation
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of the cashew gum under the UV light. This phenomenon was corroborated by ATR-FTIR
(results not shown), where an increase in the intensity of the characteristic band at ca. 1620
cm’!, attributed to the carboxylate group and due to cashew gum degradation (Cunha, Maciel,
Sierakowski, Paula, & Feitosa, 2007), was observed at the same time points where a decrease
in concentration of fB-carotene was observed. The degradation of the polysaccharide could

leave B-carotene unprotected and favor its UV degradation.

These UV stability results corroborated our finding that CG encapsulation via
electrospraying can provide some stability to highly light-sensitive compounds. Other
encapsulating materials such as whey protein concentrate (Basar et al., 2020) or
polysaccharides such as high molecular weight agave fructans (Cruz-Salas et al., 2019;
Ramos-Hernandez et al., 2018) demonstrated the ability of providing larger photostability to
B-carotene. However, the CG polysaccharide did not show absorption in the range of UVA
(320-400 nm) and UVB (290-320 nm) which reduced its capacity as photoprotective wall
material (Jesumami, Du, Pei, Aslam, & Huang, 2020). Nevertheless, even if small, this
protection could be useful for some food, pharmaceutical or post-harvest agricultural

applications.
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Fig. 5. Relative B-carotene content after of different exposure time to UV, a) B-carotene and

b) CG microcapsules with B-carotene (emulsion ratio 90:10 (v/v)).

4. Conclusions
To the best of our knowledge, this is the first report of the use of CG as a wall material to

achieve encapsulation using electrohydrodynamic processing. The CG capsules and the [-
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carotene-loaded capsules produced with emulsion ratios of 80:20 and 90:10 (v/v) showed
completely spherical morphology and smooth surfaces without cracks and breaks, with sizes
between 3 and 6 um. The capsules obtained via emulsion electrospraying at room
temperature demonstrated high retention ability of the encapsulated compound as well as
thermal and photoprotection. These favorable results make CG microcapsules produced by
the electrospray technique a viable candidate as protective matrix to be used in the food and
pharmaceutical industry. The low cost and ready availability of CG as a wall material along
with other positive properties such as its biocompatibility, natural origin and high
bioavailability make this polysaccharide a promising material for future investigations
regarding encapsulation of different bioactive compounds and for possible industrial

applications.
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7.2. Preparacion y caracterizacion de nanofibras de FucoPol mediante electrospinning

Los resultados correspondientes a la etapa 2 de este proyecto de tesis estdn contenidos en la
siguiente publicacion:

nanomaterials

Preparation and Characterization of Electrospun
Polysaccharide FucoPol-Based Nanofiber Systems

Vazquez-Gonzalez, Y., Prieto, C., Stojanovic, M., Torres, C. A., Freitas, F., Ragazzo-
Sanchez, J.A., Calderén-Santoyo, M., Lagaron, J.M.

Nanomaterials, 12 (2022) 498, DOI: 10.3390/nano12030498
Factor de impacto (2022): 5.3

Numero de citas: 9
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7.2.1. Introduccion al tema

Las nanofibras electrohiladas muestran multiples ventajas ya que son estructuras con una
gran superficie-volumen, porosidad controlable, ademas pueden aumentar la estabilidad y la
biodisponibilidad de los compuestos bioactivos, y proporcionar su liberacion controlada. Los
materiales de pared para generar este tipo de nanoestructuras pueden ser seleccionados de
entre una amplia variedad de polimeros naturales o sintéticos. Los polisacaridos han
demostrado propiedades fisicoquimicas unicas y, ademas, excelente biocompatibilidad.
Estos pueden ser de origen vegetal como almidon, celulosa, pectina, gomas, y quitosano,
entre otros, de origen animal como gelatina, quitina y quitosano, entre otros, o de origen
microbiano generalmente conocidos como exopolisacaridos, como por ejemplo alginato,
pululano, gelano y FucoPol, los cuales son biopolimeros producidos por bacterias u hongos
filamentosos que estan compuestos principalmente por carbohidratos y son altamente

solubles en agua, no son toxicos y generalmente de alto peso molecular.

FucoPol es un exopolisacarido producido por la bacteria Enterobacter A47, esta
compuesto por fucosa, galactosa, glucosa y acido glucuroénico, asi como grupos acilo
(piruvato, succinato y acetato), es de caracter anidnico y presenta propiedades funcionales
interesantes (emulsificante, formador de pelicula, floculante, actividad antitumoral y
antiinflamatoria, asi como propiedades adhesivas y fotoprotectoras). Por lo que surge el
interés de evaluar este exopolisacarido como material formador de nanofibras para su posible
aplicacion en envases alimentarios, industria alimentaria, agricultura, biomedicina, farmacia,

y aplicaciones cosméticas.

En este sentido, el objetivo de esta investigacion fue estudiar por primera vez la
posibilidad de producir fibras de FucoPol mediante electrospinning. Para llevar a cabo este
objetivo se prepararon disoluciones de FucoPol a una concentracionde 0.015 g/mL y para
mejorar la formacion de las fibras de FucoPol se mezcld con polimeros electrohilables
conocidos, como pululano y 6xido de polietileno en diferentes ratios. Todas las disoluciones
preparadas, fueron caracterizadas fisicoquimicamente. Posterior a ello, las disoluciones
fueron procesadas en un equipo de electrospray LE-10. Finalmente, las estructuras obtenidas
se caracterizaron mediante SEM, FTIR-ATR, Calorimetria Diferencial de Barrido (DSC),
TGA y Dispersion de Rayos X de Gran Angular (WAXS).
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FucoPol, cuando estaba solo en las disoluciones, fue incapaz de formar fibras mediante
electrospinning, esto debido a la baja solubilidad en agua y a sus bajos enredos moleculares.
Sin embargo, cuando FucoPol se encontraba en mezcla con PEO o pululano, fue factible la
obtencion de las nanofibras. La solucion de FucoPol:PEO mostré fibras con estructura
cilindrica bien definida. Los analisis WAXS, DSC and TGA mostraron que FucoPol es un
biopolimero amorfo estable hasta 220 °C, mientras que las fibras de FucoPol:PEO y
FucoPol:pululano fueron estables hasta los 140 °C y los 130 °C, respectivamente. Mediante
WAXS se observaron nuevos picos asociados a conjuntos jerarquicos intermoleculares

generados por los componentes de las nanofibras.

De forma inesperada, los componentes de la mezcla influyeron entre si en el orden
intermolecular, ya que WAXS para FucoPol reveld nuevos picos adscritos a conjuntos

jerarquicos intermoleculares.

De acuerdo con los resultados obtenidos, este estudio abre una nueva linea de
investigacion sobre las posibles aplicaciones de las fibras electrohiladas de FucoPol en

diferentes sectores.

En esta tesis, el conocimiento obtenido se emple6 para la encapsulacion de la levadura
M. caribbica en nanofibras electroestiradas de FucoPol para ser empleadas como tratamiento

antifungico en aguacates, objetivo correspondiente a la etapa 3 y la etapa 4.
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Abstract: The electrospinnability of FucoPol, a bacterial exopolysaccharide, is presented
for the first time, being evaluated alone and in combination with other polymers such as
polyethylene oxide (PEO) and pullulan. The obtained fibers were characterized in terms of
its morphological, structural and thermal properties. Pure FucoPol fibers could not be
obtained due to its low water solubility and the lack of enough molecular entanglements.
Nanofibers were obtained via blendingwith PEO and pullulan. FucoPol:PEO (1:3 w/w)
showed fibers with well-defined cylindrical structure, since the higher molecular weight of
PEO helps the continuity of the erupted jet towards the collector, hence forming stable
fibers. WAXS, DSC and TGA showed that FucoPol is an amorphous biopolymer, stable
until 220°C, whereas, FucoPol-PEO fibers were stable until 140°C and FucoPol:Pullulan
fibers until 130°C. Interestingly, blending components influenced each other in the
intermolecular order, since new peaks associated to intermolecular hierarchical assemblies
were seen by WAXS. These results make FucoPol-based systems, viable candidates to
produce nanofibers for packaging, agriculture, biomedicine, pharmacy, and cosmetic

applications.

Keywords: FucoPol, exopolysaccharide, electrospinning process, nanofibers,

characterization.
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1. Introduction

Exopolysaccharides (EPS) are water-soluble, non-toxic, high-molecular-weight polymeric
carbohydrate structures composed monosaccharide units joined together by glycosidic
bonds [1]. EPS can be homopolysaccharides when composed of a single type of
monosaccharide, for example, pullulan; or heteropolysaccharides if they are composed of

two or more sugars with different ratios, such as FucoPol [2].

FucoPol is an EPS produced by Enterobacter A47, using glycerol as the sole carbon
source [3]. It is a high molecular-weight (4.19 x 10°-5.80 x 10° Da) heteropolysaccharide
composed of sugar residues [fucose (32—36 mol %), galactose (25—-26 mol %), glucose (28—
34 mol %) and glucuronic acid (9—10 mol %)], as well as acyl groups [pyruvate (13—-14
wt.%), succinate (3 wt.%) and acetate (3—5 wt.%)] [4]. It has an anionic character, with
interesting functional properties, including emulsion, film-forming [5], thickening, and
flocculating capacity; biological activity and adhesive photoprotective properties [6,7]. All
these properties make FucoPol an interesting candidate for food packaging, agriculture,
biomedicine, pharmacy, food and cosmetics applications. Hence, up to now, several
research works have studied the potential of FucoPol. For instance, Lourenco et al.
evaluated the ability of FucoPol to be used as encapsulation matrix of some bioactive
compounds by spray drying [8]. Concordio-Reis et al. [9] studied the stabilization properties
of FucoPol in the production of a FucoPol/AgNP biocomposite for wound-healing
applications. Additionally, Ferreira et al. [ 10—13] studied the development of FucoPol films
by casting. These films have shown to be transparent and hydrophilic, with high
permeability to water vapor, but presented good barrier properties against oxygen and
carbon dioxide. Electrohydrodynamic processes are commonly used for the formation of
micro, submicro and nanostructures. This technology utilizes electrical forces to produce
ultrathin fiber-based morphologies from different polymers (natural and synthetic) with
diameters ranging from 2 nm to several micrometers. In the electrospinning process, a
polymer solution in a capillary tube is subjected to an electric field [14,15]. When the
applied electric field reaches a critical value, the repulsive electrical forces overcome the
surface tension forces. Eventually, a charged jet of the solution is ejected from the tip of the
Taylor cone, and an unstable and rapid whipping jet occurs in the space between the

capillary tip and the collector, which leads to evaporation of the solvent at room temperature
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[14,16,17]. The produced micro and nanostructures may offer many functional advantages,
such as superior mechanical properties, flexibility, large surface-to-mass ratio, tailored
morphology, tunable porosity and the capability of encapsulation and subsequent release of
active and bioactive compounds [18-23]. In addition, mechanical properties, thermal
stability, electrical conductivity, photocatalytic activity and bioactivity can be tuned by
controlling the diameter [23]. These unique characteristics make electrospun micro and
nanostructures attractive for novel applications in drug delivery, agriculture, food
packaging, biomedical engineering, air filtration, energy production and storage,
environmental protection and improvement, photonic and electronic devices [23,24]. To the
best of our knowledge, the formation of non-woven FucoPol-based structures by
electrospinning has not been reported yet. For this reason, the aim of this research was to
study, for the first time, the possibility of producing FucoPol fibers via electrospinning,
since the combination of characteristics of the electrospun fibers together with the
interesting functional properties of FucoPol could be of great interest for potential
applications in food packaging, agriculture, biomedicine, pharmaceutics, food and
cosmetics, among others. The electrospinnability of FucoPol was characterized alone and
in combination with well-known electrospinnable polymers, such as polyethylene oxide
(PEO) and pullulan. The obtained fibers were characterized in terms of their morphological,

structural, and thermal properties.

2. Materials and Methods

2.1. Materials

FucoPol (Mw ~ 4.4 x 10% Da) was provided by the Biochemical Engineering Group of Nova
School of Sciences and Technology (Caparica, Portugal). FucoPol was produced and
purified using the same procedures described by Ferreiraet al. and Alves et al. [10,25]. The
obtained FucoPol was characterized in terms of its chemical composition, as described by
Alves et al. [25]. This heteropolysaccharide was composed of neutral sugars: fucose,
galactose and glucose. The relative proportion of sugar monomers was 38% glucose, 25%
fucose and 32% galactose. Regarding the content of acyl groups, it reached 12% of the
polymer mass, with acetyl, pyruvil and succinyl groups in greatest abundance. The obtained

sample also contained non-sugar contaminants, such as proteins and inorganic residues. The
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protein content was 12 wt.%, and the total content of inorganic residues, determined by
pyrolysis at 550 °C, was 32.5%. Regarding the purified polymer’s average molecular weight
and polydispersity index, they were determined by size-exclusion chromatography
combined with multiple-angle laser light scattering (SEC-MALLS), as described in the
work of Hilliou et al. [26]. The average molecular weight was around 1.1 x 107 £2.3 x 10°
g/mol, with an average polydispersity index of 1.85 £ 0.14. Pullulan (Mw ~ 2 x 10° Da) was
purchased from Hayashibara Co., Ltd. (Tokyo, Japan), and polyethylene oxide (PEO) (Mw
~ 100,000 Da), 2,2,2-trifluoroethanol and Span 20 were purchased from Sigma Aldrich (St.
Louis, MO, USA). Absolute ethanol (EPR. Ph.Eur.) was obtained from Labkem (Vilassar
de Dalt, Spain). Distillated water was used throughout the study.

2.2. Preparation and Characterization of Polymeric Solutions

Solutions of FucoPol were prepared with a concentration of 0.015 g/mL in distilled water,
as well as in a mixture of ethanol:water (30:70 v/v) at the same concentration. Solubility
tests were conducted in absolute ethanol and 2,2,2-trifluoroethanol; however, FucoPol was
not soluble in these solvents (results not shown), and consequently, these formulations were
not tested in electrospinning. After that, in order to improve the formation of fibers, blends
with two well-known electrospinnable polymers were also studied, i.e., PEO and pullulan.
Different ratios were studied to find the minimum amount of polymer of high molecular
weight required to generate the molecular entanglements necessary to obtain the sought
fibers. In order to reduce surface tension and to make the process more stable to obtain
suitable fibers, ethanol—water solution (30:70 v/v) was used for the solutions with PEO and
pullulan. The concentration of FucoPol in the solutions was maintained at 0.015 g/mL, and
different ratios were explored, as shown in Table 1. Span 20 was used as a surfactant at a

concentration of 3% (w/w). All formulations were proper solutions without solid residues.
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Table 1. Polymer ratio employed for the preparation of the nanofibers via electrospinning.

All solutions contained 3% of Span 20 as a surfactant.

FucoPol/PEO FucoPol/Pullulan

(w/w) (w/w)
3:1 3:1
2:1 2:1
1:0 1:0
0:1 0:1
1:2 1:2
1:3 1:3

Characterization of the solutions with the best electrospinning processing was made
in terms of viscosity, conductivity, and surface tension. Viscosity was measured using a
Visco Basic Plus L rotational viscometer (Fungilab S.A., Sant Feliu de Llobregat, Spain).
Surface tension was determined in an Easy Dyne K20 tensiometer (Kriiss GmbH, Hamburg,
Germany) following the Wilhelmy plate method. Conductivity was measured using a
conductivity meter (HI-4521 portable meter, Hanna Instruments, Gothenburg, Sweden).

Measurements were taken in triplicate at room temperature.
2.3. Electrospinning Process

The electrospinning process was performed in a high-throughput Fluidnatek® LE-500 from
Bioinicia S.L. (Valencia, Spain). The solutions of FucoPol in water and FucoPol in
ethanol:water (30:70 v/v) were processed using different processing conditions in order to
obtain fibers. The studied range of operation parameters was: flow rate between 250 and
500 uL/h, work distance between 15 and 30 cm, and voltage between 16 and 23 kV.

Temperature and relative humidity (RH) were controlled at 35 °C and 28%, respectively.

2.4. Characterization of Electrospinning Fibers

2.4.1. Scanning Electron Microscopy (SEM)
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The morphology of the obtained fibers was determined using a Hitachi-S-4800 FE-SEM
scanning electron microscope (Hitachi High-Technologies Corporation, Tokyo, Japan) with
an electron-beam acceleration of 10 kV. Approximately 1.5 mg of sample was placed using
double-sided tape on the sample holder and coated with a gold-palladium layer. Fiber sizes
were analyzed using Image J Launcher v1.41 software (National Institutes of Health,

Bethesda, MD, USA). The presented data are based on measurements from a minimum of

100 fibers.

2.4.2. Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-
FTIR)

To evaluate possible interactions between the different polymers that integrated the fibers,
ATR-FTIR (Bruker FTIR Tensor 37 equipment, Rheinstetten, Germany) was used. The
samples were placed on top of the diamond crystal, and appropriate contact was assured by
using the Golden Gate low-temperature ATR sampling accessory (Specac Ltd., Orpington,
UK). All spectra were obtained within the wavenumber range of 4000-600 cm™' by
i

averaging 10 scans at 4 cm™

Origin Pro, Version 2019 (OriginLab Corporation, Northampon, MA, USA).

resolution. Analysis of spectral data was carried out using

2.4.3. Differential Scanning Calorimetry (DSC)

Thermal transitions were studied by differential scanning calorimetry (DSC) on a DSC-
8000 analyzer equipped with the Intracooler 2 cooling accessory from PerkinElmer, Inc.
(Waltham, MA, USA). Three sweeps were done: a first heating step from 30 °C to 250 °C,
followed by a cooling step from 250 to —25 °C and completed by a second heating from
—25 to 300 °C. The heating and cooling rates were both set at 10 °C/min, and the sample
weight was around 3 mg. An empty aluminum pan was used as reference, whereas
calibration was performed using an indium sample. The values of melting point (Tm) and
enthalpy of melting (AHm) were obtained from the heating scan, while the crystallization
temperature from melt (Tc) and enthalpy of crystallization (AHc) was determined from the

cooling scan.
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2.4.4. Wide-Angle X-ray Scattering (WAXS)

The crystallinity of the fibers and pure polymers were assessed by WAXS using a Bruker
AXS D4 Endeavor diffractometer (Bruker, Ettlingen, Germany), similarly to a previous
work [27]. Radial scans of intensity versus scattering angle (20) were recorded at room
temperature in the range of 2 to 40° (20) (step size = 0.02° (20), scanning rate = 4 s/step)
with filtered CuKa radiation (A = 1.54 A), an operating voltage of 40 kV and a filament

current of 40 mA.

2.4.5. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis of all polymers and fibers was done in triplicate using a 550-
TA thermogravimetric analyzer (New Castle, DE, USA). The analyses were carried out
under the following conditions: 1-5 mg of sample, heating from 25 °C to 600 °C, at a

heating rate 10 °C/min under nitrogen flow (50 mL/min).

2.5. Statistical Analysis
Data were analyzed by ANOVA with a p-value < 0.05. Fisher test was used for the
comparison of means. STATISTICA 10 software (Statsoft Inc., Tulsa, OK, USA) was used

for statistical analysis.

3. Results and Discussion

The aim of this work was to assess the electrospinnability of FucoPol and its blends with

PEO and pullulan.

3.1. Physicochemical Characterization of Solutions

A fundamental step before electrospinning is to physicochemically characterize the
solutions. These parameters govern the behavior of the solution throughout the process.
Solutions of FucoPol in different solvents and FucoPol with complementary polymers were
characterized in terms of viscosity, surface tension and conductivity. Table 2 shows the
characterization of the solutions of pure FucoPol, as well as the solutions of
FucoPol:pullulan (2:1 ratio, w/w) and FucoPol:PEO (1:3 ratio, w/w). Viscosity is an

important parameter in the electrospinning process in terms of good fiber formation, since



CAPITULO 7. RESULTADOS Y DISCUSION

below a critical value, the polymeric fibers break up the jet and form droplets on their way
to the collector. However, a high viscosity makes it difficult to pass through the syringe
needle of the equipment and stabilize the electrospinning process [28,29]. FucoPol water
solutions showed a viscosity of 24.8 + 0.3 Pa-s. This value is low in comparison with values
reported in the literature. Araujo et al. [6], reported a value of 43 Pa-s, but the difference
could be due to the EPS extraction process, since some authors decrease the viscosity of the
bacterial broth, either through dilutions with distilled water or by adjusting pH with H2SO4
to increase the production of EPS [9,30].

Table 2. Physicochemical properties of different dissolutions: FucoPol in water, FucoPol
with pullulan (2:1 ratio, w/w) and FucoPol with PEO (1:3 ratio, w/w) in ethanol:water

(30:70 v/v).

Viscosity* Surface tension Conductivity
Sample (Pa-s) (mN/m) (mS/cm)
FucoPol in water 24.8+0.3c 64.20 + 0.40a 1.55+0.00a
FucoPol + Pullulan, ratio 2:1 38.9 +0.1b 41.00 + 0.40c 0.53 + 0.00b
FucoPol + PEO, ratio 1:3 98.1 £0.5a 4390 +0.10b 0.50+0.01c

Each column represents the mean + standard deviation of three independent replicas.
Different letters (a—c) in each column indicate a significant difference (p < 0.05).

