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INTRODUCCION

El termino microalgas, se refiere a microorganismos fotosintéticos con caracteristicas
morfoldgicas, fisiologicas y reproductivas muy variadas. Entre estas tenemos las
diatomeas, algas verdes (Chlorophytas), algas rojas (Rodophytas), algas cafés
(Phaeophytas) y cianobacterias que se desarrollan en una gran variedad de ambientes
(Siezen, 2010). Estos microorganismos han despertado gran interés cientifico y
biotecnolégico en las Gltimas décadas para resolver problemas ambientales como
bioremediacién de aguas contaminadas (Dwivedi, 2012; Hii et al., 2011; Siriam y
Seenivasan 2012), asi como para la produccion de biocombustibles, productos
farmaceuticos, bioreguladores agricolas y la biosintesis de nanoparticulas metéalicas.

Las condiciones en que se cultivan las microalgas impactan sobre el flujo del metabolismo
celular como respuesta al ambiente en que se desarrollan. Estos cambios en el
metabolismo pueden darse por respuesta a condiciones de estrés provocadas por
disponibilidad de nutrientes, temperatura, iluminacién, salinidad y fase de desarrollo del
cultivo. Estas variaciones metabdlicas en microalgas, ha sido ampliamente estudiada en
la busqueda de mejorar procesos biotecnoldgicos para la obtencion de productos como
lipidos, acidos grasos poli-insaturados y carotenoides (Yu et al., 2011).

La produccion de nanoparticulas (NPs) metalicas mediante la biosintesis a través de
microalgas se ha explorado para el desarrollo de tecnologias ambientalmente amigables
(Li et al. 2011), sin embargo, su produccion depende fuertemente de las condiciones
experimentales de los cultivos (Sudha et al., 2013), area en la que aun falta mucho por
investigar. La capacidad de las microalgas para producir nanoparticulas metalicas esta
relacionada con los procesos de detoxificacion por la presencia de metales pesados en el
medio (Mohseniazar et al., 2011; Jena et al., 2014), respondiendo con el aumento en el
contenido proteico asi como un aumento significativo en la actividad de la catalasa, la
superdxido dismutasa y en el contenido de glutation reducido (Sabatini et al., 2009),
ademas de la produccion de metalotioninas y fitoquelatinas (Perales-Vela et al., 2006).
También se ha encontrado evidencia de la relacién que existe con proteinas oxido
reductoras involucradas en la sintesis y transporte de ATP (Barwal et al., 2011). Estos

compuestos ademés de moléculas antioxidantes no enziméticas como pigmentos,



polisacaridos y polifenoles también estan relacionados con el estrés oxidativo que puede
resultar de condiciones ambientales como la salinidad y la iluminacion, asi como por la
presencia de metales o sustancias quimicas (Cirulis et al., 2013), por lo que es de esperarse
que las variaciones ambientales generen cambios metabolicos que hagan variar la
capacidad para la produccién de nanoparticulas.

En este estudio se evaluaron los efectos de las condiciones de salinidad e iluminacion en
el cultivo de tres cepas de microalgas y en los efectos que estas condiciones tienen sobre
la capacidad de estas cepas para la biosintesis de nanoparticulas de cobre. Ademas,
tomando en cuenta que para el cultivo de microalgas se requieren grandes cantidades de
agua y nutrientes, se hace una revision de literatura de los factores que intervienen para la
produccion de microalgas usando como medio de cultivo aguas residuales urbanas en las
diferentes etapas de tratamiento. Por otra parte, como complemento del presente trabajo,
se afiaden dos capitulos del libro “Agricultural Nanobiotechnology, modern agriculture

for a sustainable future”, en los cuales se participé como coautor.



REVISION DE LITERATURA

Produccién de microalgas

La produccidén de microalgas para distintos fines ha sido un tema que por muchos afios ha
capturado el interés cientifico por los multiples aprovechamientos que se pueden tener de
estos microorganismos. Para el consumo humano, se sabe del aprovechamiento de
florecimientos naturales de Nostoc hace 2000 afios en China (Spolaore et al., 2006), asi
como el consumo de espirulina por los Aztecas Nicoletti (2016). Hoy en dia, algunas
microalgas son producidas como complemento alimenticio, asi como para la produccion
de alimento en la industria acuicola Alkhamis y Qin (2013). La produccion de
biocombustibles usando microalgas, es otro tema en el que se han realizado muchas
investigaciones, como ejemplo los esfuerzos realizados de 1978 a 1996 por el
departamento de energia de Estados Unidos a través del programa de especies acuaticas
en el Laboratorio Nacional de Energias Renovables Sheehan et al., (1998). Algunos de
estos esfuerzos y resultados mas recientes sobre el tema fueron capturados por Gordon y
Seckbach (2012) en el libro “The Science of Algal Fuels”. Por otra parte, el
aprovechamiento de aguas residuales para la produccién de biomasa de microalgas para
distintos fines, entre los que encontramos la produccion de biocombustibles, ha sido un
tema de investigacion que ha inspirado muchos trabajos. Como ejemplo, los trabajos de
Oswald y colaboradores desde 1957 sobre los sistemas de pilas de algas de alta tasa (High
rate algal pond HRAPS), que se siguen desarrollando e investigando hasta nuestros dias
(Craggs et al., 2012; Montemezzani et al., 2017). Este cumulo de investigaciones, aunado
a otros temas relacionados con microalgas, ha generado un amplio conocimiento de estos
microorganismos, asi como un amplio desarrollo técnico cientifico para su
aprovechamiento y produccion.

Uno de los aspectos importantes a considerar en la produccién de microalgas mediante
sistemas autotroficos es la iluminacién. La mejor fuente de luz por costo y disponibilidad
es la natural. De la radiacion que alcanza la superficie terrestre alrededor del 50%
corresponde a la radiacién fotosintéticamente activa (longitud de onda de 400 a 700 nm)
y de esta la conversion efectiva a biomasa en un cultivo de microalgas corresponde

aproximadamente a un 5% (Gordon y Seckbach 2012). La luz directa del sol es muy



intensa para que sea completamente utilizada por las microalgas y el exceso de energia
absorbida por las células es disipada en forma de fluorescencia o calor, la exposicion
prolongada a alta irradiancia puede sobrecargar los mecanismos de disipacion de energia
de las células resultando en fotoinhibicion y dafio celular (Christenson y Sims 2011).
Sforza et al., (2012), estudiaron los efectos de la luz en cultivos de Nanochloropsis salina,
encontrando que entre 5y 150 pM ms* aumentaba la tasa de crecimiento con el aumento
en la iluminacion, sin embargo, por arriba de los 150 uM m2s? el aumento en la
iluminacion (350 y 1000 uM ms!) presentaba disminucion del crecimiento poblacional.
Por otra parte, reportan que; a intensidades luminicas de 1000 pM m2s? la tasa de
crecimiento fue similar a la obtenida a 350 uM m%s%, lo que indica que las células pueden
mantener su sistema de proteccion y aun asi continuar con el crecimiento poblacional. El
uso de la luz solar para el cultivo de microalgas por lo general es usado para sistemas
abiertos o fotobioreactores al aire libre. Las desventajas se relacionan con la variacion en
intensidad luminica dependiendo de la hora del dia, temporada del afio y condiciones
climaticas, asi como la exposicion a las variaciones ambientales.

En cultivos bajo techo con condiciones ambientales mas controladas la iluminacion mas
utilizada es la artificial (Ting et al., 2017). Esto aumenta los costos de operacion por el
gasto en energia requerido en la iluminacién. Para un fotobioreactor de 40 L se estima que
se requieren de 40.32 kW/h con luz convencional a 20.16 kW/h con luz led, pudiéndose
disminuir estos costos con el uso combinado de fibra Optica y la produccion de energia
eléctrica por celdas solares o energia edlica (Chen et al., 2011). Otro aspecto importante
a considerar en el uso de luz artificial es la calidad de esta, ya que diferentes fuentes de
luz artificial ofrecen diferentes espectros dentro de radiacion PAR, lo que puede afectar
positiva o negativamente el crecimiento poblacional del cultivo de microalgas (Chang et
al., 2011). Por otra parte, el control de la calidad de la luz y el uso de luz monocromatica
(azul y roja) permite obtener diferentes respuestas metabdlicas, Kim et al., (2014)
encontraron diferencias en la concentracion y saturacion de acidos grasos con
Nannochlorpsis gaditana al hacer variar la calidad de la luz en los cultivos. Con el uso de
luz artificial, el fotoperiodo es facilmente controlado y con esto sus efectos en el desarrollo
del cultivo (Agrawal 2012; Alkhamisy Qin 2013). Por lo tanto, el control de la intensidad,
calidad de la luz y fotoperiodo permiten la operacion de fotobioreactores més eficientes



para la produccion de biomasa y metabolitos. Las desventajas que se tienen con la luz
artificial son principalmente por el gasto energético y la inversion requerida en

infraestructura.

Biosintesis de nanoparticulas metalicas

La biosintesis de nanoparticulas metélicas y de 6xidos metalicos, ha cobrado gran interés
en diferentes areas de la ciencia en las Ultimas décadas. Se han utilizado diferentes tipos
de extractos naturales para su biofabricacion como biocomponentes extraidos de hongos,
bacterias, levaduras, algas y plantas. Entre los procesos en que estas NPs se pueden formar
encontramos aquellos en los que se utilizan extractos de diferentes 6rganos de la planta
(hojas, flores, frutos, semillas) o la planta completa y los procesos en los que intervienen
procesos metabdlicos de los organismos vivos (Singh et al., 2018). Se ha comprobado que
los extractos organicos poseen agentes de alta eficiencia para la reduccién y estabilizacion
de NPs metélicas. De forma general la reduccion de los iones metalicos y la estabilidad
de las NPs es atribuida a compuestos organicos presentes en los extractos, algunos de los
compuestos que podrian estar involucrados en la reduccion y estabilizacion de estas
particulas son: fenoles, esteroides, proteinas, azucares reductores, entre otros. Las plantas
contienen biomoléculas como carbohidratos, proteinas y coenzimas, los cuales varian su
concentracion dependiendo de la planta que se trate, el metabolismo de esta y el 6rgano

utilizado para la elaboracion del extracto.

Biosintesis de nanoparticulas metélicas con microalgas

Las microalgas son fuente de biomoléculas que pueden participar en la reduccion de sales
metélicas para la formacion de NPs metélicas. Estas mismas moléculas ademés pueden
participar en la proteccion de las NPs formadas. En su revision Siddigi y Husen (2016),
comentan que entre los agentes reductores y estabilizadores aportados por las algas
encontramos proteinas, polisacaridos, aminas, aminoacidos, alcoholes, pigmentos, acidos
carboxilicos, carbohidratos y azucares. Estos mismos autores destacan el alto potencial de
las microalgas para la biosintesis de NPs metélicas de una manera amigable con el
ambiente. Esto, al evitarse la utilizacion de productos quimicos toxicos y la alta demanda

energética requerida para la sintesis fisicoquimica.