*All samples were Newtonian fluids.

The increased viscosity of FucoPol:pullulan solution, 38.9 + 0.1 Pa-s, is attributed to
the addition of pullulan and the higher percentage of solids in the final solution (2.25% in
comparison with 1.50% for FucoPol). In addition, ethanol increased the viscosity of the
solutions of FucoPol with pullulan and FucoPol with PEO in comparison with the same
solutions prepared with water (results not shown). The solution of FucoPol with PEO
showed a viscosity of 98.1 0.5 Pa-s. This value was statistically significant in comparison
with the previous solutions. This behavior was mainly attributed to the high molecular
weight of PEO. FucoPol had a surface tension of 64.20 + 0.40 mN/m. This value was high
and does not ensure stability during the electrohydrodynamic process [31]. A decrease in

surface tension occurred when a mixture of water and ethanol (70:30, v/v) was used instead
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of pure water, as shown in Table 2. In other words, the solutions with pullulan and PEO
showed values of 41.00 = 0.40 mN/m and 43.90 + 0.10 mN/m, respectively, since the
surface tension of each solution is dependent on the polymer and the solvent used and on
the presence of Span 20 [15]. In the same way, conductivity decreased when ethanol was
added to the solutions with pullulan and PEO. Highly conductive solutions, such as FucoPol,
are extremely unstable in the presence of strong electric fields and led to a high bending

instability [32].
3.2. Production of Nanofibers by Electrospinning

In spite of using different processing conditions, it was not possible to obtain fibers using
pure FucoPol in water (Figure 1a) and ethanol:water (30:70 v/v) (Figure 1b) due to the low
solubility of the biopolymer in water [10—13], which produces a low solid concentration in
the solution, as well as the lack of polymer chain entanglements [33]. For this reason,
different ratios with other polymers and process conditions were evaluated. Figure 2 shows
the micrographs obtained by SEM of the different solutions of FucoPol:pullulan. Figure 2a—
e shows fibers with cylindrical structure but with the presence of some beads, which are
more visible at a ratio of 1:2 (Figure 2d). Sinuous fibers occur by warping the jet due to the
impact with the collector plate, which is also closely related to the viscosity of the solution
and the rigidity of the jets [34]. Bead formation occurs mainly due to the high surface tension
and viscoelastic properties of the solution, as well as the operating parameters used [19],

affecting the homogeneity of the fibers.

5.00um
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Figure 1. Fibers and capsules of FucoPol in water (a) (optimal conditions: 500 pL/h, 25 cm
between collector and needle and 21 kV) and ethanol:water (b) (optimal conditions: 500
uL/h, 15 cm between collector and needle and 15.5 kV in the injector and -3.6 kV in the

collector).

On the other hand, pullulan showed uniform and cylindrical fibers with a rough
surface, which could be caused by a combination of viscosity of the solution and the ambient
conditions. This type of fiber is characteristic of pullulan due to the composition of the
polymer. Pullulan has a single bond of maltotriose units interconnected by glycosidic bonds
a (1,4)and a (1,6). This structure provides adhesive properties, as well as the ability to form
fibers, compression molds and strong oxygen-impermeable films [2]. The studied ratios,
shown in Figure 2, did not show significant differences, since the obtained fibers showed
similar morphology and nanometric size. Although the different ratios of FucoPol:pullulan
showed beads, these fibers were better than the fibers obtained with only FucoPol.
FucoPol:pullulan nanofibers with a mass ratio of 2:1 (w/w) were selected to continue the
study. These fibers were obtained at a constant flow rate of 250 uL/h, voltages of 23 kV in

the injector and —2 kV in the collector and distance between needle and collector of 28 cm.
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Figure 2. Scanning electron microscopy (SEM) images of the fibers obtained with

the FucoPol:Pullulan solutions. a) ratio 3:1, b) ratio 2:1, c) ratio 1:1, d) ratio 1:2, ) ratio

1:3, f) ratio 0:1 (100% pullulan).

Figure 3 shows the micrographs of the different solutions of FucoPol:PEO. Ratios of
3:1 and 1:2 (Figure 3a, d, respectively) showed fibers with a well-defined cylindrical
structure and no beads. However, when samples were collected for a long time, fibers and
particles were observed, similarly to the fibers obtained with FucoPol:pullulan solutions.
Ratios of 2:1 and 1:1 did not show a stable process (Figure 3b and Figure 3c, respectively).
Fiber branching observed in Figure 3c, f was due to the high voltage required to electrospin
these solutions, which provoked an excess of surface charge on the jet, which was dissipated
by branching [35]. However, a ratio of 1:3 led to thick, smooth, continuous and
homogeneous fibers due to the higher amount of PEO (Figures 3e and 4). Even if some
defects could be detected in Figure 4, they were much less numerous in comparison to the
thicker films obtained with the other samples. The solution of FucoPol with PEO (1:3 ratio
w/w) showed nanofibers with an average diameter of 0.587 + 0.200 pm. Those fibers were
obtained at a constant flow rate of 300 uL/h, with voltages of 22 kV in the injector and —2
kV in the collector and a distance between the needle and the collector of 28 cm. PEO is
considered an electrospinnable polymer [29], since it improves the structural stability and

the chargecarrying capacity of the solution, which is crucial for fiber formation [36]. This
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result is in agreement with previous studies that showed that the higher viscosity of the

solution increases the diameter of fibers [15].

Figure 3. Scanning electron microscopy (SEM) images of the fibers obtained with the
FucoPol:PEO solutions. a) ratio 3:1, b) ratio 2:1, ¢) ratio 1:1, d) ratio 1:2, e) ratio 1:3, f) ratio
0:1 (100% PEO).

0.587 + 0.200 pm

0.1 02 03 04 05 06 0.7 08 09 1 1.5
Fiber diameter (um)

Figure 4. FucoPol:PEO fibers (ratio 1:3, w/w) (left) and the average diameter of the fibers
(right).
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3.3. Thermal Properties
3.3.1. Thermal Gravimetric Analysis (TGA)

Thermogravimetric curves of FucoPol, FucoPol:pullulan (ratio 2:1, w/w) and FucoPol:PEO
(ratio 1:3, w/w), along with TGA curves of pure polymers, which served as references, are
shown in Figure 5. FucoPol showed three weight-loss steps (Figure 5f). The first step
occurred between 25 and 109 °C, referringto 13% of weight loss, which could be attributed
to water evaporation [8,9]. The second step occurred between 220 and 364 °C, referring to
52% of weight, and the third step occurred between 364 and 410 °C, referring to 23% of
weight loss. These two steps were attributed to biopolymer thermal degradation [8,37],
specifically to decomposition of the polysaccharides side chains [9]. After these three steps,
we observed a gradual weight loss, around 10% of total mass. It is important to note that after
the electrospinning process, FucoPol showed only two weight-loss steps (Figure 5e), starting
from 25-109 °C, corresponding to 4% of weight loss, attributed to the evaporation of water.
The second step started from 140-378 °C, referring to 85% of weight loss, and after this, a
gradual weight loss. This behavior is thought to be caused by the reduced size of the fibers
and the presence of 3% Span 20. The oily and hydrophobic nature [38] of Span 20 leads to a

wide range of decomposition temperatures compared to pure FucoPol.
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Figure 5. Thermogravimetric analysis of a) FucoPol: PEO fibers, b) FucoPol:Pullulan
fibers, ¢) pure PEO, d) pure Pullulan, e) FucoPol after electrospinning (mixture of fibers and
particles), and f) pure FucoPol. Curve t represents thermogram and d is the thermogram

derivate.

When it comes to FucoPol:PEO fibers, a similar thermal-degradation curve as for pure
PEO is observed (Figure 5c). The thermal decomposition of PEO and FucoPol:PEO fibers
consisted of only one weight-loss step. PEO showed 96% of weight loss between 160 and
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301 °C, while FucoPol:PEO fibers (Figure 5a) showed a step between 143 and 379 °C with
a similar weight loss (97%). The presence of PEO decreased the thermal stability of the
fibers in comparison to pure FucoPol nanofibers. Pullulan showed one important weight-
loss step from 267 to 362 °C, corresponding to 74% of total weight loss (Figure 5d).
Nevertheless, FucoPol:pullulan fibers showed a comparable thermal behavior to that of
FucoPol after electrospinning (Figure 5e), attributed to the largest amount of FucoPol
among the FucoPol:pullulan fibers (2:1 w/w). Weight loss started from 128 to 369 °C,
corresponding to 87% of total weight loss. This study confirms that the obtained nanofibers
could be used in multiple applications in which the temperature does not exceed 120 °C.
However, this temperature is enough to be subjected to several thermal processes, such as
sterilization, as well as to non-thermal technologies, such as electrohydrodynamic
processing, which opens a wide range of potential applications, such as pharmaceutics,

biomedicine, biosensors, food packaging, agriculture, food or cosmetics, among others.

3.3.2. Differential Scanning Calorimetry (DSC)

DSC curves of fibers are illustrated in Figure 6. The DSC curve of pure FucoPol during the
first run showed an endothermic peak at 85 °C, AH 113 J/g (Figure 6a), which was also
observed by Lourencgo et al. [8]. This may be attributed to the evaporation of sorbed water.
During the second heating run, stopping at a higher temperature than in the first run, an
exothermic peak at 279 °C, AH —144 J/g (Figure 6¢), was observed, which was attributed
to polymer degradation. Additionally, Lourenco et al. reported an exothermic peak at around
270 °C [8]. Unambiguous melting or crystallization events were not discerned in the
different heating and cooling ramps, suggesting an amorphous nature of the biopolymer.
The same behavior was observed by Guerreiro et al. [39]. In the same way, pullulan showed
a similar first-heating thermogram, with a broad peak between 44 and 166 °C instead of a
sharp melting point (Figure 6a). This endotherm is also ascribed to moisture evaporation.

The same behavior was observed by Singh et al. [40].
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Figure 6. Differential Scanning Calorimetry curves of electrospun fibers and commercial

polymers during a) first heating, b) cooling, and c¢) second heating.

On the other hand, PEO is a semicrystalline polymer [41]. Figure 6a exhibits the
melting temperature of PEO at 69 °C, AH 151 J/g. Crystallization temperature was 47 °C,
AH 122 J/g (Figure 6b). Similar results were reported by Balik et al. [42]. The FucoPol:PEO
fibers showed similar behavior to that of pure PEO because PEO was the dominant polymer
in the solution (1:3 ratio, w/w, Table 1). However, melting and crystallization temperatures
and enthalpies corrected for PEO content were reduced, i.e., 58 °C, AH 76 J/g and 37 °C,
AH 63 J/g, respectively, as shown in Figures 6a and 6b. This behavior was attributed to
FucoPol impairing the crystallization of the PEO polymer in the blend. Guerreiro et al. [39]
reported the formation of dispersed ice crystals in the presence of FucoPol when they
studied the cryoprotective properties of FucoPol in water solutions. These authors observed
that FucoPol significantly reduced the average size of the formed crystals. Interestingly,

during the crystallization and melting runs of the blends, small exothermic and endothermic
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events were seen at 10.5 and 17.5 °C, respectively, for FucoPol:pullulanand at 8.1 and 15.5
°C, respectively, for FucoPol:PEO, which may be ascribed to higher hierarchical molecular

assemblies induced by blending (see WAXS results below).

3.4. Wide-Angle X-ray Scattering (WAXS)

WAXS allows for the characterization and quantification of the crystallinity present in a
given sample through the diffraction patterns measured at wide angles [43]. Results of this
analysis are shown in Figure 7. In this context, pure FucoPol and pullulan showed no sharp
peaks in the 20 range, suggesting again a rather amorphous nature [8,44—48]. On the other
hand, pure PEO showed a clear crystalline phase with two intense peaks at 19° and at 23°
(Figure 7). These observations are consistent with the results obtained by other authors, who
reported two characteristic diffraction peaks at 20 = 19° and 23.5° for crystalline PEO [49]
and weak crystalline peaks at around 15°, 26° and 36° [50,51].

LV’/L FucoPol:PEO fibers

WM FucoPol:Pullulan fibers

E
S
2
RZ
=)
L
k=
PEO
MW Pullulan
N FucoPol
T T T T T T T T T T T T T T
5 10 15 20 25 30 35 40

20 (degrees)

Figure 7. WAXS profiles of fibers of FucoPol with PEO and pullulan, respectively, as

well as pure polymers.
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3.5. Attenuated Total Reflectance—Fourier Transform Infrared Spectroscopy (ATR-FTIR)

The ATR-FTIR spectra of the fibers that contain FucoPol are presented in Figure 8, along
with the spectra of complementary polymers pullulan and PEO for comparison. The broad

intense band around 3400 cm™!

is common for all samples containing polysaccharides
(Figure 8a,b,d,e,g). This band represents O—H stretching of hydroxyls and bound water [55].
This band overlaps in part with the C—H stretching peak of CH, groups appearing at 2940
cm! in the case of FucoPol and pullulan, as shown in Figures 8g and 8d, respectively.
FucoPol bands at 1200 and 900 cm™! represent skeletal C-O and C—C vibration bands of
glycosidic bonds and pyranoid rings [55]. The band at 1720 cm™! is attributed to the C=0O
stretching of carbonyls in acyl groups. The band at 1250 cm ™' may also be attributed to the
C—O-C vibration of acyls and was explored by Freitas et al. [7]. In the same way, the strong
bands at 1607 and 1405 cm™', can be attributed to the asymmetric and symmetric
stretchings, respectively, of carboxylates [55]. All peaks shown by FucoPol (Figure 8g) in
this study match those reported by Freitas et al. [7] during the characterization of a fucose-

containing exopolysaccharide produced by the newly isolated Enterobacter strain A47

DSM 23139.

The fibers of FucoPol:PEO and FucoPol:pullulan showed characteristic bands
corresponding to the same bands of pure polymers PEO and pullulan, respectively (Figure
8c, d). In addition, the presence of the Span 20 was also observed, since new bands appeared
in the spectrum of fibers at ca. 2920 and 2850 cm ™!, attributed to CH, and CHj scissoring
[56] of the lipids that form this surfactant, even in FucoPol after electrospinning. The
absence of changes in the characteristic bands in the electrospun nanofibers with respect to
the pure components proves the absence of chemical reactions and degradation during the

applied treatment.
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Figure 8. FTIR spectra of (a) FucoPol:PEO fibers, (b) FucoPol:pullulan fibers, (c) pure
PEO, (d) pure pullulan, (¢) FucoPol after electrospinning (mixture of fibers and particles),

(f) Span 20 and (g) pure FucoPol.

4. Conclusions

Electrospun FucoPol nanofibers were not able to be produced from water or alcohol
solutions—only by blending with other polymers, such as PEO and pullulan. FucoPol was
found to be an amorphous biopolymer stable until 220 °C, but it was not possible to obtain
homogeneous nanofibers due to the low water solubility and lack of molecular
entanglements. The blend of FucoPol:PEO showed non-agglomerated and homogeneous
nanofibers with cylindrical morphology, as well as reduced crystallinity in comparison with
pure PEO fibers when normalized for content, and was stable until 140 °C. The blend of
FucoPol:pullulan showed an amorphous nature and was stable until 130 °C. Interestingly,
the blending components influenced one another in the intermolecular order, since new
peaks ascribed to intermolecular hierarchical assemblies were seen by WAXS for FucoPol.
The well-known functional properties of FucoPol, together with the possibility to form
stable electrospun fibers with controllable morphology and porosity, as well as the
interesting structural and thermal properties shown in previous results, opens a new research

line concerning the potential applications of FucoPol electrospun fibers in the food
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packaging, agricultural, biomedical, pharmaceutical, cosmetic and food industries, among

others.
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7.3. Desarrollo de nanofibras antifungicas a base de goma de anacardo, FucoPol y
pululano obtenidas mediante proceso de electrospinning
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7.3.1. Introduccion al tema

Una de las razones del desperdicio de alimentos se relaciona con las enfermedades
postcosecha. Estas enfermedades, causadas por diversos microorganismos como hongos
fitopatogenos, pueden provocar pérdidas significativas, llegando a representar hasta el 42%
de la produccion total de frutos y verduras. El control de dichos fitopatdgenos
convencionalmente se ha realizado mediante control quimico; no obstante, esto ha causado
preocupacion respecto al total de residuos generados y al impacto potencial en la salud
humana y el medioambiente. Por tanto, en la actualidad se estdn desarrollando nuevas
estrategias de control mas sostenibles. Los agentes de biocontrol (BCA) tales como los
microorganismos antagonistas, fueron estudiados por primera vez en 1977 por Tronsmo y
Dennis y fue a partir del 2005 en donde se foment6 una gran cantidad de investigaciony
desarrollo en todo el mundo. Sin embargo, ha tenido un éxito limitado ya que se ha avanzado
poco en la implementacién comercial debido a una falta de eficaciay viabilidad econdmica.
En este sentido, para aumentar la eficacia de un BCA, el atrapamiento o encapsulacion en
matrices poliméricas lograria proporcionar proteccion y estabilidad ademds de dar lugar a su
liberacion controlada. De entre las tecnologias de encapsulacién, el procesado
electrohidrodinamico es una alternativa que permite generar nanofibras electrohiladas a
temperatura ambiente, las cuales son estructuras con una gran superficie-volumen lo que las
hace matrices més activas y eficientes. Para la obtencion de las nanofibras se estan estudiando
biopolimeros como una alternativa a los polimeros sintéticos, tal es el caso de los
polisacéridos, como, por ejemplo, la goma de anacardo, el FucoPol y el pululano quiénes

ademas de ser biopolimeros, estan altamente disponibles.

El objetivo de esta investigacion fue obtener nanofibras de diferentes biopolimeros
mediante el proceso de electrohilado para encapsular M. caribbica y demostrar su eficacia
como potencial agente antifiingico postcosecha contra hongos de interés comercial. Paraello
se llevo a cabo la preparacion de soluciones de goma de anacardo y 6xido de polietileno,
CG:PEO (0.15 g/mL, ratio 5.6:1 p/p), FucoPol y 6xido de polietileno, FP:PEO (0.015 g/mL,
ratio 1:2 p/p) y pululano (0.15 g/mL p/v). Posterior a ello, a cada una de las soluciones se
agrego la levadura M. caribbicay se ajusto a la concentracion de 1 x 108 células/mL. Las
soluciones con y sin M. caribbica fueron caracterizadas fisicoquimicamente. Las soluciones

se procesaron en un equipo LE-10 y LE-500. Las nanofibras obtenidas fueron caracterizadas
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mediante SEM, ATR-FTIR y TGA. Se determind la viabilidad de M. caribbica después del
proceso de electrospinning y durante 25 dias de almacenamientoa 6 y a 25 °C. Finalmente
se evaluo la actividad antifungica (inhibicion de crecimiento micelial y germinacion de
esporas) frente a 6 hongos de interés comercial, Botrytis cinerea, Penicillium digitatum,
Penicillium italicum, Fusarium oxysporum, Trichothecium roseum, Colletotrichum

gloeosporioides.

Mediante la técnica SEM se observd que las soluciones de CG:PEO, FP:PEO y
pululano mostraron nanofibras cilindricas, lisas y homogéneas con un tamafio promedio de
719+ 140 nm, 192 £ 50 nm y 137 £ 20 nm, respectivamente. Mediante ATR-FTIR se mostro
que no habia interacciones fuertes entre la levadura y los polimeros. En general, las
nanofibras de pululano mostraron la més alta viabilidad de M. caribbica, aunado a ello éstas
mostraron el mayor porcentaje de inhibicion frente a los 6 hongos evaluados. Todas las fibras
con M. caribbica mostraron efecto fungistatico frente a la germinacién de esporas. Estos
resultados prometedores hacen de estas fibras una alternativa interesante para tratamientos

postcosecha en el control de enfermedades fingicas en frutas y vegetales.
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Abstract

To mitigate vegetable and fruit loss caused by post-harvest fungal diseases, polymeric
antifungal coatings encapsulating biocontrol yeasts offer a sustainable alternative.
Nanofibers derived from pullulan, cashew gum, FucoPol and poly (ethylene oxide) (PEO),
were electrospun and loaded with Meyerozyma caribbica (GenBank ID: JQ398674). The
morphological, thermal and chemical properties of cashew gum (CG:PEO), FucoPol
(FP:PEO), and pullulan nanofibers were characterized. The viability of M. caribbica within
the fibers and their in vitro antifungal activity against six phytopathogens were assessed.
Morphological analysis exhibited the presence of nanofibers encapsulating M. caribbica.
Thermal analysis through TGA demonstrated the biopolymer’s capacity to offer thermal
protection to the yeast. ATR-FTIR spectroscopy identified the absence of interactions
between the yeast and polymers. Fibers containing M. caribbica exhibited in vitro fungistatic
effects on spore germination. Pullulan nanofibers showed the highest M. caribbica viability
and the highest percentage of growth inhibition against the evaluated fungi. These promising
nanofibers encapsulating biocontrol yeasts could be used as edible coatings, which offer an

alternative for post-harvest treatment to control fungal diseases, reducing global food loss.

Keywords: cashew gum, FucoPol, pullulan, electrospinning process, antifungal nanofibers,

M. caribbica.
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1. Introduction

Governmental and international organizations have raised public attention on food loss and
waste, and according to the Sustainable Development Goals calls, the objective s to reduce

these losses to the half by 2030 (United Nations 2015).

Fruits and vegetables are one of the most consumed commodities globally, accounting
for more than 42% of total food wastage (Ganesh, Sridhar, and Vishali 2022). Among them,
phytopathogens result in an annual estimated loss of 10-15% of the world's major crops
(Peng et al., 2021). Particularly, the predominant postharvest pathogens responsible for
spoilage in fruits and vegetables primarily include fungi categorized under the genera
Botrytis, Penicillium, Aspergillus, Alternaria, Colletotrichum spp., and Rhizopus (Parafati et
al., 2015; Yang et al., 2017), which are naturally present in fruits and vegetables. These
pathogenic fungi use different mechanisms to bind to the surface of the host plant. In any
case, the penetration of the fungal onto the plant requires the contact and adhesion of the
spores to the plant surface. Fungi possess the capability to generate enzymes that modify the
plant surface, thereby aiding in adhesion. Subsequently, these phytopathogens induce various
forms of rot in the fruit during the post-harvest stage resulting in compromised quality and
rendering them unsuitable for sale (Rodrigues et al., 2021). In addition, some fungi species
are capable of producing mycotoxins in food and agricultural commodities (Zain, 2011),

which can cause adverse health effects to humans and/or livestock.

Addressing these pathogens typically involves the application of chemical fungicides,
both pre and post-harvest, directly onto the fruits or vegetables. Nevertheless, the utilization
of chemical fungicides has revealed drawbacks such as their harmful impact on human
health, the emergence of resistant strains, and their considerable adverse effect on the
environment (Shi et al., 2021). Consequently, there has been substantial research devoted to
the development of innovative environmentally friendly biocontrol methods (Zhang et al.,
2018). Among these novel strategies, certain yeast taxa have garnered attention for their
ability to rapid multiplication, synthesis of cell wall-degrading enzymes, induction of host
tissue resistance, and production of plant growth promoters. To this extent, yeasts have been
used to manage and control postharvest diseases, especially in fruits (El-Tarabily &amp;

Sivasithamparam, 2006). One example of these yeasts as biocontrol agents is Meyerozyma
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caribbica, a yeast naturally present in fruits, which was isolated from mangoes for the first
time by Bautista-Rosales et al. (2013), group that also elucidated the different action
mechanisms of M. caribbica against phytopathogens such as Colletotrichum
gloeosporioides. Subsequently, different authors have evaluated the antifungal properties of
M. caribbica against Colletotrichum gloeosporioides in other food products such as avocado
(Gonzélez-Gutiérrez et al., 2021; Iniguez-Moreno et al., 2020) and papaya (Aguirre-Gliitron
etal., 2022). It is important to note that, one of the main characteristics of a biocontrol agent
isits ability to control a variety of pathogens on different hosts (Droby et al., 2009). However,
in order to use them at an industrial level, it is required to ensure their effectivity during their
shelf-life and ease their handling. In this sense, the yeast encapsulation into a biopolymeric
matrix could be an interesting alternative. Multiple encapsulation techniques are currently
available; however, many of these techniques, such as spray drying or coacervation, use high
temperature or toxic reactives, which can affect the yeast viability or are difficult to scale up
(Anwar &amp; Kunz, 2011). However, electrohydrodynamic technology could be an
adequate encapsulation technology (Vazquez-Gonzalez et al., 2022). Electrohydrodynamic
processing, including electrospinning and electrospraying, uses a high-voltage electrostatic
field to charge the surface of a polymer solution to produce ultrathin droplets that after
solvent evaporation at room temperature form micro and nano structures. This technology
does not require the use of temperature or toxic reactives and it is already available at
industrial scale. Up to now, Aguirre-Giiitron et al. (2022) assessed the conditions to obtain
polymeric microparticles encapsulating M. caribbica by an electrospraying process and
maintaining its viability. However, the fibers produced by the electrospinning process display
structural advantages such as large surface area to volume ratio, optimized diameters, shape
and porosity characteristics, which are important for their function as carriers of bioactive
ingredients (Haider et al., 2018). The incorporation of encapsulating biopolymers gives in
enhanced stability, improved bioavailability of bioactive compounds and a controlled release
(Castro Coelho et al., 2021). In this sense, the electrospinning process may be a suitable
alternative for the encapsulation of M. caribbica into nanofibers in order to provide
innovative applications in phytopathogens control. In addition, the use of novel
biodegradable polymers can provide viable and environmentally friendly alternatives for

agrochemical or food applications (Vazquez-Gonzélez et al., 2021, 2022).
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Therefore, the primary objective of this research was to produce nanofibers using various
innovative biopolymers by electrospinning process encapsulating M. caribbica and to
demonstrate their effectiveness as a potential post-harvest antifungal aid against fungi of
commercial concern. The developed antifungal materials could be used in edible antifungal
coatings for food or in agricultural applications to reduce food l oss. For that purpose, growing
interest on microbial polysaccharides has emerged due to the possibility to control microbial
metabolism enables a constant production rate of products with low variability of their
properties. In this sense, pullulan and FucoPol obtained from Aureobasidium pullulans and
Enterobacter A47, respectively were selected for the M. caribbica encapsulation. On the
other hand, emphasis has also placed on the natural product extracted in a sustainable and
low-cost manner. Cashew gum is a hydrophilic polysaccharide derived from the exudate
extracted from the Anacardium occidentale tree (Vasconcelos Silva et al., 2019). These
polymers were selected due to their bio-based origin, biodegradability, and functional
properties (Aceituno-Medina et al., 2013; Botrel et al., 2017; Ferreiraet al., 2018; Vazquez-
Gonzalezet al.,2021). In addition, FucoPol and cashew gum exhibits properties that envisage
a good potential for use as wall material in encapsulation processes of bioactive compounds
(Lourengo et al., 2017; Silva et al., 2018). As previously reported by Grumi et al and
Vazquez-Gonzalez et al, pure cashew gum and FucoPol are not able to form nanofibers on
their own by electrospinning process (Grumi, 2021; Vazquez-Gonzalez et al., 2022), but they
can form nanofibers if these polymers are blended with the minimum amount possible of a
high molecular weight polymer such as poly (ethylene oxide) (PEO) to improve the formation
of nanofibers as it forms hydrogen bonds between ether and hydroxyl groups of
polysaccharides and it improves polymeric chain entanglements. The produced fibers were
characterized in terms of morphological, thermal, chemical, and in vitro antifungal properties

against spore germination and mycelial growth.

2. Materials and methods

2.1 Materials

Pullulan (Pul) (Mw ~ 2 x 10° g/mol) was purchased from Hayashibara CO., LTD. (Tokio,
Japan), PEO (Mw ~ 4 x 10° g/mol), PEO (Mw ~ 5 x 10% g/mol), phosphate buffered saline
(PBS), YPD broth (Yeast Extract Peptone Dextrose) and Span 20 were purchased from
Sigma Aldrich (St. Louis, MO, USA), glycerol from PanReac AppliChem (Barcelona,
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Spain). FucoPol (FP) (1.1 x 107 g/mol) was produced and purified using the same procedures
described by Ferreira et al. (2016). The composition of FP was the same as reported by
Vazquez-Gonzalez et al. (2022). Cashew gum (CG) (2.13 x 10* g/mol) was obtained using
the methodology previously described by Silva et al. (2018). The composition was the same
as reported by Vazquez-Gonzalez et al. (2021).

2.2 Antagonistic microorganism

M. caribbica (GenBank ID: JQ398674), isolated from “Ataulfo” mangoes (Bautista-Rosales
et al., 2013), was preserved with 20% (v/v) glycerol at -80 °C; and subsequently reactivated
in YPD broth. The yeast culture was incubated on a rotary shaker at 28 °C and 110 rpm for
48 h (Bautista-Rosales et al., 2013). Following this incubation period, the cells were

collected, and the concentration was adjusted to 1 x 108 cells/mL.
2.3 Fungal strains and culture conditions

Colletotrichum gloeosporioides Pal4 (GenBank ID: MN477464) was isolated from decayed
avocado fruit in Nayarit, Mexico (Bautista-Rosales et al., 2013). Botrytis cinerea CECT
20973 (BCO03 Persoon 1794) was isolated from grapes. Penicillium digitatum CECT 21108
(NAV-7 (Persoon) Saccardo 1881) and Penicilliumitalicum CECT 21109 (MAV-1 Wehmer
1894) were isolated from harvested citrus fruit. Fusarium oxysporum CECT 20967
(Schlechtendal 1824) was isolated from the root of Citrus macrophylla. Trichothecium
roseum CECT 20223 (Persoon) Link 1809) was isolated from Diospyros kaki. All these
strains were obtained from the Spanish Type Culture Collection (CECT) from the

Universidad de Valencia.

These strains were cultured on pre-filled plates of potato dextrose agar (PDA)
(Scharlau, Barcelona, Spain). The strains obtained from CECT were incubated according to
their optimal cultivation conditions for CECT strains, i.e., 24 ~ 26 °C for 7-10 days. Whereas

Colletotrichum gloeosporioides was cultivated at 28 °C for 7-10 days.
2.4 Preparation of solutions with Meyerozyma caribbica to obtain nanofibers

In order to obtain nanofibers encapsulating M. caribbica, different polymeric solutions were
used. Three biopolymers were selected, i.e., Pul, FP and CG. The solution of Pul was

prepared with a concentration of 15% (w/w). The solution of FP:PEO was prepared using
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FucoPol and PEO (Mw ~ 4 x 10° Da) to form nanofibers. However, the formulation of the
FP:PEO solution to obtain electrospun nanofibers reported previously by Vazquez-Gonzalez
et al. (2022) has been adapted to encapsulate yeast. In this case, this solution was prepared at
a concentration of 0.015 g/mL (ratio 1:2, w/w) with 5% of Span 20 (w/v) using sterile water
as solvent. Finally, the solution of CG:PEO was prepared with PEO (Mw ~ 5 x 10° Da) at a
concentration of 0.15 g/ml (ratio 5.6:1 w/w) with 1% of Span 20 (w/v) (Grumi, 2021). For
this research, PEO with different molecular weights were used due to the mixture of CG:PEO
was optimized previously by Grumi (2021). Sterile distilled water was used as solvent.
Solutions were prepared in sterile conditions. Sterilization of biopolymers was performed by
UV radiation for 30 min to avoid aggressive treatment. However, sterilization with the
autoclave (Presoclave III 4001759, J.P. SELECTA, SA, Barcelona, Spain) at 120 °C for 20
min was required for FP, since this biopolymer contained some residues from Enterobacter
A47, and it was not possible to sterilize it using only UV radiation. Subsequently, M.
caribbica was added to each polymeric solution, to give a final concentration of 1 x 10%

cells/mL.
2.5 Physicochemical characterization

The solutions with/without M. caribbica were subjected to characterization based on
electrical conductivity, apparent viscosity, and surface tension. Electrical conductivity was
determined using a multiparameter potentiometer (Hanna Instruments HI-4521, Meltrose,
MA, USA). Apparent viscosity was measured using a rotational viscosimeter, ROTAVISC
lo-vi Complete (IKA, Wilmington, USA). Measurements were performed at 15, 48, and 15
rpm for Pullulan, CG:PEO and FP:PEO solutions, respectively at room temperature. Surface
tension was measured with the Force tensiometer model K20 EasyDyne (Kriiss GmbH,
Hamburg, Germany), with the Wilhelmy plate method. All measurements were performed in

triplicate at room temperature (Vazquez-Gonzalez et al., 2021).

2.6 Electrospinning process

The electrospinning process was carried out using a Fluidnatek® LE-500 equipment from

Bioinicia S.L. (Valencia, Spain). Various process conditions were evaluated to achieve a
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stable production of continuous fibers containing viable M. caribbica. Once the conditions
were determined, polymeric solutions containing M. caribbica were processed while neat

polymeric solutions were used as a control.

For the solution of Pul, the electrospinning parameters were set as follows: a constant
flow rate of 500 puL/h, a work distance of 20 cm, and a voltage of 9.7 kV at the injector, and
-3 kV at the collector. For the solution of FP:PEQO, the electrospinning parameters were as
follows: a constant flow rate of 600 puL/h, a work distance of 15 cm, and a voltage of 19 kV
at the injector and -1 kV at the collector. The solution of CG:PEO was processed with the
following electrospinning parameters: a flowrate of 400 pL/h, a work distance of 28 cm, and
a voltage of 20 and -7 kV for the injector and collector, respectively. A 23 gauge needle was
used for all solutions. The ambient conditions were monitored and maintained at a

temperature of 33 °C and relative humidity of 28%.
2.7 Attenuated Total Reflectance Fourier Transform Infrared spectroscopy (ATR-FTIR)

ATR-FTIR spectroscopy was employed to investigate potential interactions between the
different polymers comprising the nanofibers and M. caribbica. The analysis was conducted
using a Bruker FTIR Tensor 37 equipment (Rheinstetten, Germany). The samples were
positioned on the diamond crystal, and the low-temperature ATR sampling accessory Golden
Gate from Specac Ltd (Orpington, UK) was used to ensure proper contact. Spectra were
recorded within the wavenumber range of 4000-600 cm™!, averaging 10 scans at a resolution
of 4 cm™'. The spectral data analysis was performed using Origin Pro, Version 2019 from

OriginLab Corporation (Northampon, MA, USA) (Vazquez-Gonzalez et al., 2022).

2.8 Scanning Electronic Microscopy (SEM)

The morphology of nanofibers obtained from Pul, CG:PEO, and FP:PEO, both with and
without M. caribbica, was analyzed using a Hitachi-S-4800 FE-SEM (Hitachi High-
Technologies Corporation, Tokyo, Japan) with an electron beam acceleration of 10 kV. The
samples, weighing approximately 1.5 mg, were securely mounted on the sampler holder
using double-sided carbon tape and the coated with a gold-palladium layer. The fiber

diameter distribution was determined by analyzing at least 100 measurements per sample
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using Image J Launcher v.1.41 software (National Institutes of Health, Bethesda, MD, USA).

In this work, the term nanofiber refers to fibers that have a diameter size bellow the micron.
2.9 Conventional optical microscopy

The presence of M. caribbica inside the nanofibers was studied by conventional optical
microscopy, for that, the nanofibers were encapsulated in LR-White resin in gelatin capsules
and polymerized in a conventional drying stove between 55-60 °C for 24 h. The blocks were
cut to 2 um with a Diatome diamond blade in an ultramicrotome (UC7, Leica, Wetclar,
Germany). To observe the cuts, they were stained with toluidine blue, and the samples were
visualized using a conventional microscope (Eclipse 901, Nikon Instruments Inc., New York,

USA).
2.10In vitro antifungal assays of nanofibers with M. caribbica
2.10.1 Viability of M. caribbica after electrospinning process

The nanofibers were collected in sterile tubes after the electrospinning process. The amount
of the nanofibers was calculated according to the percentage of solids contained in the
polymer solution including the weight of polymers and weight of dried yeast. 1 g of
nanofibers was mixed with sterile distilled water in flasks for 1 h. After that, serial dilutions
were prepared and 100 pL of sample was spread on YPD Petri dishes. The number of M.
caribbica colonies were counted after 48 h incubation at 28 °C. Analyses were performed in

triplicate for each treatment and the experiment was repeated three times.

2.10.2 In vitro inhibition of spore germination of nanofibers with M. caribbica

The inhibition of spore germination was determined according to Ifiiguez-Moreno et al.
(2020) with some modifications. Spore suspension was prepared using PBS, and 10 mL of
the suspension was added to each plate to collect the fungus. The agar surface was gently
rubbed with a sterile inoculation loop to obtain the spore suspension, which was then filtered
through sterile gauze and collected in a falcon tube. The spore concentration was adjusted to

1 x 10° spores/mL by counting under a microscope using a hemocytometer. Fifty microliter
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of fungal spores (1 x 10° spores/mL) were spread on PDA disks (1.4 cm) and allowed to dry
for 5 minutes in a cabinet. Subsequently, the disks were covered with nanofibers containing
M. caribbica (Pul, FP:PEO, and CG:PEO). The disks were then incubated under the
cultivation conditions specific to CECT strains (24-26 °C) for 7-10 days. After the incubation

period, the nanofibers were absorbed by the PDA disks.

The germination percentage of each evaluated fungus was determined using conventional
microscopy. The percentage of germinated spores was measured after 24 h at 26 °C for B.
cinerea, after 9 h at 25 °C for P. digitatum and P. italicum, after 6 h at 26 °C for F. oxysporum,
after 6 h at 25 °C for T. roseum, and after 9.5 h at 25 °C for C. gloeosporioides. In the control
group, a minimum of 200 germinated spores was considered. Spores were considered

germinated when the length of the germ tube was equal or longer than the spore diameter.
2.10.3 In vitro inhibition of mycelial growth of nanofibers with M. caribbica

The electrospun materials developed were thought as an edible coating or agricultural aid to
fight against pathogenic fungi. The action of this antifungal coating is by direct contact with
the fruit, vegetable or plant, allowing the yeast to develop its mechanisms of action against
phytopathogens, such as the competition for nutrients and space or the production of volatile
compounds. For that reason, an inhibition of mycelial growth test on PDA plates was
performed taking into account the growth conditions of each studied fungus (Aguirre-Giiitroén

et al., 2022; Iiiguez-Moreno et al., 2020).

A total of 100 pL of fungal spores (1 x 10° spores/mL) where evenly spread in the
center of each Petri dish and allowed to dry for 5 min in a cabinet. Then, the inoculated PDA
Petri dishes were covered with nanofibers containing M. caribbica (Pul, FP:PEO, and

CG:PEO), which were obtained through the electrospinning process.

Growth diameter was registered for 6 days at 24 °C for B. cinerea, for 8 days at 25 °C
for P. digitatum, for 8 days at 25 °C for P. italicum, for 6 days at 26 °C for F. oxysporum, for
8 days at 25 °C for T. roseum and for 7 days at 28 °C for C. gloeosporioides. The percentage

of the inhibition of mycelial growth was calculated according to equation 1:

dc—dt
dc

Inhibition (%) = [*=*] x 100 Eq. 1
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Where dc (cm) is the mean of colony diameter for the control sets and dt (cm) is the mean of
colony diameter for the different treatments. All tests were done in triplicate. All Petri dishes

were covered with parafilm to avoid dehydration.

For both assays, inoculated and uncoated PDA Petri dishes and inoculated and coated with

nanofibers without M. caribbica PDA Petri dishes were used as control.
2.11 Statistical analysis

The data obtained from the experiment were subjected to statistical analysisusing an analysis
of variance (ANOVA) test, with a significance level set at P < 0.05. For the comparison of
means, the Fisher test was employed. The statistical analysis was performed using

STATISTICA 12 software (Statsoft Inc., Tulsa, OK, USA).

3 Results and Discussion
3.1 Physicochemical characterization

The physicochemical analysis of the solutions was conducted to assess their suitability for
electrospinning. Consequently, both solutions with and without M. caribbica yeast were

examined. Results are presented in Table 1.

The apparent viscosity of the polymeric solution is an interesting parameter that
provides preliminary information about the electrospinnability of a polymeric solution and
alsois related to the size of the obtained fibers. Samples prepared with Pul showed the lowest
apparent viscosity, being this value in concordance with the value reported by other authors
for similar concentration (Aguilar-Vazquez et al., 2018) Samples prepared with CG and FP
showed larger viscosities, which could affect fiber diameter and the stability of the
electrospinning process. Same behavior was observed when PEO was added to CG (Grumi,
2021) and FP solutions (Vazquez-Gonzalez et al., 2022). The CG solution presented a
pseudoplastic behavior, phenomenon previously reported by other authors (Ribeiro et al.,
2016). However, FP:PEO solution showed reduced apparent viscosity values in comparison
to the values presented before by Vazquez-Gonzalez et al. (2022) probably due to the lower

PEO content in the polymeric solution, the use of water as solvent instead of ethanol, and
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also to a possible thermal degradation during the sterilization in the autoclave. The addition
of M. caribbica to the polymeric solutions did not suppose a significant difference in apparent

viscosity, probably due to the low amount of yeast added, as shown in Table 1.

Regarding surface tension, the values of CG:PEO and FP:PEO were found within the
surface tension range to have a stable electrospinning process (Vazquez-Gonzalez et al.,
2021, 2022). It is worth mentioning that CG:PEO and FP:PEO solutions showed low surface
tension values as a consequence of the content of Span 20 surfactant (1% and 5%,
respectively). However, the surface tension of the Pul solution was close to the surface
tension of the water, which could affect the stability of the process and the morphology of
the obtained fibers. The addition of M. caribbica to the polymeric solution had no or little
effect in surface tension in the case of CG:PEO and FP:PEO solutions, being more significant

in the case of Pul, which could have an effect on the stability of the process.