En la biosintesis de NPs con microalgas pueden intervenir metabolitos celulares liberados
al medio de cultivo sin la presencia de células o mediante la intervencion de células vivas,
siendo esto comprobado para la biosintesis de Ag NPs por Barwal et al., (2011) utilizando
a Chlamydomonas reinhardtii como organismo modelo y por Patel et al., (2015), quienes
evaluaron ocho cepas de microalgas eucariotas y 8 cepas de cianobacterias. En su trabajo
Barwal et al., (2011), reportan la intervencién de proteinas oxido reductoras y la
intervencion de la maquinaria molecular en la formacion de las NPs. Por otra parte, Patel
et al., (2015), comentan la intervencion de polisacaridos celulares y C-ficocianinas en el
caso de cianobacterias. Concluyendo que es necesaria la presencia de una molécula
organica y la intervencién de la luz para la formacion de las NPs de plata.

Los efectos de las condiciones de cultivo en el que se desarrollan las microalgas pueden
afectar la calidad en cuanto a forma y tamafio de las NPs sintetizadas. Soleimani et al.,
(2017) encontraron el pH de la suspension de algas afecta la forma de las NPs de plata
sintetizadas reportando que con pH bajo o neutro se obtienen formas esféricas mono
dispersas, mientras que con pH alcalino se formaron nanobarras. Otro factor que puede
afectar la forma de las NPs es la relacion entre el agente reductor (extractos, metabolitos
en el medio de cultivo o nimero de células) y la sal metalica utilizada (Dahoumane et al.,
2017).

La posibilidad de controlar la formacion, tamafio y estabilidad de NPs metalicas mediante
procesos ambientalmente amigables y con buena relacidn costo-beneficio, hacen que sea
atractiva la biotecnologia con microalgas para este fin. El control de los parametros de
cultivo como son iluminacion, salinidad, pH, temperatura y nutrientes, pueden afectar
significativamente la actividad enzimatica de estos microorganismos (Shah et al., 2015),

por consecuencia hacer variar los posibles resultados en la formacion de NPs metalicas.

Posibles aplicaciones de nanoparticulas en la agricultura

Hay un amplio campo de aplicaciones y desarrollo en el area de la nanotecnologia en
muchas areas del conocimiento. Sin embargo, en la agricultura su desarrollo aun es
marginal. Segun Parisi et al., (2015), esto se debe a los altos costos de produccién de estos
productos, los cuales se requieren en grandes volimenes en el sector agricola, ademas de

que los beneficios técnicos ain no han sido claros, hay falta de certeza legislativa y hay



incertidumbre de la opinion publica. A pesar de esto, los autores comentan que las
investigaciones y el desarrollo de la nanotecnologia son muy prometedora y se exploran
muchas aplicaciones de esta en la agricultura. Mas recientemente, Worrall et al., (2018),
revisaron el uso de la nanotecnologia para el manejo de enfermedades de las plantas.
Donde concluyen que se requiere del trabajo multidisciplinario entre expertos en el estudio
de materiales y de la biologia para tener un entendimiento profundo de los mecanismos
de interaccion en un sistema biolégico a nivel nanométrico. Un entendimiento
comprensivo a cerca de las propiedades de las NPs, tales como: morfologia, tamafio,
grupos funcionales, y capacidad activa de adsorcion y carga, podrian proveer una guia Gtil
como punto de arranque para la seleccién racional de las nanoparticulas adecuadas. Las
soluciones a problemas de plagas agricolas a través de la nanotecnologia la resumen en
siete potenciales ventajas:
1) Solubilidad mejorada de pesticidas de baja solubilidad,
2) Aumento de la biodisponibilidad y eficiencia de pesticidas,
3) Aumento de la vida de anaquel y la deliberacion controlada de los componentes
activos.
4) Liberacién de las moléculas activas a blancos especificos y dependiendo del pH.
5) Liberacion de moléculas de RNAI para el manejo de plagas.
6) NPs como transportadores de moléculas activas mejorando la estabilidad UV de
las formulaciones.
7) Nanopesticidas para mejorar la toxicidad selectiva y superar los problemas de
resistencia a pesticidas.
Estas ventajas se enfocan en la proteccidn de las plantas de enfermedades y principalmente
como vehiculo de los compuestos activos, sin embargo, hay otros campos de aplicacion
de estas tecnologias como: deteccion de patdgenos, deteccion de residuos de pesticidas,
acelerar la germinacion y produccion (Khot et al., 2012), aumentar la produccion y el uso
eficiente del agua y fertilizantes (Sekhon BS 2014). Por otra parte, Duhan et al., (2017),
hacen referencia a la nanotecnologia como la nueva perspectiva en la agricultura de
precision. Esto destacando la deliberacion de materiales a través de la mediacion de las
NPs y biosensores avanzados para la produccion de precision, los cuales son solo posibles

por nanoparticulas o nanochips. La nanoencapsulacion de fertilizantes convencionales,



pesticidas y herbicidas ayudan a tener una liberacién lenta y sostenible de nutrientes y
agroquimicos, resultando en una dosis precisa en las plantas. Otro aspecto que comentan
los autores es la deteccion temprana de enfermedades virales basada en Kits
nanotecnoldgicos para este fin.

A pesar de estas aplicaciones benéficas de los nanomateriales para la agricultura, ain hay
incertidumbre sobre la seguridad de estos en cuanto a su impacto al medio ambiente a
largo plazo y su impacto a otras entidades biologicas. Las aplicaciones practicas de la
nanotecnologia permanecen bajo la incertidumbre, esto debido a la baja capacidad de
controlar las propiedades a escalas nanométricas, al efecto ambiental y a la falta de una
base de datos de toxicidades (He et al., 2019). Por lo anterior, Kaphle et al., (2018)
recomiendan el disefio racional de los nanomateriales para proveer oportunidades
adicionales previniendo posibles efectos hostiles. Algunos autores sugieren el
establecimiento de modelos que representen lo mejor posible los pardmetros que pudieran
afectar la toxicidad de estos materiales, para tener una idea de la posible toxicidad antes
de su aplicacion al medio ambiente (Dasgupta et al., 2017; Kaphle et al., 2018). Por otra
parte, Nayantara y Kaur (2018), concluyen que se podrian utilizar nanoparticulas
biosintetizadas para el control de fitopatogenos, las cuales representarian una menor
toxicidad para los humanos que la de algunos pesticidas sintéticos comercialmente
disponibles.

La fitotoxicidad de NPs de metales esenciales fue revisada recientemente por Ruttkay-
Nedecky et al., 2017, quienes entre sus conclusiones destacan que las NPs de metales
esenciales y sus 0xidos han probado ser adecuados para su uso en la agricultura. Entre
estos, los oxidos de fierro y manganeso podrian ser los menos fitotoxicos. Por otra parte,
Taran, et al., (2014), evaluaron la redistribucion de elementos metalicos (Fe, Cu, Mn y
Zn) en el tejido de plantas de trigo bajo tratamiento de NPs metélicas biosintetizadas no
i6nicas en solucion coloidal. Encontraron que las NPs tienen la habilidad de penetrar la
cobertura de las semillas y el efecto de la aplicacién es dependiente de la composicion de
las NPs en solucién y la forma de aplicacion. Ademas, los autores comentan que en
aplicaciones a partes aéreas de los nanomateriales, la penetracion se da via epidermis y
estomas y son transportadas rapidamente dentro de la planta e incluidas en los procesos
metabolicos. Comentan que las fluctuaciones detectadas en el contenido de elementos



metalicos en los tejidos de las plantas, podria relacionarse con la regulacion a nivel celular
y la optimizacion de procesos metabdlicos donde los metales son requeridos, sin detectar
la acumulacion de metales en los tejidos de las plantas evaluadas. La utilizacion de NPs
metalicas en estudios recientes también fu reportado por Chaudhuri y Malodia (2017) en
vivero de arboles, encontrando un crecimiento mas rapido en plantulas tratadas con NPs
de zinc sintetizadas a partir de extractos de hojas.

Se ha demostrado la actividad antibacterial de diferentes NPs de metales sintetizadas a
partir de extractos vegetales contra distintas bacterias patdgenas para el ser humano, por
ejemplo con NPs de 6xido de zinc contra Escherichia coli y Pseudomonas aeruginosa,
(Shamila et al., 2018), esta ultima con capacidad de infectar también a plantas, NPs de
plata contra Escherichia coli y Staphylococcus aureus (Behravan et al., 2019) y otros
agentes patdgenos (Larayetan et al., 2019; Wintachai et al., 2019; Maanvizhi et al., 2018).
El tratamiento de enfermedades en las plantas con el uso de NPs metalicas es otro tema
gue ha cobrado gran interés para su aplicacion en la agricultura. Se han encontrado efectos
fungicidas y fungistaticos de NPs de cobre protegidas con quitosano aplicadas a cultivos
en placa de Rhizotocnia solani y Sclerotium rolfsii (Rubina et al., 2017). Con
formulaciones acuosas de nano sulfato de cobre NCusS, Sidhu et al., (2017), encontraron
que la formulaciéon es 10 veces mas potente que lo obtenido con el fungicida “captan”
después de tratar las semillas de arroz con la nano-formulacién, las evaluaciones
antiflngicas las realizaron con inoculos de Alternaria alternata, Drechslera oryzae y
Curvularia lunata, encontrando ademés un efecto favorable en la germinacion y
parametros de crecimiento. En su estudio reportan el tratamiento de las semillas con una
concentracion de 5-10ug mL™* de NCuS. Por otra parte, Husain et al., (2017), reportan
efectos negativos en la germinacion y provocacion de estrés en semillas de Artemisia
absinthium tratadas con nanoparticulas de cobre en una concentracién aproximada de 30
ug mL?, teniendo efecto prolongado en la germinacion, perfil bioquimico y crecimiento
de las plantas.

El efecto de tratamiento de semillas en pre siembra con NPs de metales en la formacién
de reacciones de defensa de plantulas de trigo infectadas con el agente causal de la
Cercosporelosis, fue evaluada por Panyuta et al., (2016). Los autores comentan que las
NPs metélicas evaluadas (Zn, Ag, Fe, Mn, Cu) pueden aumentar las propiedades



10

antioxidantes de las células bajo condiciones de estrés causadas por el patdgeno. Pudiendo
estar relacionado con un aumento en las reacciones de defensa endogenas contra el
patdgeno. Aunado a esto, los autores comentan una menor induccion de lectina en
tratamientos con NPs de cobre, posiblemente relacionado con las propiedades fungicidas
del cobre. Este efecto indirecto de aumento en los mecanismos de resistencia en plantulas
de trigo también fue evaluado por Taran N et al., (2017), solo que en cuanto a la resistencia
a la sequia en dos variedades. Los autores reportan que las NPs evaluadas (Cu-Zn NPs)
tuvieron un efecto positivo en el balance pro-oxidativo / anti-oxidativo, principalmente en
uno de los eco tipos, lo anterior le dio una mayor resistencia a las condiciones de sequia.