On the other hand, regarding the conductivity, polymeric solutions showed low
conductivity values, being larger in those samples with PEO. The addition of M. caribbica
showed a significant increase in conductivity in comparison with solutions without yeast
(Table 1). This effect was observed by other authors. Aguirre-Giiitrén et al. (2022) and
Mojaveri et al. (2020) observed an increase in conductivity when adding M. caribbica and
Bifidobacterium animalis subsp lactis Bb12, respectively to the polymeric solutions. This
increase in conductivity may be due to the presence of different compounds in the cell wall
such as a variety of charged ions (Na, K, Ca, and other ions) and biological macromolecules
(nucleic acids, amino acids proteins, and other polymers) in the form of dipoles exist in the
cells (Zhou et al., 2014). Although conductivity increased by adding M. caribbica to the
different solutions, the conductivity values were still found in the established conductivity
range so that polymeric solutions are suitable for the electrospinning process (Vazquez-

Gonzalez et al., 2021, 2022).

Table 1. Physicochemical characterization of different polymeric solutions without and with

M. caribbica.
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Sample Apparent Viscosity Surface Tension Conductivity
(cP) (mN/m) (mS/cm)

Pul 878.40+4.82Db 64.10+0.20 b 0.023 £0.000 f
CG:PEO 5747.00+116.77a  32.80+0.60 c 0.738 £0.003 d
FP:PEO 1091.33 £458.10b  28.80+0.20 ¢ 1.140 £ 0.012 ¢
Pul + M. caribbica 606.26 +3.36 b 69.40+0.20 a 0.582 £ 0.000 e
CG:PEO + M. caribbica 5178.00+691.31a  31.50+0.60d 1.219+£0.041 b
FP:PEO + M. caribbica 746.53 £29.40 b 28.20+£0.20e 1.731 £0.004 a

* Each column represents the mean + standard deviation of three independent replicas.
Different letters in each column indicate significant difference (P < 0.05).

** Pul and FP:PEO solutions were Newtonian solutions, whereas CG:PEO was
pseudoplastic. The values shown are the average and standard deviation of the measurements
performed at 48 rpm.

3.2 Morphology properties

The fibers obtained with CG:PEO without and with M. caribbica (Figure la and 1b,
respectively) showed smooth and uniform structures. Both samples showed diameter size of
719 £ 140 nm, and no difference in diameter size between nanofibers with yeast and without
yeast was found since yeasts were positioned in specific places inside of the fiber.
Furthermore, FP:PEO fibers, without and with yeast, showed smooth and uniform structures.
However, these fibers were smaller than the CG:PEO nanofibers, 192 + 50 nm, (Figure 1c
and 1d, respectively). As it is well known, the size of nanofibers is determined by both the
solution and the operation parameters. In this case, the voltage used for CG:PEO and FP:PEO
was similar (20, -7 kV and 19, -1 kV, respectively). However, the total solids content and the
apparent viscosity were higher for the CG:PEO solution than in the FP:PEO, which could

explain the difference in fiber diameter (Deitzel et al., 2001).

Pul fibers without and with yeast resulted in the smallest diameter (137 4+ 20 nm, Figure
le and 1f, respectively). In addition, Pul showed thin, smooth, and well-defined nanofibers
with the presence of some beads (Figure 1e), which could be due to the high surface tension

of the solution. Similar results were already reported by several authors (Aceituno-Medina
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etal., 2013; Xiao &amp; Lim, 2018), which could be related to the reduced apparent viscosity

in comparison with the previous solutions.

In this particular case, nanofibers are preferred to microfibers because they create
membranes with a higher degree of porosity, allowing the permeability of volatiles and water

vapour produced during the ripening of fruits and vegetables.

Figure 1b, 1d and 1f, showed the presence of M. caribbica inside the nanofibers. The
encapsulation of the yeast inside the nanofiber during the electrospinning process occurs due
to the combination of the uniaxial extensional flow and the surface charges caused by the
high voltage electrostatic field applied that attract the high molecular weight molecules to
the surface of the solution (de Jesus et al., 2005; Torres-Giner et al., 2016). In the polymeric
solution containing M. caribbica, the droplet undergoes elongation to form the fiber. The
presence of yeast leads to the complete coating of the yeast by the polymer. Subsequently,
the fiber formation continues. In this sense, it is clear that only polymers with high molecular
weights with enough intermolecular chain entanglements, which can provide viscoelastic

properties, would allow the yeast encapsulation (Torres-Giner et al., 2008) .

Additionally, the micrographs obtained by SEM showed that the encapsulation of M.
caribbica was similar to the encapsulation of probiotics in nanofibers from chitosan/poly

(vinyl alcohol) obtained by electrospinning process (Mojaveri et al., 2020).
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Figure 1. SEM micrographs of the biopolymeric nanofibers obtained by electrospinning. a)
CG:PEO nanofibers, b) CG:PEO nanofibers with M. caribbica, ¢) FP:PEO nanofibers, d)
FP:PEO nanofibers with M. caribbica, €¢) Pul nanofibers, and, f) Pul nanofibers with M.

caribbica. Scale bars correspond to 20 um.
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3.3 Distribution of M. caribbica inside the nanofibers

The staining of the ultramicrotome cut of the nanofibers with toluidine blue was performed
to confirm the presence of the yeast inside the nanofibers, and to differentiate the presence
of yeasts from the possible beads formed by the electrospinning process, since the main
function of this dye is to selectively dye acid components present in tissues, such as sulfates
and phosphate radicals incorporated into the DNA and RNA of cells (Sridharan &amp;
Shankar, 2012).

Figure 2 shows the images of the nanofibers encapsulating M. caribbica. As it can be
appreciated, small, pigmented spots were observed inside the nanofibers, which
corresponded to the yeast, and therefore, this confirms the yeast encapsulation into the
nanofibers. In addition, it was observed that the yeasts were not placed continuously within

the nanofibers.
3.4 Storage stability

The viability of M. caribbica in Pul, FP:PEO, and CG:PEO nanofibers was evaluated after
the electrospinning process and every 5 days, during 25 days at 6 and 25 °C. Results are
shown in Figure 3. According to this figure, after the electrospinning process, the viability of
M. caribbica was higher in Pul and FP:PEO nanofibers than in CG:PEO nanofibers. It could
be due to obtain CG:PEO nanofibers a high voltage was applied. To obtain the nanofibers of
Pul, the applied voltage was 9.7, -3 kV, while, for CG:PEO and FP:PEO, was, 20, -7 kV and
19, -1 kV, respectively. This decrease in cell viability could be due to the electroporation
provoked when cell membranes and cell organelles are exposed to electric fields (Guo et al.,
2021), which generates hydrophilic pores in the cell membrane increasing the permeability
(Novickij et al., 2016). Guo et al. (2021) reported that the nanometer pores start to appear in
the dielectric lipid membrane when the transmembrane potential exceeds the threshold,

resulting in a leakage of intracellular compounds and cell llysis.
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Figure 2. Observation of a) CG: PEO, b) FP:PEO, and c) Pul nanofibers with M. caribbica by means
of an optical microscope. Images were taken at the scale of 10 um with a magnification of 80X.
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Regarding the storage stability of the yeast at the two storage temperatures, it was
observed that the cell density was more affected during storage at 6 °C than at 26°C. However,
at both temperatures, the loss of viable cells was more visible in CG:PEO and FP:PEO
nanofibers as a function of storage time than in Pul nanofibers, although a decrease in the
viability of M. caribbica in Pul nanofibers was also observed. Nevertheless, Pul nanofibers
maintained a higher cell density at both temperatures for the 25 days of evaluation (2.36 x
10° CFU/g and 8.38 x 10°® CFU/g, respectively).

In this case, it could be hypothesized that the reduction in cell density in the CG:PEO
and FP:PEO nanofibers was due to the fact that the yeast suffered damage after exposure to
high voltages. This damage weakens the cell membrane. This phenomenon combined with

the storage conditions may have influenced the decrease in cell density.
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Figure 3. Storage stability of M. caribbica in Pul, FP:PEO, and CG:PEO nanofibers obtained
by electrospinning process evaluated at 6 and 26 °C for 25 days. Each point represents the

mean =+ standard deviation (n = 4).

3.5 ATR-FTIR analysis

Polymeric nanofibers with and without M. caribbica were evaluated by ATR-FTIR, and the
obtained spectra are shown in Figure 4. FP:PEO nanofibers (Figure 4a) showed also a broad
intense band around 3300 cm™! ascribed to the O — H stretching of hydroxyls and bound water
(Synytsya et al., 2003) and a band at 2940 cm™! corresponding to the C — H stretching peak



CAPITULO 7. RESULTADOS Y DISCUSION

of CH, groups. The band at 1720 cm™!, is attributed to the C = O stretching of carbonyls in
acyl groups. In the same way, the strong bands at 1607 and 1405 cm™', can be attributed to
the asymmetric and symmetric stretching of carboxylates, respectively (Synytsya et al.,
2003). The band at 1250 cm™ may also be attributed to the C — O — C vibration of acyls
(Freitaset al., 2011). Bands shown at 1200 and 900 cm™! represent skeletal C — O and C — C
vibration bands of glycosidic bonds and pyranoid rings (Synytsya et al., 2003).
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Figure 4. ATR-FTIR spectra of a) FP:PEO nanofibers, b) CG:PEO nanofibers, c) Pul
nanofibers and d), e) and f) FP:PEO, CG:PEO and Pul nanofibers with M. caribbica,

respectively, g) M. caribbica.

CG:PEO nanofibers (Figure 4b) showed a broad intense band around 3300 cm!
ascribed to the O — H stretching of hydroxyls and bound water (Synytsya et al., 2003). This
band overlaps in part with the C — H stretching peak of CH, groups appearing at 2912 cm™.
These nanofibers also showed an absorption peak at 1635 cm™!, due to O-H vibrations from

bound water molecules, and a band at ca. 1620 cm™!, attributed to the carboxylate group. The

173



peaks at 1137, 1060 and 1010 cm™ were due to stretching vibrations of C-O-C from
glycosidic bonds and O-H bending of alcohols (da Silva et al., 2009; Vazquez-Gonzalez et
al., 2021).

Pul nanofibers (Figure 4c¢) showed characteristic bands at 752, 924 and 1150 cm!
assigned to a-1,6 glycosidic bonds, respectively. The peak between 1200 and 1030 cm™! was
assigned to the C-O stretching vibration. The band around 2923 ¢m™ corresponded to the C-
H stretching. A broad peak located around 3331 cm™ was attributed to O-H stretching
(Aceituno-Medina et al., 2013).

The M. caribbica spectrum is shown in Figure 3g. Regions from 950 to 1200 cm™ are
characteristic peaks of polysaccharides, they represent the sugars contained in the matrix.
Band at 1420 cm™! indicates the presence of B-glucan mainly contained in the cellular wall of
yeasts. Also, there were bands at 1400-1750 cm™, attributed to the presence of proteins
principally mannoprotein and chitin in the yeast layer. The band at ca. 3300 cm™! is attributed
to the OH stretching vibration of hydroxyls (Liu et al., 2021; Piotrowska &amp; Masek,
2015) .

There was not significant difference between polymeric nanofibers and polymeric
nanofibers with M. caribbica. This can be attributed to the relatively low percentage of yeast
present in each polymeric solution (CG:PEO, 7.25%, Pul, 8.25% and FP:PEO, 23.06%).
These percentages were calculated as the percentage of yeast with respect to the solids
concentration of the polymeric solutions to adjust the final yeast concentration of 1 x 10%
CFU/mL. In addition, M. caribbica showed bands and peaks at the same wavelength as the
stretching of the functional groups of polymer mixtures, suggesting that the bands of M.

caribbica were superimposed.

3.6 Antifungal in vitro growth assay
3.6.1 Inhibition of mycelial growth

Inhibition of mycelial growth is shown in Figure 6 and Figure 7, corresponding to
visual observation and inhibition percentage, respectively. For visual observation, only the

results of Pul are shown, as mentioned above, Pul nanofibers showed the greatest viability of
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M. caribbica even after 25 days of storage at both evaluated temperatures (Figure 3), and

these nanofibers showed the highest inhibition percentage against the 6 different fungi

(Figure 7).

Micelial growth inhibition

Control Treatment

Control Treatment

a)

Figure 5. Visual inhibition of mycelial growth caused by Pul nanofibers against 6 different
fungi. a) P. italicum,b) T. roseum, c) B. cinerea,d) C. gloeosporioides,e) F. oxysporum and

f) P. digitatum. The treatment column refers to the yeasts released from Pul nanofibers.

All polymeric nanofibers with M. caribbica after 48 h with 95% relative humidity in a
closed environment (Petri dishes with medium Potato Dextrose Agar, PDA) were solubilized
releasing M. caribbica colonizing Petri dishes. Controls, this is polymeric nanofibers without
M. caribbica, did not show antifungal activity (results not shown). Therefore, M. caribbica
did not allow the development of the studied fungi. In the case of P. italicum and P. digitatum,
their mycelium did not fully develop, indeed it showed a slight growth of hyphae compared
to controls where a normal growth of a thick mycelium occurred (Figure 6a). This behavior
could be attributed to the production of toxins or some enzymes by M. caribbica, since it has
been reported that, these metabolites could deform the fungal mycelium and could inhibit the

fungi spore’s germination (Papoutsis et al., 2019). M. caribbica has been shown to have
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several mechanisms of action against phytopathogens (Bautista-Rosales et al., 2013).
However, the competition for nutrients and space are more frequently reported as the
prevalent modes of action of yeasts, although other mechanisms were also reported such as
the production of volatile compounds (Gonzalez-Gutiérrez et al., 2021; Iiiguez-Moreno et
al., 2020). In addition, more than one mechanism of action may take place at the same time,

resulting in a more efficient control of phytopathogens.

On the other hand, unlike P. italicum and P. digitatum, T. roseum and F. oxysporum
showed an orange and violet spot, respectively without development of mycelium. The
pigments shown are characteristic of these fungi and are mostly determined by melanin that
accumulates in fungal cell walls and plays vital roles in fungal survival in case of damaging

events (Wang et al., 2021).

Additionally, the presence of melanin in the inner layer of appressoria is also
indispensable for the build-up of turgor pressure and for the driving force that enables fungi
to mechanically break through the host tissue. To this extent, it was observed that the
presence of M. caribbica decreased melanin production of fungi, thereby, affecting the
development of phytopathogens since it has been reported that melanin biosynthesis is vital
for the maturation and normal development of the fungal mycelium in different fungi species

(Liang et al., 2018).

Figure 7 shows the percentage of inhibition of mycelial growth of different nanofibers
against fungi. The inhibition of fungi growth is a complex phenomenon that it is affected by

multiple factors:

1. The type of phytopathogen: Different results were obtained for the different fungi
studied, which could be related with the compatibility of the yeast with the
phytopathogen due to factors such as the composition of the cell membrane
(glycoproteins, chitin and glucans), the pathogenicity, secretory vesicles

transportation, and infectious structures (Hua et al. 2018; Wei et al., 2018).

2. Viability of the yeast in the nanofibers membrane (shown in section 3.4). The
inhibition test (results shown in Figure 7) was performed during between 6 or 8 days

depending on the type of phytopathogen. In this time period, Pullulan was the
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formulation that ensured the stability of the yeast during longer storage times at the
temperatures of the test. This fact explains the results obtained for Pullulan for all

tested fungi, being better than FucoPol:PEO and CG:PEO.

3. The effect of the polymeric matrix. Pullulan, cashew gum and FucoPol do not have an
antifungal activity (results not shown), however, they can have a role in the
competition between yeast and fungi for nutrients or in the generation of volatile
compounds (Bautista-Rosales et al., 2013; Gonzalez-Gutiérrez et al., 2023; Iiiguez-
Moreno et al., 2020). This is an interesting aspect that needs to be studied more in

depth, and we will focus on it on future works.
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Figure 6. Percentage of inhibition of mycelial growth of different nanofibers against fungi.
Error bars indicate standard errors of the means of three repeated experiments. Different
letters above the bars indicate significant difference for each fungus according to Fisher LSD

range test (p<0.05).

Regarding the nanofibers of CG:PEO and FP:PEO, it was evident that the low
percentage of inhibition against fungi was due to the low viability of M. caribbica in
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nanofibers after electrospinning process. In this sense, it can be hypothesized that a
concentration of viable cells lower than 1 x 107 CFU/g will not be enough to inhibit

completely the growth of these phytopathogens.

The yeasts have the capacity to colonize surfaces such as fruits’ surfaces, which
depends on the adaptation to assimilate the necessary carbon sources, mainly saccharose,
fructose, and glucose, among others, for survival and multiplication, limiting carbohydrate
and amino acids disposition for the phytopathogen fungus (Carmona-Hernandez et al., 2019;
Romero et al., 2022). In addition, one characteristic of yeast is non-demanding of specific
nutrients. In this sense, nutrients for sustaining yeast after application on fruit surface will be
available. Even if these results are very promising, in vivo tests in a model fruit or vegetable

will be required.

3.6.2 Inhibition of spore’s germination

Inhibition of spore germination is shown in Figure 8. Overall, all treatments showed a
fungistatic effect, since after the spore germination time, the spores with the treatment
germinated. The results showed by the mycelial growth inhibition assay confirmed the

fungistatic effect, as the fungus developed after 24 h.

In this case, FP:PEO nanofibers showed the highest percentage spores germination
inhibition (P. italicum, 84.2 = 4.6%, P. digitatum, 82.5 = 3.5% and T. roseum, 100.0 + 1.8%)
in comparison with CG:PEO and Pul nanofibers. This phenomenon was caused by the
nutrient’s depletion provided by yeast, which limits the germination of fungal spores
(Bautista-Rosales et al.,2013; Zhang et al., 2020). Additionally, Ifiiguez-Moreno et al. (2020)
found that the main VOC’s emitted by M. caribbica include ethanol, ethyl acetate, isobutyl
alcohol, 1-butanol, 3-methyl, 2-methyl, isoamyl acetate, and phenethyl alcohol, suppressed
the mycelial growth and sporulation, due to damage to the DNA and cell membranes (Zhang
et al., 2020). However, despite the high percentage of spore inhibition, it was not enough to

avoid the development of the fungus after the evaluated time.
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Figure 8. Percentage of inhibition of spore’s germination of different fibers against fungi.
Error bars indicate standard errors of the means of three repeated experiments. Different
letters above the bars indicate significant difference for each fungus according to Fisher LSD

range test (p<0.05).

4 Conclusions

Nanofibers of CG:PEO, FP:PEO and Pul encapsulating M. caribbica were obtained by the
electrospinning process. SEM analysis showed smooth and homogeneous nanofibers,
completely covering the yeast M. caribbica. CG:PEO, FP:PEO and Pul fibers showed an
average size of 719 + 140 nm, 192 + 50 nm and 137 + 20 nm, respectively. Pul nanofibers
showed the highest viability of M. caribbica, persistent even after 25 days at 26 °C (8.38 x
10 CFU/mL). For this reason, Pul nanofibers showed the highest antifungal inhibition
percentage against the 6 tested fungi. In addition, all the 3 different polymeric nanofibers
showed a fungistatic effect against the spores. ATR-FTIR analysis did not show any strong
interactions between M. caribbica and the used polymers since no peak displacement was
observed. TGA analysis confirmed that the thermal stability of the polymeric nanofibers was
not affected by the addition of M. caribbica. These promising results make biopolymeric
electrospun nanofibers a viable alternative to produce biocontrol tools, such as a protective
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antifungal coating on the surface of fruits or for agricultural applications. However, other
studies are required to evaluate in vivo the potential of this novel material, paying special
attention to the antifungal properties, the interaction between the polymers (CG:PEO,
FP:PEO and Pul) and the surface of the fruits, and the effect of the coating on fruit quality
parameters. Additionally, the evaluation of the kinetics of yeast release from nanofibers into
the surface of the fruit and the effect of polymer matrix on the antifungal activity of the yeast

will be of great interest.
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7.4. Desarrollo de nanofibras a base de goma de anacardo, FucoPol y pululano
obtenidas mediante Solution Blow Spinning para el control de antracnosis y su
evaluacion sobre los parametros de calidad en aguacates

Los resultados correspondientes a la etapa 4 de este proyecto de tesis estan contenidos en el
siguiente manuscrito.

A new method to produce antifungal nanofibers and its
potential post-harvest application on avocado fruit

Yuliana Vazquez-Gonzalez!?; Cristina Prieto?, Jose M. Lagaron?, Juan Arturo Ragazzo-
Sanchez!, Montserrat Calderon-Santoyo!*.
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7.4.1. Introduccion al tema
Los recubrimientos comestibles han sido ampliamente usados en el tratamiento postcosecha
de frutas y vegetales para preservar y mejorar su calidad, evitando el deterioro durante su

almacenamiento y distribucion.

Para la generacion de recubrimientos pueden emplearse biopolimeros, como los
polisacéaridos y las proteinas, y una variedad de métodos para su aplicacion, como
recubrimiento por inmersion, recubrimiento en lecho fluidizado, recubrimiento en bandeja,
y aspersion, entre otros. A pesar de que son métodos usados para aplicar este tipo de
recubrimientos en frutas y vegetales, existen ciertas desventajas acerca de su uso, como dafio
al alimento por manipulacion, una aplicacion no homogénea del recubrimiento y ademas
algunas de estas técnicas son altamente costosas, dificultando su aplicacidon a escala

comercial.

El uso de la nanotecnologia en el desarrollo de recubrimientos comestibles podria ser
una alternativa para alargar la vida util de frutas y vegetales. En este sentido, nanofibras de
proteina de suero de leche, zeina, celulosa y quitosano ya han sido aplicadas en frutas
mostrando ventajas sobre los recubrimientos convencionales. Ademas, cabe resaltar que las
nanofibras brindan la capacidad de encapsular ingredientes funcionales, proporcionando
estabilidad y proteccion al ingrediente bioactivo. Una técnica que llama la atencidn por su
simplicidad en su configuracion y en su manipulacioén para generar nanofibras a partir de
diversos biopolimeros es Solution Blow Spinning (SBS). SBS es una técnica que consiste en
la generacion de nanofibras inyectando una solucion polimérica a través de boquillas
concéntricas. La gota polimérica se alarga y es hilada mediante aire comprimido a una
presion establecida. La simplicidad de la técnica permite que las fibras se pueden aplicar
sobre cualquier superficie, por lo que la aplicacion “in sifu” es una de sus grandes ventajas.
Ademas, es una técnica que tiene lugar a temperatura ambiente y permite la encapsulacion

de compuestos bioactivos sin afectar a sus propiedades funcionales.

En este sentido, el objetivo de esta investigacion fue encontrar las condiciones dptimas
de SBS para obtener nanofibras a partir de nuevos biopolimeros que puedan encapsular
efectivamente a M. caribbica para el control de antracnosis en aguacate. Para ello, se

prepararon soluciones de pululano (15 %, w/w), CG:PEO (7.5 %; 0.13:1, w/w) y FP:PEO
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(7.5 %; 0.024:1, w/w). Las soluciones poliméricas se ajustaron a una concentracion de 1 x
108 células/mL. Las soluciones con y sin M. caribbica fueron caracterizadas
fisicoquimicamente, para posteriormente procesarlas mediante SBS bajo diferentes
condiciones de trabajo. Las nanofibras obtenidas se caracterizaron mediante SEM. Se
determind la viabilidad de M. caribbica en las nanofibras aplicadas sobre los aguacates
almacenados a diferentes condiciones: 1) 15 dias a 25 °C, 2) 10 dias a 6 °C y 5 dias a 25 °C.
Se evaluo la actividad antifingica in vitro e in vivo en la inhibicion de C. gloeosporioides.
Finalmente, se evaluo el efecto de las nanofibras sobre los parametros de calidad de los
aguacates. Se obtuvieron fibras homogéneas, continuas y rizadas con tamafos promedio 212
+ 61, 554 + 223 y 482 £ 175 nm para las fibras de pululano, FP:PEO y CG:PEO,
respectivamente. SBS garantizd una alta viabilidad de M. caribbica en nanofibras aplicadas
sobre los aguacates a ambas condiciones de almacenamiento. M. caribbica atrapada en las
nanofibras de pululano inhibié por completo el desarrollo de C. gloeosporioides en las dos
condiciones de almacenamiento. La aplicacion de nanofibras no tuvo un efecto sobre
parametros de calidad como el color, acidez titulable y pH, contenido de materia seca, solidos
solubles totales y firmeza conrespecto al control. Solution Blow Spinning fue capaz de formar
y aplicar directamente las nanofibras sobre los aguacates sin afectar algunos parametros de
calidad. No obstante, es importante mencionar que las nanofibras pueden modificarse o

mejorarse en funcion a la naturaleza de la matriz alimentaria.
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Abstract

Solution Blow Spinning (SBS) 1s an emerging technology for producing nanofibers with
different applications. The simplicity of this process makes SBS a potential technique for
applications in post-harvest treatments. In this regard, the principal aim of this work was to
find the best conditions to obtain biopolymeric nanofibers that effectively encapsulate
biocontrol agents, concretely Meyerozyma caribbica that has demonstrated its activity
against Colletotrichum gloeosporioides,an important fungus that affects fruitand vegetables.
Pullulan, FucoPol and cashew gum were selected as biopolymers. Initially, the polymeric
solutions were characterized in terms of viscosity and surface tension and processed by SBS
to obtain nanofibers with and without the addition of M. caribbica. The obtained fibers were
characterized in terms of morphology, storage viability at two different temperatures, i.e. 6
°C and 25 °C, in vitro antifungal activity against C. gloeosporioides, and in vivo antifungal
activity evaluating also the effect of the nanofibers on the quality properties of avocado fruit
variety Hass. According to SEM characterization, homogenous, continuous, and curly fibers
with average sizes ranging from 151 to 777 nm were obtained. Thanks to the mild processing
conditions, a high viability of M. caribbica into nanofibers applied by SBS on the avocado
surface (8.09 Logio CFU fruit!) was maintained. All nanofibers loaded with M. caribbica
showed high percentages of inhibition in vitro, inhibiting the spore’s germination and
mycelial growth at either 6 °C or 25 °C. M. caribbica entrapped into pullulan nanofibers
evaluated as a preventive treatment completely inhibited the growth of C. gloeosporioides
during the in vitro and in vivo tests, being better than azoxystrobin, a synthetic fungicide. The
application of these nanofibers on avocados did not affect pH, titratable acidity, total soluble
solids, weight loss, firmness, and dry matter content of avocados with respect to the control
formulation. In view of these results, the SBS technique can be used to successfully entrap
M. caribbica into nanofibers to control anthracnose caused by C. gloeosporioides on the

avocado fruit variety “Hass”.

Keywords: Solution Blow Spinning, nanofibers, FucoPol, cashew gum, pullulan, post-

harvest treatment.
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1 Introduction
Post-harvest diseases caused by phytopathogens cause devastating losses of fruit and

vegetables during their storage, which could achieve more than 55 % of the production in
developing countries (Zhang et al., 2017). Among phytopathogens, Colletotrichum
gloeosporioides can cause severe economic losses, since this fungus is able to cause
anthracnose disease in different fruit such as avocado, banana, papaya, mango, citrus, and
strawberry, among others, affecting their production and commercialization (Shi et al., 2021).
The conventional control of post-harvest diseases primarily consists of the application of
synthetic fungicides. However, its potential threats to food security, their toxicity to human
health, collateral damage against environment, in conjunction with fungicide-resistant strains

make the search for other alternatives crucial (Shi et al., 2021).

Multiple alternative treatments have been developed to combat post-harvest diseases
(Ciofini et al., 2022). Biocontrol agents, particularly yeast Meyerozyma caribbica, have
garnered special attention due to their efficacy against anthracnose in mango, papaya, and
avocado (Aguirre-Giiitron et al., 2022, 2019; Bautista-Rosales et al., 2013; Gonzélez-
Gutiérrez et al., 2021; Ifdiguez-Moreno et al., 2021, 2020). Meyerozyma caribbica’s
effectiveness results from multiple mechanisms, including nutrient and space competition,
parasitism, the biofilm formation (Bautista-Rosales et al., 2013) and the production of
volatile organic compounds (VOC) (Ifiguez-Moreno et al., 2020). However, direct
application of yeast can reduce its effectivity due to their sensitivity to various
physicochemical factors and the challenge of establishing and maintaining it on the fruits
surface (Gonzalez-Gutiérrez et al., 2021; Iiiguez-Moreno et al., 2020). Combining yeast
with a polymeric matrix can offer protection and adhesion to the fruit surface, commonly
achieved through particle or coating forms. For example, Aguirre-Gtiitron et al. (2022) used
electrospraying to encapsulate M. caribbica in whey protein concentrate particles, resulting
in 53% and 74% inhibition of anthracnose incidence of mango cv. “Ataulfo” and papaya cv.
“Maradol”, respectively. Additionally, Gonzéalez-Gutiérrez et al. (2021) reported a 45%
reduction in lesion diameter on avocado fruit by microencapsulating M. caribbica in sodium

alginate using spray drying.
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However, particle production methods often involve temperature, like spray drying
(Eijjkelboom et al., 2023) or are challenging to scale up and apply directly to fruits, as in the
case of electrospraying (Rostamabadi et al., 2021).

Regarding coatings, Ifiiguez-Moreno et al. (2020) performed the application of M.
caribbica entrapped in sodium alginate coatings on the avocado surface as an anthracnose
preventive treatment, reporting a severity reduction of 100%. The effectiveness of M.
caribbica when applied conventionally, like dipping or panning, can be compromised.
Dipping can dilute the foods surface layer and unevenly disperse the yeast. Panning may
cause fruit damage. Low gas permeability in coating can affect fruit storage and flavor due

to anaerobic conditions (Aayush et al., 2022).

In this sense, the application of a coating made of fibers could be an alternative, since
fibers are structures with a large surface-volume, which makes them more active and
efficient, with a very high porosity and enhanced physico-mechanical properties (Haider et
al., 2018; Torres-Giner et al., 2018). These characteristics make the coating made of
nanofibers an interesting alternative for the encapsulation of biocontrol yeasts and their
application on the fruit surface. Among the available fiber production techniques stand out
the electrospinning process and the meltblown processing. Electrospinning uses high-voltage
electrostatic fields to create micro/nanofibers from polymer solutions (Torres-Giner et al.,
2018). It can affect biomaterials due to the solvents and voltage used (Medeiros et al., 2009;
Oliveira et al., 2011). Meltblowing is a key commercial method for micro/nanofiber non-
woven (Monsores et al., 2022). Meltblowing is a melt process for 1-10 um fibers using high-
speed gas/air jets. It is a quicker and cost-effective alternative to electrospinning (Kolbasov

etal., 2016; Monsores et al., 2022), but it involves heat, which might impact yeast stability.

Based on these fiber production technologies, a novel process called Solution Blow
Spinning (SBS) has been developed to make non-woven polymeric micro and nanofibers
(Medeiros etal., 2009). SBS is based on the use of a high-velocity gas flow as a driving force,
for the polymeric fiber formation (Khalilur et al., 2021). SBS setup consists of a source of
compressed gas (nitrogen, argon, or air), equipped with a pressure regulator, a syringe, a
syringe pump to control the flow rate of the polymeric solutions, an injector that consisted of

concentric nozzles, and a collector positioned at a fixed working distance from the nozzle.
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The polymer solution is pumped through the inner nozzle while high-speed gas flows through
the outer concentric nozzle (Medeiros et al., 2009; Santos et al., 2016). As the gas accelerates,
it lowers the air pressure at the jets center, causing the polymer solution to accelerate and
form a polymeric jet towards the collector. Solvent evaporation at room temperature during
flight solidifies the fiber structure (da Silva Parize et al., 2016). This process offers several
advantages, is more efficient in producing nanofibers due to a higher solution feeding rate
per orifice compared to electrospinning (Dadol et al., 2020; Santos et al., 2016). The
simplicity of the SBS setup makes scaling up easier (Dadol et al., 2020). It operates at room
temperature, preserving bioactive components. It has been explored for various biomedical
applications, including drug delivery, wound dressing, tissue engineering, microfiltration,
among others (Lu et al., 2012; Stojanovska et al, 2016). Thus, SBS-produced nanofibers can
serve as a polymer matrix to trap microorganisms and be deposited homogeneously as thin

and uniform coating on the surface of the fruit.

SBS technology has been used for nanofibers production from polymers such as poly
(acrylonitrile), poly (vinylpyrrolidone), poly (lactic acid), poly (lactic acid-co-glycolic acid),
and cellulose (Dadol et al., 2020). New biopolymers in the spotlight are FucoPol derived
from Enterobacter strain A47 (DSM 23139) fermentation (Vazquez-Gonzalez et al., 2022),
cashew gum from Anacardium occidentale tree (Vazquez-Gonzalez et al., 2021), and
pullulan, water-soluble microbial polysaccharide produced by Aureobasidium pullulans
(Xiao and Lim 2018). These materials, including FucoPol, cashew gum, and pullulan are
non-toxic, bio-based, and exhibit various techno-functional properties, such as
emulsification, gelling, film formation, thickening, and biological functions (Sheng et al.,
2022; Vazquez-Gonzalez et al., 2022, 2021; Xiao and Lim, 2018). As of now, there have
been no reported studies on producing nanofibers from FucoPol, cashew gum, and pullulan
using the SBS technique and applying them in the food industry, especially in the post-
harvest fruit and vegetable management (Monsores et al., 2022; Shen et al., 2022; Tien et al.,

2022).

This study aimed to assess the feasibility of producing nanofibers using FucoPol,
cashew gum, and pullulan loaded with M. caribbica through the SBS process to control
anthracnose in Hass variety avocados. The research involved characterizing the fiber

morphology, examining storage viability at 6 °C and 25 °C, evaluating in vitro antifungal
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activity against C. gloeosporioides, and assessing in vivo antifungal activity. While also

considering the impact of the nanofibers on the avocado fruit quality properties.

2 Materials and methods

2.1 Materials

Pullulan (Pul) (Mw ~ 2 x 10° Da) was purchased from Hayashibara CO., LTD. (Tokio,
Japan), polyethylene oxide (PEO) (Mw ~ 4 x 10° Da), phosphate-buffered saline (PBS) and
YPD broth (Yeast Extract Peptone Dextrose) was purchased from Sigma Aldrich (St. Louis,
MO, USA), FucoPol (FP) (4.4 x 10°Da) was provided by the Chemical Department of the
Nova University (Lisbon, Portugal), and cashew gum (CG) (2.5 x 10* Da) was provided by
the Department of Agriculture, Agricultural Research Service (Peoria, IL, USA). Synthetic
fungicide Azoxystrobin was purchased from AMISTAR® (Syngenta, Zeneca, Frankfurt,
Germany). Glycerol was purchased from Jalmek (San Nicolas de los Garza, Mexico). In this
study, healthy and uniform-sized avocados (Persea americana Mill. cv. “Hass”) weighing
approximately 120 g were obtained from Leb Trading Products (Guacamodely S. de R.L. de
C.V., Xalisco, Mexico). The avocados were at their physiological maturity stage,
characterized by a dry matter content (DMC) of approximately 24%. It is worth mentioning
that the avocados did not exhibit any mechanical injury.

2.2 Antagonistic microorganism

M. caribbica (GenBank ID: JQ398674) was previously isolated from “Ataulfo” mangoes by
Bautista-Rosales et al. (2013). The yeast was preserved using 20% (v/v) glycerol and stored
at -80 °C. For reactivation, the yeast was incubated in yeast peptone dextrose (YPD) broth.
The incubation took place on a rotary shaker at 28 °C for 48 h and 110 rpm as described by
Bautista-Rosales et al. (2013). Following incubation, the cells were collected, and their
concentration was adjusted to 1 x 10® cells/mL.

2.3 Preparation and characterization of the polymeric solutions with and without M.
caribbica

To obtain fibers loaded with M. caribbica, different polymeric solutions were prepared using
the following polymers: Pul, PEO, FP, and CG. The Pul solution was prepared at a
concentration of 15 % (w/w). Two separate solutions of PEO were prepared with FP and CG.
The FP:PEO solution had a concentration of 7.5 % (ratio 0.024:1, w/w), while the CG:PEO

solution had the same solid concentration but a differentratio of 0.13:1 (w/w). All solutions
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were prepared under sterile conditions and sterile water was used as a solvent. CG, PEO, and
Pul were irradiated under UV light for 30 min. However, sterilization by autoclaving at 121
°C for 15 min was necessary for FucoPol due to the presence of residues from Enterobacter
A47. The solutions were then mixed and adjusted with M. caribbica, which was

homogenized in PBS at a concentration of 1 x 108 cells mL™.

The polymeric solutions, with and without M. caribbica, were characterized in terms
of viscosity and surface tension. The methodology described by Vazquez-Gonzalez et al.
(2021) was followed for these measurements. All measurements were made in triplicate at
room temperature.

2.4 Solution Blow Spinning process

The SBS process was carried out in a Fluidnatek® LE-10 (Bioinicia S.L. Valencia, Spain)
with an adaptation to provide compressed air. The solutions were placed in a 20 mL plastic
syringe connected by a PTFE tube to the two-fluid concentric injector. This injector
possessed two inlets, one for the fluid and another for the compressed gas; and an outlet,
through the two concentric needles, the inner for the liquid and the outer for the compressed
gas. A syringe pump was used to provide the desired liquid flow rate. The air pressure was
controlled by a pressure gauge. Air pressure used in this study ranged from 1 bar (14.50 psi)
to 8 bar (116.03 psi). Different conditions were evaluated to obtain the fibers as shown in
Table 1. For in vitro assays, the nanofibers were collected on aluminum foil and circles with
diameters of 2 cm and 8 cm were cut for further analysis. For the in vivo analysis, avocados
were placed into an acrylic structure for further nanofibers deposition and to prevent the
nanofibers from exiting the environment. The nanofibers were deposited on the avocados
during different periods according to solutions concentrations (Pul 1h, FP:PEO 4 h 10 min,
and CG:PEO 3h 46 min) to apply the same amount of solutions.

Table 1. SBS working parameters to obtain nanofibers from Pul, FP:PEO and CG:PEO.

Sample Flow rate Pressure Work distance
(mL/h) (bar) (cm)

Pul 5 3 42.5

FP:PEO 2 1 36.5
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CG:PEO 3 2 36.5

2.5 Scanning Electronic Microscopy
The morphology of the fibers obtained was analyzed using a Hitachi-S-4800 FE-SEM

scanning electron microscope (Hitachi High-Technologies Corporation, Tokyo, Japan)
operating at an electron-beam acceleration of 10 kV. Approximately 1.5 mg of the sample
was placed on the sample holder using double-sided tape and coated with a gold-palladium
layer. To determine the fiber sizes, Image J Launcher v1.41 software (National Institutes of
Health, Bethesda, MD, USA) was utilized. The data were based on measurements from a
minimum of 100 fibers. It is worth noting that the presence of yeast was not considered in
the measurements, as it can potentially overestimate the diameter of nanofibers.

2.6 Evaluation of nanofiber properties

2.6.1 In vitro inhibition of spore germination of nanofibers loaded with M. caribbica
The inhibition of spore germination was assessed following the methodology outlined by
Iniguez-Moreno et al., (2020). For this, ten mL of saline solution were added to Petri plates
containing fungal mycelia with 10 d of growth. The spore suspension was prepared by gently
rubbing the agar surface using a sterile inoculation loop. The suspension was then filtered
through sterile gauze and collected in a conical tube. The spore concentration was adjusted
to 1 x 10° cells mL"! by microscopic counting using a Neubauer Counting Chamber
(BlauBrand, Germany). Next, fifty pL of the fungal spores suspension (1 x 103 cells mL")
were spread onto PDA disks measuring 1.4 cm in diameter. The disks were allowed to dry
for five min in a cabinet (Novatech, Model CFLV-120, Kingwood, USA). After the drying
period, the disks were then incubated at two different temperatures: 6 °C, which corresponds
to the storage temperature for avocado fruit, and 25 °C, which represents room temperature.

During the incubation period, the nanofibers were absorbed by the PDA disks.

The germination percentage of C. gloeosporioides was determined using optical
microscopy with a BA 310 microscope (Motic, San Antonio, USA). The percentage of
germinated spores was measured after 9.5 h at 25 °C and after 47 h at 6 °C. A minimum of
200 germinated spores were considered for the control. Spores were considered germinated
based on the criterion that the length of the germ tube was equal to or longer than the diameter

of the spore.
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2.6.2 In vitro inhibition of mycelial growth of nanofibers loaded with M. caribbica

The antifungal performance of the nanofibers obtained by SBS process against C.
gloeosporioides was made on PDA plates. Initially, 100 uL of fungal spores (1 x 103
cells/mL) were spread in the center of Petri dishes and allowed to dry for 5 min in a cabinet
(Novatech, Model CFLV-120, Kingwood, USA). Subsequently, the inoculated PDA Petri
dishes were covered with nanofibers containing M. caribbica (Pul, FP:PEO, and CG:PEO

cutted circles with 8 cm of diameter were used for this assay) obtained by the SBS process.

The growth diameter of C. gloeosporioides was measured for 8 d at 25 °C and 10 d at
6 °C. During this period, the radial growth of the fungal mycelium was monitored. The

percentage of inhibition of mycelial growth was calculated using Equation 1:

dc—dt

Inhibition (%) = [*=

|x 100 Eq. 1

Where dc (cm) is the average colony diameter for the control sets and df (cm) is the average
colony diameter for the different treatments. All tests were done in triplicate.
For both assays, two control groups were included, inoculated and uncoated control

and inoculated and coated with nanofibers without M. caribbica.