En conclusion, hay un amplio campo de aplicaciones benéficas de NPs metélicas para la
agricultura. Las formas no-ionicas de NPs de metales esenciales, posiblemente se vean en
el mercado en algunos afios. Algunas de las aplicaciones donde podriamos verlas es como
micronutrientes con aplicaciones mas eficientes por lo tanto menor volumen de los
compuestos, como agentes fungicidas y como inductores de mecanismos de resistencia a
patogenos y/o condiciones adversas del clima. Sin embargo, ain hay un amplio campo de
investigacion. Por una parte, en la sintesis, donde el uso de microorganismos y extractos
vegetales tiene un gran potencial. Por otra parte, la identificacion de las mejores
presentaciones en cuanto a tamafio, morfologia, dispersion, agentes protectores de la

nanoparticula, estabilidad y mecanismos de accion.
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Abstract

The biosynthesis of metallic nanoparticles (NPs) has been previously reported using a variety of organic molecules produced by
microalgae. However, the results obtained could vary due to the metabolic responses that microalgae have to different culture conditions
which could affect the characteristics of the produced nanoparticles. In the present report. copper nanoparticle formation was evaluated
by the microalgae Chlorella kessleri, Dunaliella tertiolecta, and Tetraselmis suecica, developed under combined conditions of low (L)
and high (L+) illumination, with low (S—) and high salinity (S+). The illumination was 12 h:12 h light/dark. NP formation was
evaluated 72 h after exposure to copper salt. Cupric oxide (CuO) NPs were detected spectrophotometrically in both the culture media
(extracellular NPs) and cells (intracellular NPs) of Ch. kessleri with absorbance in the range of 200 to 235 nm. Metallic copper NPs
(Cuy,) were detected with an absorbance between 540 and 560 nm in treatments with cells of C. kessleri and D. tertiolecta which were
grown in L+5-, while T suecica cells showed Cu,, NPs formations in L-5—, L-§+, and L+5-. The size difference of the NPs was
measured by scanning electron microscopy (SEM), in treatments with cells of C. kessleri, ranging in size from 15 to 25 nm (L—5—) and
55 to 65 nm (L+5—). In treatments with culture media, sizes from 35 to 45 nm (L—5-) of NPs were obtained. Differences in the
biosynthesis of Cu-based NPs are possible, depending on the culture conditions and the strain of microalgae to be utilized.

Keywords Phyconanotechnology - Chlorella kessleri - Dunaliella tertiolecta - Tetraselmis suecica - Saltstress - Cupric oxide

Introduction

The production of inorganic NPs through biosynthesis by mi-
croorganisms such as bacteria, fungi, and microalgae has been
explored by several authors for the development of low-cost

[~ Armando Robledo-Olivo
armando.robledo@ uaaan.edu.mx; armando.robledo @outlook.com

Horticulture Department, Universidad Autonoma Agraria Antonio
Narro, Unidad Saltillo, Blvd Antonio Narro 1923, Buenavista,
25315 Salillo, Coahuila, Mexico

Facultad de Ciencias Quimicas, Universidad Autonoma de Coahuila,
Unidad Saltillo, Blvd. Venustiano Carranza e Ing, José Cardenas s/n.
25280 Salullo, Coahuila, Mexico

Sustainability of Natural Resources and Energy, Avenida Industrial
Metalirgica No. 1062, Parque Industrial Saltillo-Ramos Arizpe,
Centro de Investigacion y de Estudios Avanzados del Instituto
Politéenico Nacional, 25900 Ramos Arizpe, Coahuila, Mexico

Food Science & Technology Department, Universidad Auténoma
Agraria Antonio Narro, Unidad Saltillo, Blvd Antonio Narro 1923,
Buenavista, 25315 Saltillo, Coahuila, Mexico

Published online: 14 February 2019

and eco-friendly technologies (Li et al. 2011). Microalgae
have been highlighted as a potential source of diverse biomol-
ccules such as proteins, pigments, carbohydrates, alkaloids,
terpenes, peptides, and some aromatic compounds, which
may be involved in the reduction of metal ions for the forma-
tion and stabilization of metal NPs, without producing toxic
by-products (Siddigqi and Husen 2016). Copper-based NPs
are of great industrial interest since they have similar prop-
erties to other NPs which are based on less abundant metals
(Shobha et al. 2014). These NPs’ properties allow their ap-
plication in several processes, such as in catalysis (Gawande
et al. 2016), gas sensors, solar energy transformation, and
semiconductors (Singh et al. 2016). In agriculture, copper
NPs have been used to control several pathogens such as
fungi and some bacteria (Singh Sekhon 2014), as well as
being used as a crop production enhancer (Hafeez et al.
2015). However, Shobha et al. (2014) report that only 5%
ofthe rescarch papers in the arca of nanoparticle biosynthe-
sis correspond to copper-oxide (CuO) NPs, with the major
focus being on the production of silver NPs, accounting for
59% of the publications.
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The biosynthesis of compounds at the nanometer scale
could be by way of either biochemical or biological processes
(Morales-Diaz et al. 2016). Biochemical processes take ad-
vantage of biomolecules derived from algae extracts
(Abboud et al. 2013) or by metabolites secreted to the culture
media (Patel et al. 2015), while biological processes take ad-
vantage of live cells for intracellular biosynthesis (Jena et al.
2014), or are related to metabolic process such as the electron
transport chain (Shabnam and Pardha-Saradhi 2013).

The capacity of microalgae to produce metallic NPs
has been related with detoxification processes, due to
the presence of heavy metals in the environment where
cell development occurs (Mohseniazar et al. 2011). In
this mechanism, microalgal cells respond by increasing
the protein content, as well as catalase activity, super-
oxide dismutase and the content of reduced glutathione
(Sabatini et al. 2009), and phytochelatin production
(Miazek et al. 2015). Also, evidence has been found
on the oxide-reductive protein relationship involved in
the synthesis and transport of adenosine triphosphate
(Barwal et al. 2011). Those compounds, as well as
non-enzymatic antioxidant molecules. such as pigments,
polysaccharides. and polyphenols, are related to oxida-
tive stress which could be a result of the negative en-
vironmental conditions and the presence of adverse
metals or chemical substances (Cirulis et al. 2013).
Among the environmental conditions that may produce
an increase mn oxidative stress in microalgae and pro-
mote the production of antioxidant compounds are sa-
linity and lighting. As a response to salinity stress,
microalgae vary their secretion of biopolymers
(exopolysaccharides) and phyto-hormones (abscisic acid
and indoleacetic acid) to the media (Liu et al. 2016).
Secreted polysaccharides could be sulfated and are
conformed mainly for glucose. xylose. and galactose
with different proportions (Raposo et al. 2013). On the
other hand. light stress induces acclimation by optimiz-
ing the cell photosynthetic apparatus and increasing the
antioxidant defense mechanisms (Simionato et al. 2011).
Microalgal metabolite production strongly depends on
the culture conditions, such as temperature, pH, incuba-
tion time, culture media composition, and light mtensity
(Sudha et al. 2013). These factors could be manipulated
to influence the size and morphology of the microalgae
synthesized NPs (Li et al. 2011; Dahoumane et al.
2017). Considering the scarcity of information on the
biosynthesis of Cu-NPs by microalgae and the possible
cffects that the culture conditions could have on their
production, the objective of this study was to evaluate
the culture condition effect on the obtaining of Cu-NPs,
and its influence on size through biosynthesis with
microalgac under different conditions of illumination
and salinity.

@ Springer

Materials and methods
Microalgae strains and experimental conditions

Microalgae strains of Dunaliella tertiolecta and Tetraselmis
suecica were provided by the company Biorganix Mexicana
from their private collection. A strain of Chlorella kessleri
(CDBB-A-12) was acquired at “Coleccion nacional de cepas
microbianas y cultivos celulares™ from the “Centro de
Investigaciones y de Estudios Avanzados del Instituto
Politécnico Nacional.” Strains were cultivated in /2 medium
for salt water strains (Guillard and Ryther 1962) and Bold
medium (Jena et al. 2014) for C. kessleri. All material was
sterilized in an autoclave before use. All culture inoculations
were done in a laminar flux chamber under aseptic conditions.
An Erlenmeyer flask of 250 mL with 150 mL of culture media
was inoculated with 3 * 10% cells mL™". All experimental units
were kept with constant aeration, illuminated at the base of the
flasks with a 17-W white fluorescent lamp (Phillips ALTO 11
T8) and incubated at 23 °C. A transparent polycarbonate sheet
was used as a base for the experimental units. The lighting
period was 12 h alternating with 12 h of dark. The process was
monitored for 18 days after inoculation (0. 3,5,7.9. 1,13, 15,
and 18 days). and | mL of sample was taken from each ex-
perimental unit and analyzed immediately. Photosynthetically
active radiation (PAR) was measured with a quantum sensor
(LightScout 3681) over the polycarbonate sheet. The mea-
sured PAR radiation reported corresponds to that received at
the flask base. For the treatments, PAR factors of low radiation
(=) (50 umol photons m * s ') and high radiation (+)
(230 umol photons m ™ s~') were combined with low and
high salinity conditions as shown in Table 1. For the experi-
ments, four treatments per strain were obtained with three
replicates for each one.

Analytical methods

For each sample taken from the experimental unit at the
days established, cell counting, pH (Horiba, Laqua twin
S010), and electrical conductivity (Horiba Laqua twin
S070) were monitored. Cell counting was done with a
Neubauer chamber three times per experimental unit at
the days evaluated. The growth rate (GR) was calculated
with Eq. (1):

GR = (Inxa—Inx))/(t2-1;) (1)

where x; and x, represent the cell concentration at the
time on days f, and , (Garcia et al. 2007), respectively.
To quantify the cell volume, the general method for calcu-
lating the cell biovolume based on geometric assignation was
used. For C. kessleri, the sphere formula was employed, while
for D. tertiolecta and T. suecica. this was calculated with the
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Table 1 Experimental matrix with combinations of illumination and
salinity that conform to the treatments for each strain. PAR
photosynthetically active radiation, EC electrical conductivity

Strain PAR Salinity EC pH
(umol photons m?2s) NaCl (M) (mS em ™)

Ch. kessleri 50 0.00043 0.82 7.1
50 0.10000  9.87 6.8
230 0.00043 0.85 7.1
230 0.10000 10.00 6.8

D. tertiolecta 50 0.46 553 7.7
50 1.50 135.0 74
230 0.46 55.0 7.7
230 1.50 136.0 74

T suecica 50 0.46 60.7 7.7
50 1.00 105.0 7.5
230 0.46 633 7.7
230 1.00 105.0 7.5

prolate spheroid formula (Sun and Liu 2003). With pictures
taken by optic microscope using the program Axion Vision
4.8, 30 cells were measured for each treatment, and the equa-
torial diameter of each cell was taken. In the cases of
D. tertiolecta and T. suecica in addition to the diameter, length
measurements were taken. The average volume of the cells in
each treatment and the population density was used to calcu-
late the biovolume of culture per milliliter.

For the photosynthetic pigment quantification, 2 mL of
the culture medium was taken as mentioned above.
Samples were centrifuged at 8000 rpm for 15 min, and
precipitates were recovered. The pellet was then mixed
with 1 mL of ethanol and sonicated (Bransonic 1510R-
DTH) for 15 min. After 24 h in refrigeration, absorbances
were measured at 470, 653, and 666 nm (Lichtenthaler
and Wellburn 1983; Henriques et al. 2007).

Biosynthesis and evaluation of copper nanoparticles

After 18 days of culturing, the populations were counted to
calculate the copper sulfate (CuSO4-5H,0 reactive grade,
Fermont) doses for cach treatment. The maximum population
of each strain was taken as a basis with a concentration of
0.5 mM of CuSOy. Copper sulfate concentration was adjusted
proportionally to each treatment according to its cell popula-
tion, to assure the same concentration of copper sulfate per
cell. Subsequent to the 72 h of copper sulfate application
(21 days after inoculation), each experimental unit was divid-
ed into four flasks with 20 mL of sample for each one. Two
flasks were kept as the original experimental unit (cells in their
culture medium), and the other two flasks were cell-free, con-
taining only the culture medium. The cell-free media flasks

were obtained by centrifugation (Hermle Z 206 A) at
6000 rpm for 15 min and by separating the supernatant.