2.7 Evaluation of nanofibers with yeast applied on avocado fruit

2.7.1 Viability of M. caribbica in nanofibers during avocado fruit storage

The viability of yeast in the nanofiber coatings was assessed during avocado fruit storage
under two different conditions: 1) storage at 25 °C for 15 d, 2) storage at 6 °C for 10 d
followed by ripening at 25 °C for 5 d. The coated avocado fruits with nanofibers applied by
SBS were initially stored at a temperature of 6 °C for 10 d to simulate cold storage conditions.
After the cold storage period, the fruits were transferred to a ripening condition at 25 °C for
an additional 5 days, replicating the conditions typically experienced at the retail level. To
evaluate the viability of M caribbica yeast, individual avocado fruits were placed into sterile
stomacher bags (Seward, BA6041/CLR) containing 50 mL of PBS. The yeasts in the coatings
were removed by sonicating the bags for 90 seconds with a KENDAL sonicator (Model CD
48-20 operating at 50/60 Hz, Middletown, USA). Serial dilutions of the sonicated samples
were prepared and spread onto YPD agar plates. The plates were then incubated for 48 h at
28 °C using an incubator (Model E145-AID, Novatech, USA). After the incubation period,

yeast colonies were counted to determine the viability of M. caribbica yeast in the coatings.
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Each experiment was conducted with three replicates, and the entire process was repeated
twice to ensure the reliability of the results (Ifiiguez-Moreno et al., 2020).

2.7.2 Curative and preventive treatments using Pul, CG:PEO, and FP:PEO nanofibers
with M. caribbica
Curative and preventive treatments, based on the methodology described by Ifiiguez-Moreno

et al. (2020) with certain modifications, were carried out in the study. Avocado fruit was
wounded (2 holes per fruit, near to peduncle and in the equatorial zone) with a sterile needle
(3 mm deep and 3 mm wide), inoculated with 10 pL of a spore suspension of C.
gloeosporioides (1 x 103 cells mL™"), and left to dry at room conditions. Curative treatments
were performed by first inoculating the fruit with the spore suspension and then leaving the
fruit to dry for 6 h, allowing the pathogen infection before applying the appropriate treatment.
Preventive treatments were done by first applying the nanofibers to the wounded fruit,
leaving the fruit to dry for 6 h at 25 °C, and then inoculating it with the pathogen spore
suspension. Avocado fruit inoculated before or after immersion treatment in sterile water or
azoxystrobin water solution were used as controls. The fruit was stored in a camera
(Novatech, Model CA-550; Kingwood, USA) with humidifiers (Vitallys Plus, Model VUH-
3, Marlborough, USA) to ensure high relative humidity (RH) under two conditions: 1) 25 °C
during 15 d (75 % RH), and 2) 6 °C (95 % RH) during 10 d and ripened at 25 °C (75 % RH)
during 5 d. Disease incidence (percentage of infected fruit), infected wounds (percentage),
and severity (lesion diameter expressed in mm) were evaluated as measurements of the
impact of C. gloeosporioides infection on avocado fruit. An avocado fruit was considered
decayed if at least one of the inoculated wounds showed signs of infection. For this assay,

each treatment was replicated twice, with 10 avocado fruits per treatment.

The treatments applied were: (1) control (sterile water); (2) azoxystrobin (800 mg/L
according to AMISTAR® Syngenta, Zeneca, Frankfurt, Germany); (3) Pul (15 %); FP:PEO
(7.5 %, ratio 1:0.024 w/w); CG:PEO (7.5 %, ratio 1:0.13 w/w), and (4) Pul + yeast, FP:PEO
+ yeast and CG:PEO + yeast, all polymeric solutions at the same initial concentration, i.e. 15

%, 7.5 % and 7.5 % adjusted at 1 x 108 cells/mL, respectively.

2.8 Effect of Pul, CG:PEQO, and FP:PEO nanofibers on the quality properties of
avocados
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For the assessment of avocado quality, we used a total of 9 fruits evaluated over 12 days at
25 and 12 fruit evaluated over 10 days at 6 °C and ripening at 25 °C by 8 days per treatment
were used. The test was repeated three time. As controls, we used both distilled water and a

synthetic fungicide (azoxystrobin) treatment.

2.8.1 Weight loss

To assess the effect of nanofibers on fruit weight loss, each avocado fruit was weighted
individually using a digital balance (Sartorius, TE212, Gottingen, Germany) at the start and
end of the experiment. The difference between these measurements was calculated to
determine the weight loss for each nanofiber treatment. The weight loss was then expressed
as a percentage.

2.8.2 Total soluble solids (TSS)

To determine the TSS content, the technique proposed by Iiiguez-Moreno et al. (2021) was
employed. The refractive index of the samples was measured using a manual refractometer
(Atago, Model NAR-1T, Tokyo, Japan) at 25 °C and expressed as percentage.

2.8.3 Titratable acidity (TA) and pH

For TA, 20 g of avocado flesh was weighed and mixed with 100 mL of distilled water to
achieve homogenization. Then, the sample was brought to pH 7 by adding 0.1 N NaOH. The
neutral sample was brought to pH 8.3 with NaOH. The pH values were measured using a
potentiometer (Hanna Instruments, 2210, Woonsocket, USA). The results were expressed in
g of tartaric acid per 100 g, with a conversion factor of 0.007 for tartaric acid (Ifiguez-
Moreno et al., 2021).

2.8.3 Firmness

To measure the firmness of the whole avocado, two opposite sides of each fruit were selected,
and firmness measurements were taken. For the firmness of the avocado flesh, the fruit was
cut in half, and one measurement was performed on each half. The measurements were
carried out using a digital texture analyzer (Stable Micro Systems, Model TA-XT plus,
Surrey, UK). The analysis was performed at a speed of 2 mm/s, using a stainless-steel probe

with a puncture diameter of 2 mm. The depth reached during the test was 5 mm. This method
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allowed for the assessment of the firmness of both the whole avocado and its flesh, providing
information on the texture characteristics of the fruit.

2.8.4 Dry matter content (DMC)

First, the avocado pericarp was removed, then, the fruit was cut into two halves and
longitudinal slices of approximately 2 mm thick were cut to obtain a total of 10 g. The sample
was dried in a convection drying oven (Novatech, HS60, Kingwood, USA) at 105 °C until
constant weight (Ifiiguez-Moreno et al., 2021). The DMC was calculated with equation 2.

DMC (%) = (M, / M,) 100 Eq. 2

Where M; is the final weight of the sample, and My is the initial weight of the sample.
2.8.5 Color

The pericarp color of the avocado was measured using a colorimeter (Chromameter CR-400,
Konica Minolta Sensing Inc., Tokyo, Japan) at two different points of the equatorial zone of
the opposite sides of the fruit. The color values were expressed in terms of L*, a*, and b*
parameters, which provide information about lightness, redness/greenness, and
yellowness/blueness, respectively.

2.8.6 Statistical analysis
Data were analyzed by ANOVA with a P-value < 0.05. The Fisher test was used for the

comparison of means. STATISTICA 12 software (Statsoft Inc., Tulsa, OK, USA) was used
for statistical analysis.

3 Results and Discussion

3.1 Physicochemical characterization of polymeric solutions

SBS generation of nanofibers depends on parameters such as molecular weight of the
polymer, concentration, solution viscosity, surface tension, and polymer solution flow rate
(Benavides et al., 2012; Dadol et al., 2020; Daristotle et al., 2016). These parameters have
direct influence on critical characteristics that enable the formation of a fiber-producing jet
of polymer solution (Daristotle et al., 2016. In this sense, the physicochemical
characterization of the polymeric solutions was done in order to stablish a relationship
between the polymeric solutions and the obtained materials. The viscosity values for each of
the polymeric solutions are presented in the Table 2. Pul, CG:PEO and FP:PEO showed

significant differences in the viscosity, which are mainly due to the differences in molecular
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weight of the polymers used for these formulations. Significant differences in the solutions
viscosity were also observed when M. caribbica was added to these polymeric solutions. The
viscosity for Pul, CG:PEO, and FP:PEO with M. caribbica solutions showed a decrease of
the viscosity values in comparison with polymeric solutions without M. caribbica. This could
be due to the solubilization of the yeast pellet into PBS to improve the solubilization in the
polymeric solution, which could affect the viscosity of the final polymeric solution. However,

no changes in process stability were observed.

Table 2. Physicochemical characterization of polymeric solutions with/without the addition of M.

caribbica.
Polymeric solutions Viscosity (cP) Surface Tension (mN/m)
Pul 675.90 £ 9.54¢ 59.80 £0.20c
CG:PEO 9942.33 +323.47b 62.80 £ 0.30b
FP:PEO 12844.67 +219.39a 57.10 £0.30d
Pul + M. caribbica 573.57 £ 3.21f 67.20 £ 0.20a
CG:PEO + M. caribbica 7334.00 + 162.25d 60.10 £0.20c
FP:PEO + M. caribbica 9219.00 + 341.17¢ 57.20 + 0.40d

*Each column represents the mean + standard deviation of three independent replicas. Different letters in each

column indicate significant difference.

On the other hand, the surface tension of polymeric solutions is determined principally
from the solventused. In this case, water was used as solvent to maintain the viability of M.
caribbica. It is well known that water is characterized by a high surface tension value, which
needs to be overcome to obtain the fiber formation. Additionally, according to Hofmann et
al. (2018), surface tension is the main cause for jet instability and breakup. As we can see in
the Table 2, surface tension values of 57 to 63 mN/m were obtained. For the different polymer
solutions. As we can see there was no significant difference between different polymeric

solutions, even when M. caribbica was added being these values suitable for SBS process.

3.2 Scanning Electron Microscopy analysis
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SEM micrographs of Pul, CG:PEO, and FP:PEO fibers with and without M. caribbica
produced by SBS technique and fiber diameter are shown in Fig. 1 (a-f). Fibers are uniform,
smooth, and have curly appearance with some bundling due to the turbulence of the
pressurized gas during the SBS process (Dadol et al., 2020). The presence of some beads
could be related to the high surface tension. The nanofibers were placed successfully on the
avocado surface by SBS, generating a coating made of nanofibers loaded with M. caribbica
for the control of C. gloeosporioides. This coating was similar to the obtained by other
methods such as fluidized-bed, spraying (Aayush et al., 2022) or electrospinning process
(Ayon-Macias et al., 2023; Ifiiguez-Moreno et al., 2022).

Fibers with mean diameter of 212 + 61, 482 + 175, and 554 + 223 nm were obtained
for Pul, CG:PEO and FP:PEO, respectively. Similar mean diameters were obtained for the
nanofibers added with M. caribbica. Pul nanofibers showed the smallest fiber diameter, due
to the low viscosity of the polymeric solution and the high air pressure used (3 bar). It is well -
known that a reduced viscosity, produces thinner fibers, but also an increase of the air
pressure produces a greater drag force of the polymeric solution reducing the fiber diameter
(Lu et al., 2012). Same behavior was observed by Benavides et al. (2012), who obtained
nanofibers from SBS and observed a reduction of the average diameter of the fiber from 1.6

to 0.34 um when the air jet pressure incremented from 10 to 30 psi.

CG and FP did not produce fibers by SBS alone, for this reason PEO, which is a high
molecular weight polymer often used as spinning aid (Francis etal. 2010), was added to these
formulations. According to literature, it was not possible to produce fibers with PEO of low
molecular weight (2 x 10° Da) (Kolbasov et al. 2016). In this study, the use of a high
molecular weight PEO (5 x 10° Da) was first tested, but the production of fibers was
unsuccessful (results not shown). For that reason, PEO with a middle molecular weight (2 x

10° Da) was used in this research to be blended with CG and FP.
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Figure 7. SEM analysis of polymeric fibers obtained by SBS, a) Pul nanofibers, b) Pul nanofibers
loaded with M. caribbica, ¢) FP:PEO nanofibers, d) FP:PEO nanofibers loaded with M. caribbica, €)
CG:PEO nanofibers, f) CG:PEO nanofibers loaded with M. caribbica.
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SBS of a solution of PEO blended with CG and FP produced slightly larger nanofibers
than Pul fibers. Despite these solutions present a higher viscosity, this increase in fiber
diameter could be also provoked by a lower gas pressure, a lower flow rate, and a lower

working distance. These combination of parameters results in insufficient stretching of the

produced fibers (da Silva Parize et al., 2016; Kolbasov et al., 2016).
3.3 In vitro antifungal activity

Concerning the spore germination, all nanofibers loaded with M. caribbica exhibited high
percentages of inhibition, as shown in Table 3. CG:PEO nanofibers presented the highest
inhibition percentages in comparison with Pul and FP:PEO nanofibers. In addition, there was
no difference between CG:PEO nanofibers tested at 6 or 25 °C. It is important to note that
polymeric nanofibers without M. caribbica did not inhibit spore’s germination and mycelial
growth of C. gloeosporioides (results not shown). The slight major inhibition at 6 °C of all
nanofibers could be due to the low temperature effect in the spore germination (Iiguez-
Moreno et al., 2020). In this sense, inhibition was attributed to the different actions
mechanisms of M. caribbica against fungi such as competition for space and nutrients,
parasitism, biofilms production, and volatile organic compounds (VOC) production
(Bautista-Rosales et al., 2013; Gonzalez-Gutiérrezetal., 2021; Iniguez-Moreno et al., 2020).
In addition, Choinska et al. (2020) reported that due to the method used (no contact between
the antagonistic and the pathogen) the antagonistic activity of the yeast strains studied
resulted mainly from the production of biologically active VOC. According to Iiiguez-
Moreno et al. (2020), a possible compound produced by M. caribbica was a phenylethyl
alcohol, which together with phenylethyl acetate have been also recognized as effective
antifungal volatile compounds (Arrarte et al., 2017). The production of VOC is species-
specific and, the antimicrobial action of volatiles should be treated as a synergistic effect with
other suggested inhibitory mechanisms against the pathogen (Choinska et al.,2020). Similar
behavior was observed by Ifiiguez-Moreno et al. (2020), who evaluated a sodium alginate
coating loaded with M. caribbica produced by casting technique as a postharvest biocontrol

of C. gloeosporioides in avocado.
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Table 3. In vitro antifungal activity of nanofibers loaded with M. caribbica against C. gloeosporioides. The percentage of germinated spores was

measured after 9.5 h (25 °C) and 47 h (6 °C), whereas the percentage of mycelial growth inhibition was registered after 8 d (25 °C) and 20 d (6 °C).

Conditions Percentage of inhibition (%)

Germination Myecelial growth

6 °C 25°C 6 °C 25°C
Pul nanofibers 98.67 = 1.04Ba 89.17 £ 3.82Bb 100 = 0.00Aa 85.78 £ 1.33Bb
FP:PEO nanofibers 96.83 + 1.61Ba 88.33 £ 3.82Bb 99.58 £ 0.72Aa 89.17 + 4.42ABb
CG:PEO nanofibers 100 + 0.00Aa 100 + 0.00Aa 99.38 +£ 1.08Aa 96.67 £4.71Aa

Values are expressed as means + standard deviation (n= 6). Values in the same column followed by different capital case letter are significantly differentaccording

to Fisher’s LSD test at p < 0.05. Values in the same row, comparing germination or mycelial growth, followed by different lower-case letter are significantly

different according to Fisher’s LSD test at p < 0.05.
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In relation to mycelial growth inhibition, Pul, CG:PEO, and FP:PEO loaded with M.
caribbica did not show differences in the inhibition of C. gloeosporioides at 6 °C. This result
agrees with the high inhibition percentage against C. gloeosporioides found for all the tested

samples at 6 °C.

These results could be explained because when M. caribbica is released from
polymeric nanofibers, the yeast is interposed between the pathogen and the substrates, which
is more easily taken by the yeast, limiting the growth of C. gloeosporioides (Bautista-Rosales
et al., 2013). Then, other mechanisms are involved, for example, the biofilm formation,
where cells as primary colonizers, exclude other microorganisms, by the production of
exopolysaccharides. Also, M. caribbica can parasitize hyphae of C. gloeosporioides, through
the production of enzymes such as glucanases, chitinases, and proteases, which deform the
fungal hyphae, provoke vacuolization in mycelium and hyphal lysis (Bautista-Rosales et al.,
2013).0Other factors, as biosurfactants also produced by yeasts, such as sophorolipids,
carbohydrate-protein-lipid complex, mannanoprotein, among others (Amaral et al., 2010),
can elicit pores on fungal hyphae and trigger apoptosis by producing reactive oxygen species
(ROS). In this sense, the ROS retard normal hyphae development and reduce the disease
severity of C. gloeosporioides (Wu et al., 2020). In addition, as mentioned above, the
production of VOC plays an important role in inhibiting pathogens since this is given through
plasmatic membrane damage and rapid denaturation of proteins, with subsequent
interference with metabolism impairing respiration and cell lysis (Gonzalez-Gutiérrez et al.,
2021; Iniguez-Moreno et al., 2020).

3.4 Evaluation of M. caribbica in polymeric nanofibers applied on avocado fruit

3.4.1 Viability of M. caribbica in nanofibers during storage of avocados

The evolution of the viability of M. caribbica in Pul, CG:PEO and FP:PEO nanofibers
applied on avocado with time, stored at 25 °C and at 6 °C are shown in the Fig. 2. After the
SBS process, the viability of M. caribbica in all nanofiber formulations was similar to the
initial yeast concentration, consequently, no loss of viability was observed during the SBS
process. During avocado storage, Pul, CG:PEO, and FP:PEO nanofibers showed similar
behavior, since viability of M. caribbica was reduced over time showing a final viability of
4.37,5.73,and 5.52 Log 10 CFU fruit -1 at 25 °C, respectively. Under mimic conditions (6
°C, 95 % RH during 10 d and ripened at 25 °C, 75 % RH during 5 d) avocados showed final
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viability of 5.73, 4.41, and 5.90 Log;o CFU fruit" for Pul, CG:PEO, and FP:PEO nanofibers.
This loss of viability of M. caribbica in nanofibers applied on avocados can be associated

with a higher moisture loss at 25 °C, as observed by Ifiiguez-Moreno et al. (2020).

It is important to note that during SBS process, voltage is not involved as it is in
electrospinning process, reducing cell viability due to a leakage of intracellular compounds
(Guo et al., 2021). In this sense, this is an advantage in the SBS process of living cells and
other biomaterials, such as proteins, vitamins, and hormones (Oliveira et al., 2011).
Therefore, a high viability of cells is warranted after SBS processing. Some cells have been
studied in their encapsulation into nanofibers by SBS obtaining high viability, such as
fibroblast and osteoblast cells (Pehlivaner Kara and Ekenseair, 2016), renal epithelial cells
(Luetal., 2012), and bovine dermal fibroblasts (Veazey et al., 2005). Lu et al. (2012) studied
a SBS method for the preparation of nanofibers containing cells and their potential industrial
bioengineering applications. They observed that living cells had higher rates of survival when
using SBS compared to electrospinning process. The SBS technique ensures high viability
of cells, simultaneous deposition of cells and material. However, the use of new biological
materials for SBS process, merit further investigations because some important parameters
in polymers such as concentration, viscosity, and spraying technique may affect cell viability

(Daristotle et al., 2016; Pehlivaner Kara and Ekenseair, 2016).
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Figure 8. Population dynamics of Meyerozyma caribbica in nanofibers applied on avocado Hass
fruit. The graph shows the evolution of yeast viability in avocados coated with nanofibers stored at
a) 25 °C during 15 d and b) 6 °C for 10 d and ripened at 25 °C for 5 d. Each point represents the mean

+ standard deviation (n = 6).
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3.4.2 Postharvest protection of avocado fruit with polymeric nanofibers (preventive
and curative treatments)

The effectiveness of Pul, CG:PEO, and FP:PEO nanofibers with M. caribbica were evaluated
against C. gloeosporioides. The results of preventive and curative treatments against
anthracnose caused by C. gloeosporioides in avocado fruit during the storage at 25 °C for 15
d and at 6 °C during 10 d and ripened at 25 °C during 15 d are shown in the Fig. 3 and Fig.
4, respectively. It is important to note that during in vivo assays, different conditions such as
temperature, relative humidity and interaction between polymeric matrix and cuticle of fruits
can influence in the effectiveness of nanofibers against C. gloeosporioides. In this sense, in
contrast with the in vitro results, where CG:PEO was the best formulation, in this in vivo
assay the nanofibers of Pul loaded with yeast showed the best results as a preventive
treatment in the inhibition of C. gloeosporioides, compared with the CG:PEO and FP:PEO
nanofibers and the synthetic fungicide (azoxystrobin). Pul nanofibers showed a 100%
severity reduction with respect to the control (no infected wounds nor diseased fruits
observed, Fig. 3, group A, B, C), whereas CG:PEO, FP:PEO and azoxystrobin showed 35%,
50%, 75% at 25 °C during 15 d, respectively. In some cases, biocontrol agents have better
efficacy than synthetic fungicides (Ocampo-Suarez et al., 2017). This important
characteristic was mentioned also Shi etal. (2021), who discussed about biocontrol strategies
for the management of Colletotrichum species in postharvest fruits. On the contrary, when
nanofibers were evaluated as a curative treatment, a decrease of effectiveness in comparison
with the preventive treatment was observed. Pul nanofibers loaded with M. caribbica showed

a reduction of severity of 26 % in comparison to the control (Fig. 3, group A).