After 72 h of copper exposure, UV-vis spectroscopy evalu-
ations were used (Thermo Scientific, Genesys 10S) to detect
Cu-NP formation. The scanned region from 200 to 700 nm
showed the characteristic absorbance peaks for Cu-NP identifi-
cation. The surface plasmon resonance of the surfaces of Cu-
NPs with spherical forms is localized in the visible region with a
maximum absorbance between 520 and 580 nm (Pestryakov
et al. 2004; Gawande et al. 2016), while the detection of differ-
ent types of CuO-NPs (Table 2) was in the UV region of the
spectrum (Pestryakov etal. 2004; Rahman et al. 2009; Bouazizi
et al. 2015; Valli and Suganya 2015). Samples were kept in
ultra-freezing conditions (— 80 °C) for later analysis by SEM
(Hitachi SU8010) at a 3.0 kV accelerating voltage.

Statistical analysis

All experiments were set up with a randomized complete
blocks design. Statistical analysis was done with the “R” pro-
gram (Team 2016) utilizing the Duncan test (a <0.05) for mean
comparison with the package “agricolae” (Mendiburu 2016).
The effects of illumination and salinity over the final population
and biovolume were analyzed by a two-way ANOVA factorial
analysis (2 x 2). When the data to be analyzed did not meet the
assumption of normality, these were transformed with the “car”
package for R (Fox and Weisberg 2011).

Results

The strain with the best growth rate was C. kessleri (Table 3),
with the highest values in the period from 0 to 9 days, showing
a slight deceleration in the period from 9 to 18 days. The
condition in which the growth rate was most affected for this
strain was L—S+. Both irradiance and salinity showed a

Table 2 UV-vis spectrum regions where copper and copper oxide
nanoparticles were reported

Nanoparticle type UV-vis regions Reference

Cu+ 250 nm
CuO 310 nm

(Pestryakov et al. 2004)
(Rahman et al. 2009)

CuO crystals 650 nm (Abboud et al. 2013)
205-221 nm (Bouazizi et al. 2015)
0-Cu-O (Cu0,) 320-370 nm (Pestryakov et al. 2004)
Cu-O-Cu (Cu,0) 260 nm (Abboud et al. 2013)
400-440 nm (Pestryakov et al. 2004)
542 nm (Rahman et al. 2009)
Cu, 520-580 nm (Pestryakov et al. 2004)
552-561 nm (Dang etal. 2011)
558 nm (Suresh et al. 2016)

d-d transitions 620-850 nm (Pestryakov et al. 2004)
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Table 3 Microalgae growth rate
(day™") means (= SD) obtained in
each treatment (7 = 3) at different

Growth rate (day™)

0to 9 days 9 to 18 days 0 to 18 days

time intervals. Means followed by Strain Treatment
the same letter are not
significantly different at the 5% C. kessleri o

confidence level according to the P
Duncan multiple comparison test. L+s—
Data were transformed with the i

“car” program for “R™ to meet the L+S+
assumption of normality D. tertiolecta L-S—

L-S+
L+S-
L+S+
T suecica L—8=
L-S+
L+S—-
L+S+

0.48 (0.027) ab 0.21(0.017)a 0.70 (0.018) a
0.39 (0.027) cd 0.18 (0.033) ab 0.57 (0.043) be
0.59 (0.047) ab 0.25(0.011) a 0.75 (0.056) a
0.51 (0.062) ab 0.19 (0.041) ab 0.70 (0.040) a
0.51 (0.014) ab 0.06 (0.028) be 0.58 (0.015) b
0.43 (0.024) be 0.06 (0.031) be 0.50 (0.028) efg
0.52(0.001) a 0.02(0.014) ¢ 0.54 (0.013) bed
0.49 (0.012) ab 0.03 (0.017) ¢ 0.53 (0.005) cde
0.28 (0.146) de 0.20 (0.18) ab 0.49 (0.033) g

0.21(0.143) e
0.26 (0.087) e
0.31 (0.058) de

0.31(0.15)a
0.23 (0.082) a
0.17 (0.059) ab

0.52 (0.016) ef
0.50 (0.004) efg
0.49 (0.023) fg

significant effect on the final population of this strain without
interaction between factors (Fig. 1: Table 4). Lower popula-
tions and bigger cells of C. kessleri can be obtained with high
salinity conditions. In the case of D. tertiolecta, the highest
growth rate was found in the period of 0 to 9 days: however, a
growth deceleration was present in the period of 9 to 18 days.
reaching the stationary phase in all treatments (Fig. 2). The
illumination effects were not significant for both the final pop-
ulation and cellular volume of D. tertiolecta: nevertheless,
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these factors interact with the salinity and have significant
effects on the population and cellular volume (Fig. 1). The
photosynthetic pigment content showed variations between
treatments (Fig. 3), with the highest values in chlorophyll a
LS+ treatments, which could be related to adjustments in the
photosynthetic apparatus to low illumination and salinity
stress, reflected in the variations of carotenoids. On the other
hand. 7. suecica did not present significant effects or interac-
tions due to illumination and salinity factors on the final
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Fig. 1 Graphs of the illumination and salinity interaction on (a) the final population and (b) the cell volume at 18 days of culturing. Low salinity is
represented by dotted lines and high salinity by hyphens. High or low illumination is indicated below the set of graphs
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Table4  Significance levels (P values) obtained from two-way ANOVA analyses for the effects of light and salinity and their interaction on (a) the final

population (n=3) and (b) cell volume (n=30)

(a) Final population

(b) Cell volume

C. kessleri D. tertiolecta T suecica

C. kessleri D. tertiolecta T’ suecica

[llumination 0.026 0.116 0.305
Salinity 0.034 0.001 0.287
Interaction 0.827 0.0073 0.125

[llumination 0.004 0421 0.070
Salinity 0.144 <0.001 <0.001
Interaction 0.277 <0.001 < 0.001

population. The significant effects of those factors were only
observed in the cell volume of this strain (Fig. 1), with the
biggest cells in the treatments with low salinity. Tetraselmis
suecica cultures in L+S— and L—S— treatments reached a sta-
tionary growth phase around 15 days of culturing (Fig. 2),
while in LS+ and L+S+ conditions, the population growth
was observed until 18 days.

Comparing the maximum population (Fig. 4) and cellular
volume evaluated for the three strains, C. kessferi was found to
have the smallest cells (45 to 65 um®) and the highest

50
Ch. kessleri
40 4
ceestyens -G
30 1 oo -S4
20 1 —a—L+S-

—a— L +S+

Population (cells mL-" x 10%)

T. suecica

Time (d)

Fig. 2 Population growth curves. Dotted lines: low illumination,
continuous line: high illumination, empty triangles: low illumination,
solid triangles: high salinity. Data represents the average (n=3), and
standard error bars are shown

populations, followed by D. tertiolecta with bigger cells
(110 to 170 um?). The lowest populations were obtained with
T suecica, showing the biggest cells (270 to 470 pum*). With
the cell size data, the biovolume was obtained in each treat-
ment. as well as the CuSO, concentration per cubic millimeter

OChl a
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mChlb
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Fig. 3 Photosynthetic pigments and chlorophyll a/b ratio, with the y scale
to the right of each graph. Means (n=3) with different letters represent
significant differences at the 5% confidence level (Duncan multiple com-
parison test). Standard error bars are shown. L light. S salinity, (—) low, (+)
high
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a) Final popultation

OCh. kessleri
mD. tertiolecta

'S
o

mT. suecica

w
o

Cells mL'x 106
S

10
0
L-S- L-s+ L+S- L+S+
3 1 . .
25 | b) Final biovolume
o2
IS
% 1.5 4 L
£ '
0.5
o] ]
L-s- L-S+ L+S- L+S+
1 -
o c) Copper concentration per
£ 08 4 biovolume
£
506 1
S 0.4
30
= ]
= 0.2

L-S- L-S+ L+S- L+S+

Fig. 4 Comparison between the distinct treatments and the three strains
on a) final population, b) final biovolume, and ¢) mM CuSO; mm™
biovolume mL™". White bars: C. kessleri, gray: D. tertiolecta, black:
T. suecica. L light, S salinity, (=) low, (+) high. Data represents the
average (n=3), and standard error bars are shown

of biovolume (Fig. 4b. ¢). This represents the relation obtained
between the copper salt and the possible biological agents
(biochemical or metabolic) involved in the NP biosynthesis.
Five of the 12 treatments with cells showed absorbance by
UV-vis spectroscopy in the visible region, corresponding to
Cu, NPs. The culture condition which favored the formation
of Cu, NPs in the three strains was L+S—, in addition for
T. suecica cells in the treatments L-S— and L-S+ (Fig. 5).
High illumination has an important effect in copper ion reduc-
tion, mainly for C. kessleri and D. tertiolecta. The signs of Cu,,
NP formation were found only in cell treatments and not with
the culture media, if cellular metabolites were involved in their
formation. not those secreted to the culture media. The copper
concentration caused toxicity for D. tertiolecta and T. suecica
in the treatments where Cu, NP formation was detected and
reflected in the culture bleaching: because of this, itis not clear
if the copper ion reduction was by an intracellular mechanism
linked to a metabolic process or by some reducing agent,
which could be cellular biomolecules. On the other hand,
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Fig.5 Absorbances detected between 350 and 700 nm in treatments with
cells 72 h after exposure to copper sulfate

C. kessleri showed higher tolerance to the copper concentra-
tion used: despite this, Cu,, formation was detected only under
high illumination and low salinity.

The absorbances detected by UV-vis spectrometry in the
UV region (Fig. 6) present a maximal wavelength of 200 to
280 nm, varying in intensity and amplitude. The formation of
CuO NPs was detected with C. kessleri in treatments with
cells in L—S— and LS+ conditions and so the illumination
played a more important role than salinity for the biosynthesis
of CuO NPs with this strain. In contrast, with D. tertiolecta
cells, CuO NPs were detected in both L-S— and L+S— condi-
tions and so the high salinity could be a negative factor for the
NP biosynthesis with this strain. In the treatment L+S— with
cells of C. kessleri, NPs of between 55 and 65 nm were ob-
tained (Fig. 7)., which was the only treatment with this strain
which registered absorbances of Cu, (A 550 nm) as well as
CuO (A 200 and 215 nm) nanoparticles. On the other hand, in
the treatment L—S—, cells of C. kessleri NPs of between 15 and
25 nm were found with absorbances corresponding to CuO
(205 nm). With the media in the treatment L—S— where C.
kessleri was cultured, the nanoparticles found ranged from
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Fig. 6 Absorbances detected from 190 to 350 nm for the detection of
copper nanoparticles. Dotted lines: low illumination, continuous lines:
high illumination, lines without figures: low salinity, lines with
triangles: high salinity. Data obtained 72 h after copper sulfate exposure

35 to 45 nm with a maximum absorbance of 225 nm, while
with the media in L+S—, the peak of absorbance was detected
at 215 nm with a bump between 235 and 255 nm, showing
aggregates with variable morphology in the SEM images.

Discussion

Copper concentration in relation to the reducing and stabiliz-
ing agents affects the NP formation (Dang et al. 2011): also,
the sensitivity of microalgae to copper sulfate is highly varied
among different strains (Levy et al. 2008: Sabatini et al. 2009).
The copper ion availability per cell depends on the population
of each treatment at the exposure time. This could significant-
ly affect the copper toxicity if lower cell populations are ex-
posed to the same copper concentration (Debelius et al. 2009;
Salas-Herrera et al. 2015; Wan et al. 2018). Thus, the copper
concentration in each treatment needed to be adjusted based
on the strain’s initial population, considering 0.5 mM of
CuSO, for the highest populations. However, based on the
biovolume (Fig. 4c), the highest copper concentration was in
treatments with 7. suecica, resulting in the culture bleaching in
all treatments after 96 h of exposure. With D. tertiolecta, the
bleaching was detected only in the low-salinity treatments,

in cells (left graphs) and culture media (right graphs). At the bottom-
center, the absorbance from the different culture media with 0.5 mM of
CuS0Oj as a reference is shown

and C. kessleri had the lowest copper concentration, without
an apparent mortality being detected.

The survival detected for D. tertiolecta in treatments of
high salinity (1.5 M NaCl) is interesting because. despite be-
ing under osmotic stress in combination with both illumina-
tions (high and low), the toxic load of copper in the culture
media weathered better in comparison with the low-salinity
treatments (0.46 M). The salt stress induces Dunaliella salina
to the secretion of polymeric substances (Liu et al. 2016),
which could reduce the copper availability in the culture me-
dia. Also, it has been reported that high copper concentrations
modify the metabolism of D. tertiolecta, releasing phenolic
compounds to the media (Lopez et al. 2015). Copper internal-
ization by three strains, including D. tertiolecta and
Tetraselmis sp., was evaluated by Levy et al. (2008); they
found that D. tertiolecta is more efficient to the exclusion of
copper, lowering the internalization rate and keeping the in-
tracellular concentration three times lower than Terraselmis
sp.. and concluded that copper detoxification mechanisms
are intracellular in Tetraselmis sp. and extracellular in
D. tertiolecta. In the case shown in this study, it could be that
some biomolecules secreted to the culture media by
D. tertiolecta avoided the copper toxicity under high-salinity
conditions. The low growth of C. kessleri and D. tertiolecta in
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Fig. 7 Scanning electron microscopy (SEM) images of the synthetized nanoparticles in C. kessleri treatments

the treatment of L-S+ could be related to the low PAR imradi-
ation, generating a deviation in the energy produced by pho-
tosynthesis to deal with the salt stress. The secretion of Na* in
halotolerant algae such as D. salina is done through Na*/H*
antiporter pumps and at the expense of energy through a Na’-
ATPase pump (Gimmler 2000), by which salt stress represents
a metabolic extra load for the energy produced by
photosynthesis.

The exposure to copper sulfate was done at 18 days of
culturing. At this time, D. ftertiolecta (all treatments) and
T suecica (L-S~ and L+S-) reached the maximum popula-
tion and were in the stationary growth phase (Fig. 2). At this
growth phase, there might be changes in the physiological
state of these microalgae. such as a decrease in the protein
content (Barbarino and Lourengo 2005) and an increase of
triacylglycerides or starch as a store of energy (Davidi et al.
2012). Thus, the results obtained for these treatments may
vary considerably if the biosynthesis will be held in the
growth phase. This has been proven with Escherichia coli
by Lietal. (2011) who found that, at the stationary phase of
growth, the formation of CdS nanocrystals increased 20 times;
at this same stage, extracellular gold nanoparticles were
formed by Trichothecium sp., but with constant shaking, the
biosynthesis tendency was intracellular (Shah et al. 2015).

@ Springer

The culture conditions were selected to cause stress by
salinity and illumination for the evaluated strains and thus
determine if the stress at which microalgae are exposed pro-
motes the biosynthesis of NPs. In the present study, Cu, NP
formation was detected in the L+S~ treatments with cells of
the three strains evaluated. Light effects on the biosynthesis of
NPs have been reported by several authors: with diatoms, the
intervention of photosynthetic pigments as a reducing agent in
the formation of silver NPs has been reported (Jena et al.
2015) and the clectron transport system in the chloroplasts
of plants has been related to gold NP formation (Shabnam
and Pardha-Saradhi 2013). However, culture conditions in
which Cu, NPs was observed had an equal or lower photo-
synthetic pigment content in comparison with the other treat-
ments where the biosynthesis was not detected (Fig. 3). Onthe
other hand, Patel et al. (2015) reported the biosynthesis of
silver NPs under light conditions, with microalgae cells as
well as with the culture media in which they grow, without
detecting the formation when the reaction was done in the
dark. Brahmachari et al. (2014) reported silver NP biosynthe-
sis with leaf extracts from Ocimun sanctum, where the bio-
molecules which participated in the reduction of the metallic
ions required the activation of sunlight, assuming a mecha-
nism where the phenolic bond O-H undergoes homolytic
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cleavage under sunlight radiation to form hydrogen radicals,
which reduces the silver ions to form Ag NPs.

Microalgae are a source of a variety of compounds which
could participate in metallic ion reduction (Siddiqi and Husen
2016). However. the only strain which showed Cu,, NP forma-
tion with cells in treatments apart from L+S— was 7. suecica.
With this strain, Cu, NP formation was also detected in treat-
ments with cells in L-S— and L-S+ conditions. Some
microalgae have the capacity to internalize copper. such as for
both 7. suecica and D. tertiolecta, increasing the number and
size of their vacuoles (Levy et al. 2008). The intracellular de-
toxification mechanisms could support the hypothesis that bio-
synthesis with this strain is done by an intracellular mechanism.
In the case of D. tertiolecta, some biomolecules secreted to the
media under salt stress could have prevented the toxicity of
copper to the cells. If so, that biomolecule did not favor the
formation of Cu, or CuO nanoparticles which were detectable
by UV-vis compared with the low-salinity treatments.

Copper oxide nanoparticles are thermodynamically more
stable than pure copper NPs under ambient atmospheric pres-
sure and temperature without proper protection during their
biosynthesis (Dang et al. 2011). Oxygen when combined with
copper forms cuprous oxide (Cu,0O), cupric oxide (CuO), and
copper dioxide (Cu0O,), which could form hexagonal patterns,
alternating copper with the oxygen atoms (Subramanian et al.
2015). The media, in which the treatments were realized with
photosynthetic organisms exposed to CuSO, under light con-
ditions, supposes a high oxygen environment at the reaction
time. Moheimani (2013) reports values from 1 to 16 mg L™
of O, from early in the moming to 5 h later in photobioreactors
with D. tertiolecta and Chlorella sp. and daily pH fluctuations
from 6.5 to 9.8. These conditions could produce the oxidation
of the formed copper nanoparticles. Rahman et al. (2009) mon-
itored the oxidation of Cu,O NPs biosynthesized with the bio-
mass of a cyanobacterium of the genus Phormidium with con-
stant agitation under acrobic conditions, finding that, after 36 h
of reaction time, a considerable amount of Cu,O had oxidized
to CuO, disappearing the signals of Cu,O after 48 h and in-
creasing the intensity of absorbance of CuO. The absorbance
curves in the present report were taken 72 h after the reaction
started, and so the presence of Cu,O NPs prior to the formation
of CuO NPs cannot be ruled out.

The shift in the wavelengths of maximal absorption in the
treatments were CuO NPs was found to be possibly related to
the different sizes found (Bouazizi et al. 2015). Dang et al.
(2011) comment that the increase in the bandwidth of the
resonance with the decreasing size of the NPs is due to the
increased dispersion of electrons on their surface, which could
be a tool to the monitoring of NP formation. The biosynthesis
of NPs with the media in which microalgae were cultured may
have different biomolecules involved in reducing and stabiliz-
ing the metal ions than those involved in the presence of cells,
and so there may be variations in the maximum absorbance

apart from those caused by the size of the NPs formed
(Shantkriti and Rani 2014). Illumination in combination with
the salinity of the culture media affects microalgae, and this
affects the biosynthesis of NPs not only in terms of their size
and conformation but in the possibility of obtaining them.

Conclusions

Copper nanoparticle biosynthesis with microalgae has the po-
tential to be controlled based on the strain and the manipula-
tion of illumination and salinity through culturing. Optimizing
the culture conditions to produce biomass is not necessarily
the best condition for the biosynthesis of copper nanoparticles.
Chlorella kessleri under autotrophic conditions could be a
good option for the biosynthesis of copper oxide nanoparticles
by both cells and the culture media in which they were cul-
tured. Copper nanoparticle biosynthesis is most probable with
cells cultured at a low salinity (0.43 mM NaCl for C. kessleri
and 0.46 M NaCl for both D. tertiolecta and T. suecica) and
high illumination (230 wmol photons m > s '), while
T. suecica offers the best chance of success under different
culture conditions, except for the case of high salinity (1 M
NaCl) and high illumination (230 umol photons m > s™").
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Abstract

Microalgae have a great biotechnological interest for the products that can be obtained from them from
lipids, carbohydrates, proteins, and other metabolites. However, large volumes of water and nutrients are
required for its production. Thus, wastewater has great potential as a culture medium. The use of this
resource represents a positive impact on the environment by using the dissolved nutrients for the
development of the microalgae, as well as by the sequestration of atmospheric CO, through the
photosynthetic activity. In view of this, the urban wastewater treatment plants represent an opportunity for
this purpose. However, there are a number of factors that have limited the establishment of these systems
on a large scale. Therefore, in the present work, the advances for the production of microalgae biomass with
the use of urban wastewater were analyzed. The interaction of three areas was taken into account: 1)
wastewater, its characteristics and variations in the different stages and processes for its treatment, 2)
microalgae and some considerations for the selection of strains, and 3) photobioreactor engineering and its
possible incorporation to wastewater treatment. In general, some critical points are detected that could be

useful in future investigations and the development of wastewater systems for the cultivation of microalgae.
Key words:

Wastewater treatment, bioremediation, urban wastewater, biotechnology, photobioreactor.
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Introduction

The treatment and reuse of wastewater represents a strategy for the preservation of the quality of natural
waters (Sala and Mujeriego 2001) since the contamination of this resource is a real problem for the current
global population (Onda et al. 2012). The treatment of wastewater with the cultivation of microalgae allows
the use of pollutants such as nitrogen and phosphorus (Sriram and Seenivasan 2012) when using them as
nutrients for their cultivation, decreasing its content. It also has the potential to treat other highly toxic
pollutants, such as heavy metals (Das et al. 2009; Dwivedi 2012) and radioactive elements (Potera 2011;

Fukuda et al. 2014), depending on the source of the contaminated water that is to be treated.

There is a wide field of research regarding the bioremediation of water using these microorganisms. On the
one hand, there are studies that focus on the treatment of contaminated or wastewater as the main objective
(de-Bashan y Bashan 2010; Hii et al. 2011), either using microalgae in conjunction with bacteria or fungi,
or using biomass as a heavy metal adsorbent material (Dwivedi 2012). On the other hand, there are studies
where the treatment of wastewater is sought through its use for the production of biomass useful for other
purposes (Christenson and Sims 2011). The result is a positive impact on the environment, as well as a
profitable activity for the products that could potentially be obtained. This would partially reduce the
pressure on this appreciable resource.