Regarding FP:PEO nanofibers, they showed a reduction of severity of 28 % (Fig. 3,
group A). However, the level of anthracnose protection was higher with CG:PEO nanofibers
as a curative treatment, which showed a reduction in severity of 59 %, whereas azoxystrobin
showed a severity reduction of 69 % (Fig. 3, group A). However, in both cases, there was not
statistically difference with the preventive treatment. A decrease in the effectiveness of
nanofibers as curative treatments may be due to the fact that during curative treatments C.
gloeosporioides is inoculated before the application of nanofibers with yeasts. This allows

C. gloeosporioides to colonize the wound before M. caribbica. After colonization, C.
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gloeosporioides acquires the necessary nutrients to initiate its mechanisms of infection.
During destructive phase, the pathogen secrets toxins and an enzymatic complex responsible

for degrading plant tissue (da Silva et al., 2020).

As can be seen in the Fig. 3, all polymeric nanofibers without M. caribbica did not
show an effect in anthracnose inhibition, the severity, the percentage of incidence of
anthracnose and the percentage of infected wounds did not show significant difference with

respect to control.
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Figure 9. Curative and preventive treatments against Colletotrichum gloeosporioides applied on
avocado fruit variety Hass. Group A referring to severity, Group B referring to incidence of
anthracnose, and Group C, infected wounds.The fruit with curative and preventive treatments were
stored at 25 °C for 15 d. Control (sterile water); Azoxystrobin (synthetic fungicide); Pullulan (15%);
FP:PEO (7.5%, ratio 0.024:1 w/w); CG:PEO (7.5%, ratio 0.13:1 w/w), and Pullulan + yeast, FP:PEO
+ yeast and CG:PEO + yeast, all polymeric solutions at the same initial concentration, i.e. 15%, 7.5%
and 7.5% adjusted at 1 x 108 cells mL-!, respectively. Mean values in the same graph followed by
different lower-case letter are significantly different according to Fisher’s LSD test at p <0.05. Each

bar represents the mean values + standard deviation (n = 18).
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On the other hand, preventive and curative treatments stored at 6 °C during 10 d and
ripened at 25 °C during 5 d, were more effective in severity reduction (Fig. 4), comparing
with treatments stored at 25 °C for 15 d (Fig. 3). Avocado fruits treated with preventive Pul
nanofibers did not show development of anthracnose disease. Even under these storage
conditions, CG:PEO and FP:PEO nanofibers did not show completely inhibition of
anthracnose caused by C. gloeosporioides. The severity was reduced in 42% and 58% for
CG:PEO and FP:PEO, respectively, in comparison with the control. As a curative treatment
severity was also reduced showing 76%, 60%, and 45% for Pul, CG:PEO and FP:PEO
nanofibers, respectively. In general, preventive treatments were more efficient than curative
treatments under both tested conditions, similar results were shown by Gonzalez-Estrada et
al. (2017) and Ihiguez-Moreno et al., (2020), who evaluated M. caribbica as a biocontrol
agent against P. italicum and C. gloeosporioides,respectively. This behavior is related to the
viability of M. caribbica in nanofibers and the release of M. caribbica from nanofibers into
the surface of avocado fruit. High cell density of M. caribbica was observed after 6 d of
storage in the Pul nanofibers at 25 °C (Fig. 2a).
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anthracnose, and Group C, infected wounds. The fruit with curative and preventive treatments were
stored at 6 °C during 10 d and ripened at 25 °C during 5 d to simulate the conditions at the retail level.
Control (sterile water); Azoxystrobin (800 mg/L according technical sheet; AMISTAR® Syngenta,
Zeneca, Frankfurt, Germany); Pullulan (15%); FP:PEO (7.5%, ratio 0.024:1 w/w); CG:PEO (7.5%,
ratio 0.13:1 w/w), and Pullulan + yeast, FP:PEO + yeast and CG:PEO + yeast, all polymeric solutions
at the same initial concentration, i.e. 15%, 7.5% and 7.5% adjusted at 1 x 108 cells mL-!, respectively.
Mean values in the same graph followed by different lower-case letter are significantly different
according to Fisher’s LSD test at p < 0.05. Mean values in the same graph followed by different
lower-case letter are significantly different according to Fisher's LSD test at p < 0.05. Each bar

represents the mean values + standard deviation (n = 18)

In addition to this, Pul is a water-soluble polysaccharide; therefore, it shows high
solubility at 100% RH, 28 °C (Niu et al., 2020). Aceituno-Medinaetal. (2013) observed that
the fibers with higher Pul content (amaranth protein isolate:pullulan 50:50) were less stable
when exposed at 100% RH. These characteristics enhance the rapid release of M. caribbica
from the Pul nanofibers allowing the yeast establishment owing to its ability to colonize the
surface of avocado fruit wound faster than fungus (Ifhiguez-Moreno et al., 2020). Although
the CG and FP are also water-soluble polysaccharides (Vazquez-Gonzalez et al., 2024, 2022,
2021), the mixture with PEO showed a strong film formed by hydrogen bonds between the
ether groups and hydroxyl groups of CG and FP reducing M. caribbicarelease and retarding
the colonization on the avocado surface (Kolbasov et al., 2016; Tien et al., 2022).

3.5 Quality properties of avocados after applying Pul, CG:PEO, and FP:PEO
nanofibers loaded with M. caribbica.

3.5.1 pH, titratable acidity (TA), and total soluble solids (TSS)

At both stored conditions, pH values increased in the same way in avocado treated with
nanofibers (Pul, CG:PEO, and FP:PEO nanofibers) as for controls (sterile water and synthetic
fungicide) (Table 4 and Table 5). This resultis in line with the results previously showed by
Iniguez-Moreno et al. (2021), who observed an increase in the pH up to 6.6 when they
evaluated sodium alginate coatings with M. caribbica and impact on quality properties of

avocado fruit.

The TA values of avocados with and without nanofibers decreased with storage time

and did not show significant differences. Same behavior was observed by Sierraetal. (2019),
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who evaluated changes in physicochemical properties of avocado fruits variety Hass. This
result could be due to the decrease of organic acids, such as malic acid or citric acid, during
the ripening process, since they are primary substrates for respiration, contributing to the

reduction of titratable acidity (Ali et al., 2010; Ihiguez-Moreno et al., 2021).

All treatments showed similar TSS values (1 — 1.5 °Brix) showing an increment of TSS
during storage time. During the metabolic activity, a and f amylases hydrolyze starch to
simpler disaccharides and monosaccharide, reducing the TA and incrementing the TSS

values (Sierra et al., 2019).

3.5.2 Weight loss

Under room temperature storage condition (Table 4), CG:PEO nanofibers with and without
M. caribbica showed the highest weight loss in comparison with control avocados (sterile
water and azoxystrobin). Whereas FP:PEO and Pul nanofibers with and without M. caribbica
did not show significant statistical difference with control. An increase of temperature
contributes to decreasing the water concentration in the atmosphere surrounding the fruit,
and, therefore, to increase the transpiration rate (Sierra et al., 2019).

On the other hand, under simulated conditions at retail level (Table 5), CG:PEO, FP:PEO
and Pul loaded with M. caribbica nanofibers did not show significant statistical difference
with control. While, CG:PEO, FP:PEO and Pul without yeast showed a statistical difference
in comparison with control avocados (sterile water and azoxystrobin). Permeability of
material is a crucial characteristic to modulate respiration process of the fruit (Ihiguez-
Moreno et al., 2021). In this sense, CG:PEO can negatively alter the internal atmosphere of
the fruit by inducing anaerobic off-flavor development with the restriction of respiratory gas
exchange (Saberi et al., 2018). Polysaccharide based coatings have a hydrophilic nature and
influence the weight loss in coated fruits due to formation of hydrogen bonds with cuticle of
fruits (Moreira et al., 2020). Some research has emphasized also that weight loss is due to
the coating solution itself (Ali et al., 2010; Park and Chinnan, 1995; Sucheta et al., 2019). In
this sense, Sucheta et al. (2019), observed that due to higher solids in concentration of
solution, edible coatings (50% pectin : 50% corn flour, 80% pectin : 20% corn flours) added
with beetroot powder (0.4% w/v) were found to be less effective in reducing the

evapotranspiration as compared to other non-added coating solutions. The primary reason for
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increased weight loss of avocados when they were covered with FP:PEO but to a larger extent
with CG:PEO could be that after nanofibers deposition a kind of thick coating was generated
on the surface of avocados due to nanofibers are sensitive to moisture. CG:PEO completely
covered the surface of the fruit resulting in generation heat and an anaerobic fermentation
due to low O, concentrations and high CO, concentrations (Park and Chinnan, 1995; Sucheta
et al., 2019). Similar results were observed by Ali et al. (2010), who observed more weight
loss when using 20% gum Arabic compared with a concentration of 10 % to improve
postharvest quality of tomato. Also, Park and Chinnan (1995) observed that tomato fruit
coated too thickly with a corn-zein film resulted in more weight loss. In addition, the lower
gas permeability by FP and CG can also influence. Studies carried out by Ferreiraetal. (2016)
and Moreiraet al. (2020) showed that FP mixed with chitosan and CG mixed with PVA have
been shown low water vapor permeability (0.75 x 107! and 7 x 10" mol/ms Pa) and CO,

permeability (5.8 x 107'® mol m/m?sPaand 363 cm?®m2day™ at 0.1 Mpa™!, respectively).

The weight loss of avocados increased gradually during the storage time, due to
different metabolic processes such as transpiration and respiration (vapor-phase diffusion
and to the moisture loss through the stomata) (Bill et al., 2014; [fiiguez-Moreno et al., 2021).
Different weight loss under storage conditions evaluated are influenced by all the metabolic
processes involved in the degradation of the cell membranes leading to a lower water

retention capacity and facilitating the evaporation (Sierra et al., 2019).
3.5.3 Firmness

Firmness is an important attribute of fruit quality and is associated to shelf life. In this sense,
CG:PEO, FP:PEO and Pul nanofibers showed a decline of firmness similar to the control,
therefore there was not a significant statistical difference in comparison with the controls
(sterile water and azoxystrobin) under both storage conditions (Table 4 and Table 5).
Regarding the flesh firmness, the same behavior was observed, treatments did not show
statistical differences with controls. Softening of fruit is due to deterioration in the cell
structure, cell wall composition and intracellular materials and is a biochemical process
involving the hydrolysis of pectin and starch enzymes (Ali et al., 2010; Iiiguez-Moreno et
al., 2021; Marques et al., 2016). During mimic storage conditions (Table 4), Pul, CG:PEO,
and FP:PEO nanofibers with and without M. caribbica showed a slightly higher values
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compared with control. There is a relation between the weight loss and firmness parameter.
As mentioned above (section 3.5.2), the slightly higher values could be due to the low levels
of O, and high levels of CO, limit the activities of these enzymes and allow retention of the

firmness during storage (Ali et al., 2010).



Table 4. Quality properties of coated avocado fruit with nanofibers storage during 12 days at 25 °C.
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Storage conditions

Physicochemical
‘ 12 days at 25 °C
properties
Control Azoxystrobin Pul Pul + yeast CG:PEO CG:PEO +yeast FP:PEO FP:PEO + yeast

Weight loss (%) 473 +£1.29° 4.80+0.41° 6.88+£2.64° 7.70+0.40° 2541 +£9.17* 22344538 11.28+6.43> 6.42+2.57°
TSS (°Brix) 1.00£0.00°  1.50+£0.00*  1.50=+0.00* 1.00 =+ 0.00° 1.5+£0.00* 1.00 = 0.00° 1.00 = 0.00° 1.00 £ 0.00°
TA (%) 0.10+0.01°  0.12+£0.04*®> 0.12+0.00*®> 0.12 +0.032° 0.15+0.01*  0.10+0.01° 0.10+0.03*  0.12+0.012°
pH 6.78 £0.082°  6.66+0.17°  6.62+0.03> 6.58 +0.17°¢ 6.53+0.13°  6.78 £0.05° 6.97+0.08%  6.77+0.16°
Fruit firmness (N) 6.07+1.15*  5.74+0.85* 584+ 1.10° 5.32+0.43" 6.69+1.23*  5.08+1.55° 6.57+2.43*  579+0.78
Flesh firmness (N) 0.19+0.042> 0.18 £0.032® 0.23+£0.12%> 0.19 £ 0.05%° 0.14 +£0.01*®*  0.13 +0.00° 0.18£0.08%® 0.27+0.13?
DMC (%) 20.25+£0.90° 21.76 £2.14* 19.81+£0.99° 21.86 & 2.40° 2822 +1.80* 25.18+3.01% 2450 £3.22° 2043 +1.17¢
Pericarp L* 21.02+0.40° 19.97+0.78* 20.64 £2.98* 20.93 + 1.48* 19.71 £1.62*  21.22+1.02* 19.57 +1.49*  20.74 £ 0.81°

a* 1.97+£0.822> 1.18+£0.25* 2.39+1.38%> 2.17+0.64%° 1.84 +£0.872>  1.48+0.21° 2.96 +£0.542 1.99 £ 0.42%

b* 1.99+0.70*¢ 1.31+0.15° 2.90+0.832® 327+1.112 2,39 +0.843% 236+ (.51 2.38 £0.84%° 280+ 0.36%°

AE 21.22+£0.59*  20.04+£0.79* 21.02+3.01* 21.31+1.69° 19.98 £1.41*  21.40+1.012° 19.96 £ 1.38*  21.02 +0.81%°

The avocados were immersed in SDW (sterile distilled water), azoxystrobin (800 mg/L). CG:PEO, FP:PEO and Pul nanofibers with and without M. caribbica were

applied on theavocado s surface by SBS. Values in the same row, with different lower-case letters, are significantly different according to Fisher’s LSD test at p <

0.05. Values are expressed as means + standard deviation (n = 27). Initial TSS (total soluble solids, %) = 0.50 = 0.00; TA (titratable acidity as percentage of
tartaricacid)=0.15+0.03; pH=5.89 £0.02; Fruit firmness (N) =21.27+ 1.52; Flesh firmness (N) = 20.63 = 1.77; DMC (dry matter content) = 22.21 £2.52;
Pericarp color L*=27.00+£2.78,a*=-6.87 £ 1.88, b*=8.47 £2.41. AE: total color change.
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3.5.4 Dry matter content (DMC)

Dry matter content is a crucial parameter for determining avocado maturity and is currently
used worldwide (Araujo et al., 2018). CG:PEO nanofibers showed the highest DMC
percentage under both storage conditions evaluated (Table 3 and Table 4). This is related to
the fact that the ripening process was faster with the application of CG:PEO nanofibers due
to the hydrophilic polymers usually have poor water vapor barriers (Ifiiguez-Moreno et al.,
2021; Moreiraet al., 2020). Pul and FP:PEO nanofibers did not show significance statistical
difference with controls under both storage conditions.

3.5.5 Color change

Skin color change of avocados, particularly variety “Hass” is important for industry and
consumers, since it is an indication of fruit ripeness (Cox et al., 2004). Under both storage
conditions luminosity of the pericarp did not show statistical significance in comparison with
the controls (sterile water and azoxystrobin, Table 4 and Table 5). This luminosity values
were decreased throughout the avocado ripening process. It was observed that the nanofibers
application did not affect fruit color, avocados had a black color associated to the epidermis,
may be due to chlorophyll degradation (Cox et al., 2004). These results are in line with
Correa-Pacheco et al. (2017), who evaluated the effect of nanostructures chitosan and
chitosan-thyme essential oil coating on cv Hass avocado quality. The a* value in the avocado
pericarp changed from negative in the unripe fruit to positive at the end of time storage under
both conditions. For 5* values also showed no significant differences with respect to the
control (Table 4 and Table 5). Similar behavior was observed by Correa-Pacheco et al.
(2017); Iniguez-Moreno et al. (2021); Sierraet al. (2019). Regarding the AE values were low
and there were not differences between treatments and controls under both storage conditions
(Table 4 and Table 5). This means that the application of CG:PEO, FP:PEO and Pul did not

prolong ripening process of avocados (Ifiiguez-Moreno et al., 2021).
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Table 5. Quality properties of coated avocado fruit with nanofibers storage during 10 days at 6 °C and ripening at 25 °C by 8 days.

Storage conditions

Physicochemical 10 days at 6 °C and ripening at 25 °C by 8 days
properties CG:PEO +
Control Azoxystrobin  Pul Pul + yeast CG:PEO - FP:PEO FP:PEO + yeast

Weight loss (%) 10.80 £2.64% 11.33 +£0.46%° 16.89 +6.00%> 10.14 +£0.72° 19.59 £3.53  16.26 £3.90°*¢ 18.08 £4.962>  13.17 + 1.48bcde
TSS (°Brix) 0.67+0.29*  0.50+0.00* 0.67 £0.292 0.83 £0.29? 0.67 +£0.292 0.67 +0.292 0.83 +£0.292 0.67 £0.292
TA (%) 0.14+0.01* 0.14+0.02* 0.12+0.012° 0.11+0.012 0.09 £ 0.00° 0.12+0.012° 0.12 +0.022° 0.12+0.012b
pH 6.89+0.198* 6.84+0.18® 6.96+0.112 6.83 £0.10°*  6.43 +0.15¢ 6.50 £ 0.24¢ 6.61 £0.31°¢ 6,69 + 0.142><d
Fruit firmness (N) 4.05+0.48> 4,73 +£0.89° 6.05+1.1720 5.60 + 0.752P 5.57 £ 2.69° 6.01 £ 0.823° 9.31 +£1.532 5.99 + 1.062°
Flesh firmness (N) 0.27 +£0.05%®  0.77 £0.78? 0.25 +0.09%° 0.25+0.012° 0.60 + 0.332° 0.24 £0.03° 0.25 £ 0.09%° 0.25+0.012°
DMC (%) 28.01 £6.44%° 26.12+2.46° 24.09+£295> 27.54+£222° 2638+1.57° 33.98+494* 23.89+2.18> 27.93+1.63°
Pericarp L* 18.55+0.41* 19.29+1.42* 18.87+0.45° 19.15+0.63° 18.40+£2.21*  19.40 +0.85* 18.43 +£0.86° 18.57 +£0.24°

a* 1.58+0.45* 1.81+0.95 1.24+£0.10% 1.45+0.56% 1.48 £0.25° 1.76 £0.582 1.02+0.172 1.01 +£0.122

b* 1.39+0.16* 1.26+0.32° 1.38 £0.07° 1.68 £ 0.30%° 2.08 £ 0.59* 1.55+£0.19% 1.40 + 0.34° 1.26+0.21°

AE 18.68 £0.37* 19.41+1.73* 18.96 +0.442 19.29 + 0.64° 18.58+2.27*  19.55+0.90° 18.51 £ 0.85° 18.64 +0.26°

The avocados were immersed in SDW (sterile distilled water), azoxystrobin (800 mg/L). CG:PEO, FP:PEO and Pul nanofibers with and without M. caribbica were

applied on the avocados surface by Solution Blow Spinning. Values in the same row, with different lower-case letters, are significantly different according to

Fisher’s LSD test at p < 0.05. Values are expressed as means + standard deviation (n = 36). Initial TSS (total soluble solids, %) = 0.50 = 0.00; TA (titratable

acidity as percentage of tartaric acid) =0.15+0.02; pH=6.43 + 0.06; Fruit firmness (N) = 20.40 = 1.44; Flesh firmness (N) = 18.05 = 1.71; DMC (dry matter
content) =29.22 £ 1.25; Pericarp color L*=28.15+0.81,a*=-7.00+£0.26, b*=9.62 + 0.69. 4E: total color change.
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4 Conclusions
This is the first report where M. caribbica was encapsulated in nanofibers from new

polymeric materials such as Pul, CG and FP using SBS technique. Homogenous, continuous,
smooth, and curly nanofibers were obtained, with M. caribbica effectively encapsulated and
distributed within the nanofibers. SBS was able to directly form and apply the nanofibers on
avocados. CG:PEO, FP:PEO and Pul nanofibers were effectively adhered to the surface of
avocados. The nanofibers could control the growth of C. gloeosporioides. However, the Pul
nanofibers showed to be the most effective to inhibit the growth of C. gloeosporioides under
both conditions tested during in vivo assay. The application of these nanofibers did not have
a negative effect on quality properties of avocados such as pH, TA, TSS, firmness and DMC
with respect to the controls (azoxystrobin and distilled water). It is important to mention that
CG:PEO nanofibers provoked a high weight loss on avocados, and consequently,
optimization may be required depending on the properties of fruits and vegetables. According
to these results, the use of M. caribbica entrapped into Pul nanofibers by SBS may have great

potential to act as a new biocontrol strategy to extending the shelf life of fruits and vegetables.
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El mercado de los aguacates se encuentra entre los de mas rapido crecimiento en todo el
mundo, siendo México el primer productor y exportador de este fruto (STATISTA, 2023).
Sin embargo, debido a su susceptibilidad a enfermedades postcosecha se producen grandes
pérdidas econdmicas. La antracnosis causada por el hongo Colletotrichum gloeosporioides

es una de las enfermedades mas importantes que afecta a este fruto (Bill y cols., 2014).