The establishment of a system for the production of microalgae through the treatment and use of wastewater
seeks to take advantage of the nutrients dissolved in them. However, wastewater from various anthropogenic
activities are varied in composition, physicochemical characteristics, volume, and periodicity. Taking into
account that domestic wastewater has little variation in its components (Noyola 2013), as long as it is not
mixed with rainwater or industrial processes, effluents from urban water treatment plants have been
considered as a valuable means for the production of biomass with microalgae (Cabanelas et al. 2013). On
the other hand, there are other sources of contaminated water that are currently being used for the production
of microalgae, such as those from the gas extraction industry (Sullivan et al. 2012; Hamawand et al. 2014;
Salas-Herrera et al. 2015), for which it is very important to know the characteristics of the water and its

possible variations during its use, as well as the capacities and limitations of the strains selected for it.

The term microalgae refer to photosynthetic microorganisms with varied morphological, physiological, and
reproductive characteristics. Some are considered cyanobacteria and eukaryotic microalgae, among which
are: diatoms, green algae (Chlorophyta), red (Rhodophyta), and brown (Phaetophyta), developing in a wide
variety of habitats and ecological niches. Some are considered cyanobacteria and eukaryotic microalgae,
among which we are: diatoms, green algae (Chlorophyta), red (Rhodophyta), and brown (Phaetophyta)
(Brooijmans and Siezen 2010), develop in different habitats and ecological niches. Different species require
different nutrient ratios for their reproduction and some species can reproduce in a wide range of nutrient
concentrations (Agrawal, 2012). In general, when the environmental conditions are unfavorable, there are
heavy metals or chemical products that can induce an oxidative stress that affects their development (Cirulis

et al. 2013). However, selective pressure in contaminated water can lead to physiological and genetic
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adaptations through spontaneous mutations (Carrera-Martinez et al. 2011). Therefore, it is important to
know the physiological and adaptive capacities of the strains of interest, as well as the characteristics and

variability of wastewater for its use.

The production of microalgae for different purposes (food, metabolites, biofuels, among others) implies the
search for optimal conditions for their development in spaces designed for this purpose. This design should
favor environmental conditions for the proper development of microalgae (lighting, turbidity, temperature,
hydraulic flow), as well as supplement their nutritional needs. Among the needs of microalgae that most
influence the design of photobioreactors is lighting, this has been fulfilled using designs that shorten the
distance that light travels in the water column, combined with good turbulence of the culture medium
decreases the autosomal, guaranteeing good exposure to the light of most cells. These designs, along with
the harvest costs, affect the profitability of the process and can only be justified with the value of the biomass
obtained. On the other hand, there are open systems such as the HRAP system (High rate algal pond system),
and fixed or biofilm culture systems, which seek to reduce these costs. For the use and treatment of
wastewater with microalgae, several points have to be considered. The metabolic capacities of microalgae
in relation to the characteristics of the wastewater in its different stages of traditional treatment, the
identification of the stages with the greatest potential for its use, the technological and operative viability
for the adaptation of the microalgae culture and the use of technological advances in the design and
construction of photobioreactors. In the present work, the objective was to show the advances that have been
made regarding the use of wastewater for the production of biomass with microalgae. The identification of
critical points for the establishment of an efficient system, as well as the advances or possible solutions for
it. For this, the interaction of three major themes was analyzed; microalgae, wastewater, and engineering

developed for this purpose (Fig 1).
Wastewater Treatment

In order to use wastewater for the production of microalgae, it is important to know the characteristics of
these waters and the expected changes in each phase of their treatment. Water pollution is related to its use
and bears the traces of the processes in which it was used. Water is the main resource to maintain the hygiene
and health of human beings and their environment (Hunter et al. 2010), in the preparation of food (from the
field to the table), and is an indispensable resource in a great diversity of industrial processes (Cassardo and
Jones 2011). The load of contaminants that it carries is directly related to these processes. The parameters
most used to characterize the degree of contamination before and after entering a treatment process are:
biological oxygen demand, chemical oxygen demand, total suspended solids, pH, total phosphorus, and total
nitrogen. Other important components are inorganic compounds, heavy metals, fats and oils (Environmental
Protection Agency 1997). The appearance of new pollutants such as drugs, personal care products and
pesticides among others must be added (Matamoros et al. 2015). The purpose of wastewater treatment is to
minimize the footprint of its use. Within this process, the points of greatest value must be detected to

integrate the production of microalgae.
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Wastewater treatment is divided into several stages that combine physical-chemical and biological
processes. In general, we find three phases in addition to the preliminary treatment and treatment of sludge
(Fig 2). The preliminary treatment consists of the removal of larger components (plastics, branches, dead
animals, sands), which can affect the operation in the following stages. On the other hand, sludge is formed
by the precipitation of suspended solids in the primary treatment and by the production of biomass by the
microorganisms in the secondary treatment. These are separated from the water flow and are treated
separately, some of the processes for their treatment are: anaerobic digestion, aerobic digestion, composting

with cellulose residues, lime stabilization, incineration, and pasteurization (Noyola et al. 2013).

The primary treatment consists in the precipitation of suspended solids by gravity by decreasing the speed
of the water flow. About 60% of the suspended solids are removed and the biological demand of oxygen is
reduced by about 35% (Environmental Protection Agency 1997; Noyola et al. 2013). In the secondary
treatment, by means of biological processes the biodegradable organic matter is eliminated, these processes
occur under aerobic, anaerobic or combined conditions. The organic matter assimilated by aerobic processes
produces biomass that precipitates in the form of flocs, water, CO and energy in the form of heat. With
anaerobic processes, the main product is biogas with a low biomass production (Adekunle and Okolie 2015).
The treatment lagoons, also known as facultative lagoons, depend on the photosynthetic processes of algae.
They use nitrogen, phosphorus and CO- to produce biomass and oxygen that is used in aerobic digestion
processes, degrading organic compounds and generating more CO and nutrients that are used by algae
(Craggs et al. 2012). The tertiary treatment consists of the removal of nitrogen, phosphorus, and some

organic compounds (Razzak et al. 2013).

During the different phases of treatment, not only pollutant compounds are eliminated. The characteristics
of the remaining organic matter change, as well as the chemical forms of nitrogen and phosphorus (Maurer
and Boller 1999; Paredes et al. 2007; Wang and Chen 2018). Phosphorus, which occurs in various forms
(particulate, orthophosphate, polyphosphate, and organic phosphorus), not only decreases its concentration
during the course of treatment but the relationship between the dominant form, after primary treatment there
is a greater proportion of orthophosphate and polyphosphates; after tertiary treatment there is a dominance
of organic phosphorus (Maurer and Boller 1999). In traditional treatments, nitrogen in the form of
ammonium is converted to nitrates via nitrites in the nitrification process. In a second stage during the
denitrification process, it is reduced to gaseous nitrogen by numerous heterotrophic bacteria that use
dissolved organic carbon (DOC). The efficiency of this process is dependent on the N/DOC ratio, the
biodegradability of the DOC and the concentration of dissolved oxygen. In general, the initial form in which
we find nitrogen at the beginning of the treatment is as ammonium and the final products are nitrogen gas

and nitrate (Paredes et al. 2007). However, some forms of dissolved organic nitrogen persist.

Dissolved organic matter represents between 82.6 and 86.6% of the total organic carbon. The secondary
treatment effluent contains a considerable amount of products associated with biomass, including microbial

products of slurries with a high molecular weight. Dissolved organic matter can degrade and increase the
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amount of biodegradable organic carbon in advanced treatment with processes such as UV/H;0; radiation
by changing the bioavailability of nitrogen and dissolved organic phosphorus influencing the growth of
algae in the effluent receptor (Wang y Chen 2018). On the other hand, ozonation of the effluent causes the
discoloration of the organic matter increasing the transparency of the water (Wenk et al. 2015). Therefore,
different strategies in the treatment of the final wastewater effluent affect in different ways the final

composition of the dissolved organic matter.
Problems with microalgae in wastewater

The wastewater flows are subject to variations in time scales of hours, weeks, and season of the year
(Environmental Protection Agency 1997), in addition, the use of drainage systems combined with rainwater
and the incorporation of industrial drainage (food industry, livestock, metalworking, chemistry, etc.) alter
the concentration of normally expected compounds with the risk of incorporating harmful toxic substances
to the treatment of the effluent (Noyola et al. 2013) and causing variations in the concentration and
relationship between the expected nutrients. Zhang et al. (2016) found that the bioavailability of dissolved
organic nitrogen was lower when the wastewater contained 40% of water from industries compared to 100%
urban water. On the other hand, the authors comment that during the anaerobic process some metal
complexes combined with organic matter can be released by aerobic bacteria to their ionic form causing
negative effects in the cellular physiology of microalgae. Therefore, it is important to identify the possible
risks related to the influence of wastewater from activities unrelated to domestic use that are discharged into

the collection system.

The presence of heavy metals in the wastewater could be a limiting factor for its use in the production of
biomass with microalgae. Although some heavy metals are essential as micronutrients (copper and zinc), in
high doses they can be toxic, and the presence of metals such as mercury, lead, arsenic, or cadmium could
cause toxic effects in microalgae (Dong et al. 2014). The solutions obtained from the thickening of activated
sludge and anaerobic digestion contain a high concentration of nutrients, however, they also concentrate
substances (such as heavy metals) that can be harmful for the development of microalgae (Guldhe et al.
2017). This increase in the concentration of metals has been reported in sludges from different stages of
wastewater treatment (Healy et al. 2016). The use of these waters rich in nutrients from the thickening of
sludge has been sought through its dilution in waters of primary (Caporgno et al. 2015) or secondary
treatment (Alvarez-Diaz et al. 2017) in laboratory conditions (Ge et al. 2018; Maeng et al. 2018a; Maeng et
al. 2018b).

Urban wastewater contains chemical compounds related to personal care, hygiene, health and cosmetics, as
well as products commonly used in the home such as disinfectants, surfactants and anticorrosive agents.
The treatment of some of these products in the cultivation of microalgae with wastewater has already been
evaluated. In a literature review on the removal of pharmaceutical contaminants with microalgae, Xiong et
al. (2018), conclude that the integrated treatment of algae-based technologies in conjunction with advanced

oxidation processes would be a feasible option for the advanced remediation of new organic contaminants
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such as pharmaceutical products. The main focus of some of these studies is directed to the treatment of
these products within a comprehensive water treatment system considering the intervention of microalgae
as part of this process (Gutiérrez-Alfaro et al. 2018). On the other hand, de Wilt et al. (2016), evaluating the
treatment of six pharmaceutical products and three estrogens, reported that the presence of these products
did not inhibit the growth of Ch. Sorokiniana. However, the presence of these, and that of new pollutants in

wastewater should be considered for the production of microalgae.