En este sentido, para controlar las enfermedades postcosecha causadas por hongos
fitopatogenos, los microorganismos antagonistas estan siendo ampliamente estudiados como
alternativa a los tratamientos de fungicidas quimicos. Dentro de los microorganismos
antagonistas estudiados, cabe destacar la levadura Meyerozyma caribbica, la cual ha sido
reportada como efectiva como control bioldgico en mango, en papayay en aguacate (Ifiiguez-
Moreno y cols., 2021; Gonzélez-Gutiérrez y cols., 2021; Aguirre-Giiitrén y cols., 2022;
Bautista-Rosales y cols., 2013), debido a sus diferentes mecanismos de accion y, ademas, se
ha demostrado su no toxicidad (Ocampo-Suarezy cols.,2017), lo que la hace una alternativa
segura. Estos microorganismos se pueden combinar con matrices poliméricas con la finalidad
de brindarles proteccion para mantener su actividad y eficacia contra los fitopatogenos. En
este sentido, se estdn explorando nuevas técnicas y matrices poliméricas que proporcionen la

liberacion controlada del agente bioactivo y permitan una aplicacién directa en el fruto.

Las nanoestructuras  biopoliméricas  producidas mediante  procesos
electrohidrodindmicos y aerohidrodinamicos presentan caracteristicas que las hacen
altamente interesantes para esta aplicacion (Haider y cols., 2018; Torres-Ginery cols., 2018),
por este motivo, el desarrollo de nanofibras biopoliméricas con propiedades antifungicas para

el tratamiento de la antracnosis en aguacate Hass ha sido el objetivo principal de esta tesis.

Asi, la primera fase de esta tesis se centrd en la realizacion de un estudio sobre el
procesado electrohidrodinamico del primer biopolimero seleccionado: la goma de anacardo.
En particular, la goma de anacardo (CG) es un exudado gomoso obtenido del arbol
Anacardium occidentale, el cual estd ampliamente distribuido en la parte nororiental de
Brasil. Este biomaterial presenta un alto potencial, debido a que se trata de una materia prima
econdmica, biocompatible, ecologicay altamente biodisponible. Ademas, es soluble en agua,

con buenas propiedades emulsificantes, adhesivas y estabilizantes, y se ha reportado su
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actividad mucoadhesiva, antiinflamatoria y antimicrobiana, entre otros (Botrel y cols., 2017;
Ribeiroy cols., 2016; Silvay cols., 2012). El estudio realizado en esta primera fase de la tesis
fue necesario debido a que, de acuerdo con nuestro conocimiento, el procesado de dicho
biomaterial no se habia realizado anteriormente mediante esta tecnologia. Para este estudio,
se desarrollaron formulaciones con propiedades fisicoquimicas adecuadas para ser
procesadas mediante procesado electrohidrodinamico. Sin embargo, se observé que la CG
por si solano es capaz de formar nanofibras, y en su lugar se obtuvieron capsulas esféricas,
de superficie lisa, sin concavidades y no presentaron fisuras ni roturas. Con el objetivo de
caracterizar las propiedades protectoras de la CG, se llevo a cabo el proceso de encapsulacion
de un compuesto bioactivo modelo, altamente conocido en el grupo de investigacion, el p-
caroteno. Las particulas obtenidas encapsulando el [-caroteno, presentaron buenas
propiedades morfologicas, capsulas esféricas y lisas, sin presencia de concavidades y tamafio
medio de particulaentre 3 y 6 um, y de eficiencia de encapsulacion, siendo superior al 90%;
sin embargo, presentaron baja capacidad de carga, siendo inferior al 0.1%, principalmente
debido a la baja solubilidad de este compuesto en casi todos los disolventes convencionales.
Esto podria limitar su aplicacion; sin embargo, podrian realizarse algunas modificaciones
quimicas de la goma para mejorar las interacciones entre el compuesto bioactivo y la matriz
polimérica, y con ello mejorar la capacidad de carga. Finalmente, bajo un estudio acelerado
bajo luz ultravioleta se observo que la CG tiene capacidad de brindar fotoproteccion al -

caroteno.

La segunda fase de esta tesis consistio en el estudio sobre la posibilidad de formacion
de nanofibras electroestiradas con el segundo biopolimero seleccionado, el FucoPol. Este
biomaterial es un exopolisacarido producido por el microorganismo Enterobacter A477. Se
trata de un heteropolisacarido con caracter anionico e interesantes propiedades funcionales,
como emulsificantes, espesante, floculante, filmdgena, propiedades adhesivas vy
fotoprotectoras (Ferreiray cols., 2018; Guerreiro y cols., 2020; Lourengo y cols., 2017). Al
igual que con el biopolimero anterior, no se disponia de informacion bibliografica sobre la
formacion de micro o nanoestructuras mediante electrospinning a partir de este
exopolisacdrido. Se obtuvo una pelicula de fibras homogéneo, semitransparente y flexible,
sin embargo, al momento de manipularlo mostr6 ser fragil. El analisis mediante microscopia

electronica demostrd que este comportamiento se debia a la presenciade fibras y perlas. Por
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tanto, la disolucion de FucoPol en agua, por si misma no formo fibras, debido a la baja
solubilidad maxima de este polimero en este disolvente. Por lo tanto, se decidié combinar el
FucoPol con polimeros de soporte como el PEO o el pululano. Para la produccion de estas
fibras, se us6 una solucién agua:etanol (70:30, v/v), para disminuir la tension superficial, y
con ello generar un proceso mas estable de formacion de fibras. La observacion mediante
microscopia electronica de los materiales obtenidos mostro fibras helicoidales, uniformes y
cilindricas a partir de FP:PEO y FP:Pululano. Ademas, mediante los analisis de TGA se
observo que la presenciade FucoPol aument6 el rango de degradacion térmica alrededor de
70 °C. Los analisis de DSC de las nanofibras de FucoPol y FucoPol:Pululano mostraron su
naturaleza amorfa. Un hallazgo importante en esta segunda etapa fue que mediante el analisis
WAXS, se observaron nuevos picos por debajo de los 10° lo que sugiere que la presencia
del exopolisacarido FucoPol podria afectar el ensamble jerarquico de este polisacarido con

los polimeros de soporte con una estructura helicoidal.

Después del estudio de la CG en la fase 1 y la obtencidn de nanofibras de FucoPol por
electrospinning enlafase 2, en la fase 3 se procediod a la formacion de nanofibras de Pululano,
GC:PEO y FucoPol:PEO adicionadas con M. caribbica mediante electrospinning. En esta
fase, se obtuvieron fibras cilindricas, lisas y uniformes a partir de las diferentes soluciones
poliméricas que contenian a la levadura tal y como se observo mediante SEM. Se realizé un
estudio de 1a morfologia interna de las fibras, para lo cual las fibras se embebieron en resina,
se realizaron cortes finos con un ultramicrotomo, los cuales se tifieron y ser observaron en
un microscopio optico. Esto permitié confirmar la presencia de la levadura en las nanofibras.
Se hipotetizo que dicha encapsulacion se producia cuando la gota se alarga para formar la
fibray la levadura esta presente, el polimero recubre completamente la levadura y, después
de esto, la formacion de fibra continua. De acuerdo con la literatura, solo los polimeros con
pesos moleculares adecuados pueden proporcionar propiedades viscoelasticas que permitiran
la encapsulacion de microorganismos (Torres-Guiner y cols., 2008). En relacion con la
viabilidad de la levadura, se observo que la pérdida de células viables fue més significativa
en las nanofibras de CG:PEO y FP:PEO comparadas con las nanofibras de pululano.
Adicionalmente, la formulacion con pululano proporcion6é una mayor estabilidad de la
levadura durante 25 dias a ambas temperaturas evaluadas. Finalmente, se observo que las
nanofibras de pululano mostraron los porcentajes de inhibicion mas altos frente a los seis

233



patdgenos estudiados, comparadas con las nanofibras de CG:PEO y FP:PEO. Este fendmeno
podria deberse a la mayor viabilidad de M. caribbica presentada por las fibras de pululano.
Las formulaciones poliméricas estudiadas permitieron la liberacion de M. caribbica durante
la incubacion, la cual colonizo toda la placa de Petri e impidi6 el desarrollo de los hongos
gracias a los diferentes mecanismos de accidon reportados para esta levadura (Bautista-
Rosales y cols., 2013). De acuerdo con el ensayo de germinacion de esporas, todos los
tratamientos mostraron un efecto fungistatico, ya que después del tiempo de germinacion de

la espora control, las esporas con tratamiento germinaron.

Durante la fase 4, se procedido a obtener nanofibras de Pululano, CG:PEO y
FucoPol:PEO adicionadas con M. caribbica mediante la técnica Solution Blow Spinning. Las
fibras obtenidas con las formulaciones estudiadas mostraron ser fibras con una apariencia
uniforme, suave y rizada con pequefios agrupamientos debido a la turbulencia del gas
presurizado durante el proceso de SBS. A pesar de estos agrupamientos, se pudo observar
que M. caribbica también fue encapsulada dentro de las nanofibras mediante esta técnica. En
relacion con la inhibicion del crecimiento micelial, todas las nanofibras adicionadas con M.
caribbica no mostraron diferencia estadisticamente significativa en la inhibicion de C.
gloeosporioides a 6 °C. Es importante sefialar que las nanofibras sin M. caribbica no
mostraron efecto sobre la germinacion de las esporas. En este sentido, se atribuy¢d la
inhibicidn a diferentes mecanismos de accion de M. caribbica. Durante los ensayos in vivo
de estabilidad en condiciones de almacenamiento del aguacate, las nanofibras de pululano,
CG:PEO y FP:PEO mostraron un nivel de proteccion similar, debido a que la viabilidad de
M. caribbica se redujo con el tiempo. Esta pérdida de viabilidad de M. caribbica en
nanofibras aplicadas sobre aguacate puede estar asociada a una mayor pérdida de humedad a
25 °C (Iiiguez-Moreno y cols., 2020). Las nanofibras de pululano con levaduras mostraron
los mejores resultados como tratamiento preventivo en la inhibicion de C. gloesosporioides
comparado con las nanofibras de FP:PEO y CG:PEO; ya que no se observaron heridas
infectadas y por ende no hubo desarrollo de la enfermedad. Finalmente, se observo que las
nanofibras no mostraron un efecto significativo en los diferentes parametros de calidad

evaluados sobre los aguacates en comparacion con los aguacates control.

En conclusion, este trabajo de tesis ha demostrado el uso potencial de dos polisacaridos

como material de pared en la encapsulacion de compuestos activos como el B-caroteno, y de
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agentes de biocontrol, como M. caribbica. Estos pueden ser procesados mediante técnicas
electrohidrodinamicas como electrosprayy electrospinning, asi como a través de un proceso
aerohidrodinamico, destacando la técnica Solution Blow Spinning. La presencia de M.
caribbica en las nanofibras, junto con las diversas propiedades mostradas, como la elevada
viabilidad de M. caribbica después de los procesos de electrospinning y Solution Blow
Spinning, la falta de interaccion entre las nanofibras y la levadura, y la ausencia de efectos
negativos de las nanofibras en los parametros de calidad de los frutos de aguacate, sugiere
que estas nanofibras tienen un potencial de aplicacion en el tratamiento post-cosecha de frutas
y vegetales. Esto podria ayudar a controlar e inhibir diversos hongos fitopatdogenos que
causan pérdidas significativas en la produccion de frutas y vegetales, contribuyendo asi a la

reduccion del desperdicio de alimentos.
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9.1 Conclusion general
Las enfermedades postcosecha producen anualmente una gran cantidad de desperdicios
alimentarios y grandes pérdidas econdmicas. Por este motivo, la busqueda de estrategias de
control alternativas a los fungicidas quimicos se situa como uno de los principales temas de
interés para la comunidad cientifica. Existe un gran interés por el estudio de agentes de
biocontrol y de nuevas técnicas que permitan la proteccion de dichos agentes y su aplicacion
directa. En este contexto, en esta tesis se¢ ha realizado el desarrollo de recubrimientos
antifingicos para el control de antracnosis en aguacate “Hass” (Persea americana Mill. cv.

Hass).

Para ello, en esta investigacion, se logro optimizar soluciones utilizando polisacaridos
como la goma de anacardo, el FucoPol y el pululano. Estos polisacaridos demostraron la
capacidad de formar micro y nanoestructuras mediante procesos electrohidrodinamicos y
aerohidrodinamicos, manteniendo una estabilidad térmica. Las microcapsulas resultantes
presentaron una morfologia caracteristica, siendo uniformes y sin imperfecciones, al igual

que las nanofibras, que se mantuvieron homogéneas, continuas y lisas a nivel nanométrico.

Adicionalmente, las nanofibras desempefiaron un papel crucial al actuar como matrices
de soporte para agentes de biocontrol, especialmente la levadura Meyerozyma caribbica. Las
nanofibras al ser depositadas como una capa protectora activa en diferentes frutos, en
particular en aguacate Hass, permiten a la levadura ejercer mecanismos de accion para inhibir
el crecimiento de Colletotrichum gloeosporioides, sin comprometer los parametros de

calidad del fruto.

Es fundamental destacar que, a pesar de estos resultados prometedores, atn se requiere
llevar a cabo investigaciones futuras para lograr la viabilidad comercial de estas nuevas
tecnologias. El potencial de estos polisacaridos y sus aplicaciones en la industria de alimentos
y agricultura abre un campo para investigaciones y desarrollos adicionales, con el fin de

contribuir significativamente a la conservacion de alimentos y la seguridad alimentaria.
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9.2 Perspectivas del proyecto
Las actividades desarrolladas a lo largo de esta investigacion han desempefiado un papel
significativo en la expansioén de nuestro conocimiento, abriendo perspectivas hacia futuras
areas de estudio. En este contexto, resulta recomendable realizar estudios adicionales sobre
propiedades como la barrera frente a gases (O, y CO,), permeabilidad al vapor de agua,
cristalinidad, solubilidad en agua, entre otros. Esto con el objetivo de mejorar la
compatibilidad de los polisacéridos aplicados ya sea como recubrimientos o como nanofibras
en la superficie de los frutos. Ademas, es esencial dirigir esfuerzos hacia el reconocimiento
de estos polisacaridos como “generalmente reconocidos como seguros” (GRAS) por la FDA,
lo que facilitaria su implementacion a gran escala en la industria alimentaria. A pesar de las
numerosas ventajas que presentan las nanoestructuras en comparacion con los recubrimientos
comestibles convencionales, resulta imperativo evaluar con meticulosidad la posible

toxicidad asociada a estas nanoestructuras.

Es pertinente resaltar que, si bien en esta investigacion se implementaron nanofibras
en aguacates, para futuras aplicaciones en frutos que se consuman con piel resulta imperativo
realizar estudios especificos centrados en la actividad gastrointestinal de los alimentos
recubiertos con estas nanoestructuras. Un ejemplo de ello podria ser el cultivo de células
Caco-2 y la digestion in vitro de Caco-2. Estos estudios seran cruciales para garantizar la

seguridad y la eficacia de estas tecnologias en la industria alimentaria.

En conjunto, esta investigacion marca el comienzo de un camino hacia la aplicacion
practica de estas innovadoras tecnologias, sin embargo, para alcanzar el maximo potencial
de las ventajas y beneficios que estas tecnologias ofrecen, es crucial llevar a cabo
investigaciones adicionales en aspectos como la rentabilidad, el tipo de estructuras obtenidas
a partir de nuevos materiales poliméricos, la versatilidad para su aplicacion en diversos tipos
de frutos, la facilidad de manipulacion de dichas tecnologias, asi como las regulaciones para

la aplicaciéon de nanoestructuras en alimentos, entre otros aspectos relevantes.
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Abstract: The electrospinnability of FucoPol, a bacterial exopolysaccharide, is presented for the first
time, evaluated alone and in combination with other polymers, such as polyethylene oxide (PEO)
and pullulan. The obtained fibers were characterized in terms of their morphological, structural
and thermal properties. Pure FucoPol fibers could not be obtained due to FucoPol’s low water
solubility and a lack of molecular entanglements. Nanofibers were obtained via blending with PEO
and pullulan. FucoPol:PEO (1:3 w/w) showed fibers with well-defined cylindrical structure, since
the higher molecular weight of PEO helps the continuity of the erupted jet towards the collector,
forming stable fibers, WAXS, DSC and TGA showed that Fucolol is an amorphous biopolymer, stable
until 220 °C, whereas FucoPol-PEO fibers were stable until 140 °C, and FucoPol:pullulan fibers were
stable until 130 “C, Interestingly, blended components influenced one another in intermolecular order,
since new peaks associated to intermolecular hierarchical assemblies were seen by WAXS. These
results make FucoPol-based systems viable candidates for production of nanofibers for packaging,
agriculture, biomedicine, pharmacy and cosmetic applications,

Keywords: FucoPol; exopolysaccharide; electrospinning process; nanofibers; characterization

1. Introduction

Exopolysaccharides (EPS) are water-soluble, non-toxic, high-molecular-weight poly-
meric carbohydrate structures composed monosaccharide units joined together by gly-
cosidic bonds [1]. EPS can be homopolysaccharides when composed of a single type of
monosaccharide, for example, pullulan; or heteropolysaccharides if they are composed of
two or more sugars with different ratios, such as FucoPol [2].

FucoPol is an EPS produced by Enterobacter A47, using glycerol as the sole carbon
source [3]. Itis a high-molecular-weight (4.19 x 10°-5.80 x 10°) heteropolysaccharide
composed of sugar residues [fucose (32-36 mol %), galactose (25-26 mol %), glucose
(28-34 mol %) and glucuronic acid (910 mol %), as well as acyl groups [pyruvate (13-14
wt.%), succinate (3 wt.%) and acetate (3-5 wt.%)] [4]. It has an anionic character, with
interesting functional properties, including emulsion, film-forming [5], thickening, and
flocculating capacity; biological activity and adhesive and photoprotective properties [6,7].
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ARTICLE INFO ABSTRACT
Keywords: To mitigate vegetable and fruit loss caused by post-harvest fungal di 1 ifungal coati
Coshew gum encapsulating biocontrol yeasts offer a sustainable altemative. Nanofibers dvmal ftem pullulan, cashew gum,
FucoPol PucoPol and poly (ethylene oxide) (PEO), were electrospun amd Joaded with M. yma earibbica (GenBank 1D:
:l““":':“ < JQ398674). The hological, themmal and chemical properti duMgmn(Cﬂ PED), FucoPol (FP:PEO),
hdm‘::::::;. and! pullulan nanofibers were chaactcmed. The viability of M. tmuwa w(dnm the fibers and their in vitro
M. cardbeea antifungal activity against six phy were L M b lysis exhibited the of
nanofibers encapsulating M. caribbica. ATR Frm:pmmpy identified lhe by of i o b the
yeast and poly Fibers ining M. caribbi hibited in vitro fungistatic effects on spore germination.
Pullulan nanofibers showed the highest M, canbbica vthlty anl the Mglmt tage of growth inhibiti
against the eval { fungi, These promising nanofi | yeasts could be used as edible
coatings or agricultural aids, vrhnd: offer an ulmmnvc for pcn Imvo( reatment to control fungal diseases,
reducing global food loss.
1. Introduction fungi use different mechanisms to bind to the surface of the host plant, In
any case, the penetration of the fungal onto the plant requires the con-
G 1 and international organizations have raised publlc toct and adbesion of the spores to the plant surface. Fungi possess the
attention on food loss and waste, -nd 1g to the Sustai capability to generate enzymes that modify the plant surface, thereby
Development Goals calls, the objective is (oudmed\eu-louutothe aiding in adhesion. Subsequently, these phytopathogens induce vari

half by 2030 (United Nations, 2015).
Fruits and vegetables are one of the most d dities

forms of rot in the fruit during the post-harvest stage resulting in

globally, accounting for more than 42% of total food wastage (Conesh
et al, 2022), Among them, phytopathogens result in an annual esti-
mated loss of 10-15% of the world's major crops (Peng ot ol 2021),
Particularly, the predominant postharvest pathogens responsible for
spoilage in fruits and vegetables primarily include fungi categorized
under the genera Botrytis, Penicillim, Aspergillus, Alternaria, Colleto-
trichum spp., and Rhixopus (Pasafors et al, 2015; Yang et al, 2017),

promised quality and rendering them unsuitable for sale (Rodiigues
et nl, 2021). In addition, some fungi species are capabl Jucing
mycotoxins in food and agricultuial commodities (20, 201 1), which
can cause adverse health effects to humans and/or livestock.

Addressing these pathogens typically involves the application of
chemical fungicides, both pre and post-harvest, directly onto the fruits
or vegetables. Nevertheless, the utilization of chemical fungicides has
revealed drawbacks such as their harmful impact on human health, the

which are naturally present in fruits and bles. These pathogeni

of resi strains, and their considerable adverse effect on
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