Due to its nature and characteristics, wastewater contains a variety of microorganisms and larger organisms
that can interfere with the development of microalgae in them, from microalgae, bacteria or fungi, to
herbivore species that can consume the microalgae of the culture (Guldhe et al. 2017). The decrease of
turbidity and the elimination of organisms is one of the reasons why some studies in which they study the
interaction of microalgae with waste water filter it before exposure (Henkanatte-Gedera et al. 2017; Ferro
et al. 2018; Hughes et al. 2018). On a larger production scale, the most viable options are; ozonation,
disinfection with ultraviolet rays, chlorination, and acidification (Guldhe et al. 2017). Open culture systems
are subject to the invasion and proliferation of herbivore species of zooplankton (rotifers, ostracods,
copepods, and daphnia). Asphyxia by addition of CO, at night effectively controls the density of
zooplankton and increases the production of biomass by microalgae (Montemezzani et al. 2017a). On the
other hand, the phototaxis that some of these organisms present allows to concentrate them in the upper
layer of the water column, which can facilitate the filtration of a smaller volume of water for their separation
(Montemezzani et al. 2017b).

The geographical location and climatic characteristics of the exploitation site are factors that affect the
environmental conditions of the microalgae culture. In medium latitudes with temperate climates,
considerable temperature variations occur throughout the year. This means that there are different yields in
the production of biomass with microalgae, or that different strategies have to be taken depending on the
season of the year. Osundeko and Pittman (2014), reported the culture throughout the year in an open system
with water obtained from a wastewater treatment plant in England. In their work they found that Chlorella
luteoviridis and Parachlorella hussii, can develop throughout the year, however, the best results in terms of
obtaining biomass and removal of nutrients are recorded in the summer and spring. On the other hand, the
use of heat generated in other industrial processes can be an option to increase the temperature of the
cultivation system in regions with cold seasons or climates (Ekendahl et al. 2018), which requires special
adaptations or the use of the energy that could be generated by the production of biogas with sludge from

wastewater treatment.
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Metabolic capacities and strain selection

Possibly one of the most striking reflections of the relationship between wastewater and microalgae is in the
processes of eutrophication of aquatic ecosystems affected by discharge of drainages with high
concentrations of nitrogen and phosphorus. The process begins with an increase in nutrients in the body of
water, an uncontrolled increase in primary products and the subsequent accumulation and decomposition of
organic matter, causing a series of subsequent problems (Sala and Mujeriego 2001). Among the symptoms
of an aquatic system in eutrophication is the massive proliferation of harmful and dangerous microalgae for
aquatic organisms as well as for humans (Rabalais et al. 2009). Therefore, in a microalgae production system
using wastewater, it is sought to replicate this phenomenon under controlled conditions and with strains of
interest for the products that could be obtained from the biomass generated. Delrue et al. (2016), refer to
this possibility of having a positive environmental impact, obtaining a profitability with the biomass
produced as the paradigm of win-win. For such a system to be real, special attention must be paid to all the

details, starting with the strains of microalgae to be used.

Some of the factors to be considered in the selection of strains for their development in wastewater depend
on the characteristics of the waters with which they are going to work and the climatic characteristics where
the water treatment is to be carried out. Different species of microalgae find the optimal conditions for their
development in different environmental conditions (Olguin 2012). In general, the desired characteristics are;
the efficiency in nitrogen and phosphorus removal as well as other contaminants that can be cultivated on a
large scale, a high growth rate and tolerance to variations in temperature, salinity and nutrient availability.
On the other hand, the value of the biomass produced, which can be allocated according to its composition
and quality for animal feed, fertilizers, soil improvers, bioplastic materials or for the production of energy
(Christenson and Sims 2011).

There are collections of microalgae such as the University of Texas (UTEX) with more than 3,000 strains
available (www.utex.org). However, taking into account that wastewater could represent an adverse culture
medium, the search for strains in fluctuating natural environments (temperature, lighting, salinity,
availability of nutrients) such as intertidal zones, rivers or temporary ponds could represent the selection of
strains with better survival strategies. Duong et al. (2012), recommend this search for oleaginous microalgae
species to produce biodiesel. In this context, Sasongko et al. (2018) used a polyculture of native strains in
Japan (dominated by the genus Desmodesmus sp and Scenedesmus sp), using wastewater as a culture
medium in a pilot plant for the production of microalgae oils, demonstrating the potential of this selected

strains.

The selection of strains that reproduce in zones with the presence of pollutants and have been subject to
strong selection pressure, could have presented mutations that would give them an extra advantage over
organisms of the same species developed under conditions free of pollutants. This has been found in the
case of contamination with hydrocarbons (Romero-Lo6pez et al. 2012; Carrera-Martinez et al. 2011), as well

as by continuous exposures over long periods of time. This opens up the possibility of obtaining strains of
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microalgae with robust adaptive capacities to deal with the possible variability in the composition of
wastewater. The increase of some element in the environment could be interpreted as the scarcity of another
(Agrawal 2012), thus the addition of one nutrient could induce the limitation of another, requiring an
increase in both nutrients to obtain a substantial increase in biomass (Mackey et al. 2009). Higher-level
natural systems (oceans and seas) have much more complex responses at scales of long periods of time
compared to small lakes, where normally the main nutrient that limits primary productivity is phosphorus.
N: P ratios of 11:1 to 20:1 appear to be favorable for phytoplankton (eukaryotes) while lower ratios favor

the blooming of atmospheric nitrogen-fixing cyanobacteria (Hecky and Kilham 1988).

In the treatment with microalgae of the urban wastewater or from the agricultural industry, the main
objective is the removal of nitrogen and phosphorus. A more efficient removal of these nutrients in
wastewater has been reported when the ratio between nitrogen and phosphorus is from 5:1 to 8:1
(Makareviciene et al. 2013). However, this ratio can be variable depending on the strain and culture
conditions. Murwanashyaka et al. (2017) found an efficiency in the removal of nitrogen and phosphorus
above 99% with Chlorella sorokiniana under heterotrophic culture conditions with an N:P ratio of 10.2:1.
When increasing this ratio, the efficiency in nitrogen removal was lower, not phosphorus, so the authors
comment that a nitrogen sufficiency is required for the effective removal of phosphorus, but not vice versa,
however, nitrogen and phosphorus can be efficient. removed in an optimal ratio of N/P. The imbalance or
deficiency of nutrients that can be found in the secondary effluent of wastewater treatment, could be
compensated by mixing it with the supernatant of the sludge thickening (Osundeko and Pittman 2014;
Alvarez-Diaz et al. 2017; Arias et al. 2018). This represents the need to monitor these effluents based on the
availability of nutrients, the needs of the strains in development and whether the production system is

autotrophic, mixotrophic, or heterotrophic.

Carbon dioxide is the main source of carbon for the development of microalgae under autotrophic
conditions, however, there are species that can take advantage of organic carbon sources, being able to
develop under mixotrophic or heterotrophic conditions (Maeng et al. 2018a), which allows the use of some
organic carbon compounds dissolved in wastewater. Among the strains that in recent work have been
reported to be isolated and develop well in wastewater, are mainly the genus Chlorella sp. and Scenedesmus
sp. (Gouveia et al. 2016; Arias et al. 2018; Ferro et al. 2018) as well as Chaetophora and Naviculata
(Gouveia et al. 2016), Stigeoclonium (Arias et al. 2018), Desmodesmus and Coelastrella (Ferro et al. 2018).
Some of these strains have the capacity to develop under phototrophic, mixotrophic or heterotrophic
conditions, which allows having a wider range of possibilities in terms of the characteristics of the effluent

to be used and the type of bioreactor to be used.

In his review work on the interaction between microalgae and microorganisms for the remediation of
wastewater and production of biofuels, Hu et al. (2018), comment in their conclusions that to avoid the
negative impact of the natural populations of microorganisms in wastewater, the interactions between

microorganisms and microalgae should be optimized through the assembly of artificial consortiums. They
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also recommend prioritizing the functional diversity of said consortium. Thus, the efficiency in the removal
of nutrients and the stability of the crop could be favored, and there is a need for future research in this
regard.

Photobioreactor technology

The use of photobioreactors for the production of microalgae, suppose a space where the optimal conditions
for their development can be given. The population growth rate in a microalgae culture is affected by
environmental parameters such as temperature, dissolved nutrients, light intensity and photoperiod. Lighting
and photoperiod are critical components for the development of phototrophic microalgae culture (Wahidin
et al. 2013). The intensity of the light through the cultivation of microalgae decreases exponentially as it
distances itself from the illuminated walls of the photobioreactors. This decrease is due to the turbidity
caused by the growing biomass, metabolites in the environment and biofilm formations in the walls of the
photobioreactor (Chen et al. 2011). Due to this, the depth in a photobioreactor design is limited to a few

decimeters of the light path in the water column.

The best source of light for the cost and availability is natural light. Of the radiation that reaches the surface
of the earth, around 50% corresponds to the photosynthetically active radiation, (wavelength 400 to 700 nm)
and from this, the effective conversion to biomass in a microalgae culture corresponds to approximately 5%
(Gordon and Seckbach 2012). Direct sunlight is very intense, so for it to be completely used by the
microalgae and the excess energy absorbed by the cells is dissipated in the form of fluorescence or heat.
Prolonged exposure to high irradiance can overload the energy dissipation mechanisms of cells resulting in
photoinhibition and cell damage (Christenson y Sims 2011). Sforza et al. (2012), studied the effects of light
on Nanochloropsis salina cultures, finding that between 5 and 150 umol photons m?s? increased the growth
rate with the increase in lighting, however, above 150 umol photons m?s? the increase in lightning (350
and 1000 umol photons m?s™) showed a decrease in population growth. On the other hand, they report that
at light intensities of 1000 pmol photons m™2s™ the growth rate was similar to that obtained at 350 umol
photons m?s, which indicates that the cells can maintain their protection system and still continue with the
population growth. The use of sunlight for the cultivation of microalgae is usually used for open systems or
outdoor photobioreactors. The disadvantages are related to the variation in light intensity depending on the
time of day, season and weather conditions, as well as exposure to environmental variations.

In indoor cultures with more controlled environmental conditions, the most commonly used lighting is
artificial (Ting et al. 2017). This increases the operating costs by the energy expenditure required in the
lighting. For a 40 L photobioreactor, it is estimated that 40.32 kW h are required with conventional light
at 20.16 kW h* with led light, these costs can be reduced with the combined use of optical fiber and the
production of electrical energy by solar cells or energy wind (Chen et al. 2011). Another important aspect
to consider in the use of artificial light is its quality, since different sources of artificial light offer different
spectra within the PAR radiation, which can positively or negatively affect the population growth of the
microalgae culture (Chang et al. 2011). On the other hand, the control of the quality of the light and the use
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of monochromatic light (blue and red) allows obtaining different metabolic responses Kim et al. (2014)
found differences in the concentration and saturation of fatty acids with Nannochlorpsis gaditana by varying
the quality of light in cultures. With the use of artificial light, the photoperiod is easily controlled along with
its effects on crop development (Agrawal 2012; Alkhamis and Qin 2013). Therefore, the control of the
intensity, quality of light and photoperiod allow the operation of more efficient photobioreactors for the
production of biomass and metabolites. The disadvantages of artificial light are mainly due to the energy
expend and the investment required in infrastructure. Open systems without agitation are the closest thing
to the natural system, have low cost and are a simple option for commercial scale cultures (Ting et al. 2017),
their use is profitable in strains cultures that require extreme conditions such as Dunaliella salina. The
location of cultures of this species is usually found in areas with hot, dry weather and in or near a brine
source (Shariati and Hadi 2011). The cultivation of Spirulina is another example of these open systems,
where the typical size of the ponds is 0.3 to 0.5 Ha (Benemann et al. 2002). On the other hand, the most
common systems for large-scale production are high rate algal pond, which have a system of pallets that
allow the circulation of water, algae and the mixture of nutrients however, they frequently show low
productivity due to the presence of dark areas, inefficient use of CO,, inefficient mixing and pollution
problems (Christenson and Sims 2011).

The generation of turbulence in the water column is another factor that affects the design and consumption
of energy in a photobioreactor (Gdmez-Pérez et al., 2017). The turbulence in the water column allows the
mixture of nutrients, distribution of CO, and the cells to move from dark areas to illuminated areas in cycles
of light and dark increasing productivity (Gomez-Pérez et al. 2017). When the culture is exposed to high
irradiance, these cycles can favor a good growth rate and avoid photoinhibition (Sforza et al. 2012). The
mechanisms for the generation of turbulence can be given by an impeller driven by an electric motor as in
the case of the "stirred tank reactor” (Tsai et al. 2012), or by a bubble column which it can work as an "air
lift" system (Ting et al. 2017). These systems are used in crops where the cells are suspended in the medium,
which can represent high costs and technical difficulties when harvesting the biomass (Gutiérrez et al. 2016).
These problems have given rise to the new microalgae immobilization systems (Wang et al. 2018), where

their configuration and operation change considerably from traditional photobioreactor systems.

The immobilization of microalgae in alginate spheres offers the advantage of easy harvesting of the biomass
produced (de-Bashan and Bashan 2010). On the other hand, during the last 10 years, the fixation of
microalgae in a substrate for the production of biofilm has gained interest. This is because they represent a
considerable reduction in the energy required for their production and harvesting costs (Wang et al. 2018),

offering promising alternatives in the production of microalgae biomass.
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Current proposals for the design of photobioreactors

Currently, a wide variety of photobioreactor designs can be found for microalgae monocultures. Ting et al.
(2017) make an extensive review of these and those that have been reported for the use of wastewater. The
authors conclude that there are few legitimate designs for this purpose, the majority being adopted directly
from monoculture designs. They add that in the design of photobioreactors for the use of wastewater should
be taken into account: the characteristics of wastewater, the basic theory in their treatment and the
characteristics of microalgae strains. This coupled with the management of regular parameters such as
aeration, lighting, and turbulence. So the advances in design and operation of photobioreactors can be

exploited with adaptations to the use of wastewater.

The high rate algae pond (HRAP), has been widely studied for the use of wastewater with the cultivation of
microalgae. One of the problems with these systems is the variations in the temperature of the batteries
caused by the variations in the environmental temperature. The study of the heat transfer between the ponds
and the surrounding environment according to the climatic conditions of the area of interest, can be very
useful for the specific design of the ponds in a certain region. The heat loss and evaporation of the ponds
can be predicted based on the ratio of the width and depth of the channels, as well as the speed of the stirring
blades. These predictions would allow a better design and management of these systems for certain areas
(Ali et al. 2017). Likewise, the optimization in the operation of the cultivation ponds (supply rate of fresh
culture medium and culture removal) based on the weather forecast coupled with a microalgae productivity
model was evaluated by De-Luca et al. (2017), obtaining a productivity 2.13 times higher than that obtained
with a constant depth and dilution rate. On the other hand, the difficulty to maintain the predominance of
the microalgae strain of interest in these systems is another problem that is sought to be solved. Yun et al.
(2018) proposed for this purpose a hybrid system of a photobioreactor with open ponds, the photobioreactor
allows the monoculture of the strain of interest on a small scale, but sufficient to provide daily doses of

inoculum in open cultures maintaining the predominance of this strain.

Tubular photobioreactors offer a good design for the production of microalgae with high productivity,
however, the energy cost required to maintain turbulence can affect profitability. By computer simulation
of fluid dynamics, it has been found that the use of turbulence promoters in the walls of the tubular
photobioreactor can reduce the energy demand of 60 to 80% (GOmez-Pérez et al. 2015). In a similar way,
different torsions of tubular photobioreactors have been analyzed to favor the turbulence by spiral
movement, reporting that it could be a good option for the configuration of these systems with high
efficiency (Gomez-Pérez et al. 2017). On the other hand, the cultivation of cells in suspension in these
systems hinders the separation of the biomass and the culture medium, so that the harvest is linked to the
hydraulic retention time. The use of membranes allows the separation of the solid phase from the liquid one,
which allows the hydraulic retention to be independently managed to that of the biomass. Through the use
of hollow fiber membranes, Gao et al. (2018) found that with a hydraulic retention time of two days, the

highest biomass production of Chlorella vulgaris is obtained using simulated residual water from the
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secondary effluent. They also report that the system is efficient for up to 130 days with biomass retention
times of 21 days, efficiently removing the nutrient load of the water. Photobioreactor systems of membrane
usually combine closed systems (airlift or flat panel) with a submerged membrane (hollow fibers) or in the
form of sheets to separate the solid phase from the liquid, allowing a greater productivity of biomass and a

removal of nutrients, more efficient than other photobioreactors (Luo et al. 2017).

Porous substrate bioreactors for the production of microalgae through fixed culture have gained great
interest in recent years, this by considerably reducing the volume of water required for cultivation, direct
exposure to atmospheric carbon dioxide and direct exposure to light. This gives great advantages over
suspended crops or submerged biofilm (Podola et al. 2017). Schultze et al. (2015) reported that production
can be increased to 31 g of dry weight per m? per day with the use of biofilm photobioreactors in parallel
sheets (twin-layer biofilm). The authors comment that this is due to the increase in lighting and greater
exposure to CO; in the environment. The fixed culture of microalgae in different porous or non-porous
substrates is another way in which the separation of the hydraulic retention time management of the retention
time of the biomass is achieved. Wang et al. (2018), make a revision of these culture systems and classify
them according to the design in: photobioreactors of horizontal sheets, vertical sheets, rotary sheets, and
radial sheets. Reporting that many of these designs have been evaluated with the use of urban wastewater
on a laboratory scale and some on a pilot scale. The authors conclude that this emerging field in the

production of microalgae has great potential, both for the production of biomass and for water treatment.

Urban wastewater treatment systems located near coastal areas could be exploited through the OMEGA
floating photobioreactor system (Offshore Membrane Enclosure for Growing Algae), offering a series of
advantages apart from the saving of land space, such as: temperature stability, energy saving for mixing and
temperature control, which is contributed by the body of water that surrounds the system, elimination of

evaporation losses and greater CO; retention (Harris et al. 2013; Novoveska et al. 2016).
Possible adaptations needed of the current wastewater treatment systems

Some of the studies that have been done to evaluate the cultivation of microalgae using wastewater, have
used synthetic medium or with a previous treatment of disinfection or filtration (Caporgno et al. 2015;
Henkanatte-Gedera et al. 2017; Murwanashyaka et al. 2017; Maeng et al. 2018a). This is directly related to
the specific objectives of these studies. However, it does not mean that filtering or disinfection processes
should be included prior to the use of wastewater with the cultivation of microalgae. Although wastewater
contains large amounts of microorganisms and protozoans that could have negative effects on the cultivation
of microalgae, some species such as Chlorella sorokiana could have certain features that allow them to be
better candidates to develop in wastewater without prior disinfection processes (Bohutskyi et al. 2015). The
use of polycultures and consortia for the production of biomass and wastewater treatment would be
preferable to monoculture microalgae. This could reduce the need for the use of expensive filtration and
disinfection systems. Which do not guarantee the maintenance of monoculture on a large scale. Novoveska

et al. (2016), report the use of filtered urban waste water (70um mesh) and disinfected (peracetic acid 5-15



36

ppm) for use in a system of large-scale floating photobioreactors in the coastal zone. They used Scenedesmus
dimorphus, for the initial inoculum, however, they report that during the course of a year there were
consortia of strains in a natural way with variations in the composition of the population of microalgae and

a final dominance of the genus Chlorella sp.

The space required for the implementation of a microalgae production system with large-scale wastewater
is a limiting factor, mainly in large urban centers with high population density. Acién et al. (2016), comment
that the application of current technologies for the treatment of wastewater with microalgae is limited to
small towns with equivalent discharges between 200 to 15,000 inhabitants. In this sense Buchanan et al.
(2018), used a HRAP system incorporated to the wastewater management of a community of 300 people.
The system showed satisfactory results in both water treatment and biomass production. On the other hand,
treatment systems that use facultative lagoons could be exploited (Christenson and Sims 2011). The HRAPs
(High Rate Algal Ponds System) require 50 times more space than the treatments with activated sludge,
however, they occupy 5 times less space than the stabilization lagoons (Delrue et al. 2016). Therefore, in a
matter of required space, facultative lagoons could be a good option for the production of microalgae using

wastewater.
Conclusions

The production of microalgae with wastewater has great potential as part of the treatment, as well as to
obtain other valuable products. Some of the aspects that most influence the strategies that could be taken
for each specific locality are: the characteristics of the wastewater treatment plants, the climatic variations
according to the geographical region and the availability of space. On the other hand, some strategies could
be extended, such as the balance of nutrients through the combination of different effluents from the
treatment plant, the selection of native strains of the region and the use of polycultures. The concepts of
photobioreactors of semipermeable membranes or porous substrates could have great potential by allowing
independent management of the hydraulic retention times of the biomass, as well as facilitating harvesting.

However, it is necessary to do more research and development in specific designs for the treatment or use

of wastewater.
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Fig 1. For the production of microalgae in wastewater should be considered the characteristics of water (the
advantages and disadvantages that could represent for microalgae), and the adaptive capacities of the strains,
in addition to the necessary engineering to favor the development of the culture, taking into account both

the needs of microalgae and the challenges that could be faced when using wastewater.
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cultures of strains or combined production systems were used. a) Effluent of treatment water used for

experiments. b) Genus of strains evaluated. c) Type of system used.
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Abstract Several international studies have shown that the performance of water-
ing practices and irrigation equipment are still too low, while the water quality and
availability are increasingly scarce worldwide. Consequently, there are reductions
in crop yields and a waste of water resources. The objectives of this chapter are (1)
discussing some bibliographic evidence regarding the availability of agronanobio-
technologies to improve the water quality and watering efficiency in agricultural
irrigation systems and (2) describing some technological developments used in the
design of cheap and eco-friendly filters with natural or engineering nanomaterials
and organic wastes. It has been found that groundwater irrigation has grown rapidly
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over the past 50 years and now supplies over one-third of the world’s irrigated area.
Water management emerged as a strategic resource, not only in many arid and semi-
arid countries, but also in humid climates, because of its capacity to support inten-
sive land use and high-value agriculture. However, effective governance of watering
water and the implementation cutting-edge technologies are critical and urgent
challenges. It is required to critically examine the various approaches that different
technologies have proposed for taking advantage sustainably about irrigation water
and assessing their wider applicability for promoting its responsible use worldwide,
while better water technologies and management are urgent and critical for produc-
tivity, equity, and sustainability.

Keywords Crop water requirements - Engineering nanomaterials - Irrigation and
drainage - Rainfall harvesting - Runoff and evaporation - Low-cost irrigation
techniques - Nanofilter - Water supply

1 Introduction

Water scarcity and the little availability of good quality water are global problems
for human consumption or agricultural irrigated land. During the last years, high
attention has started being paid on environmental analyses with multiple goals:
quantifying environmental impacts of processes, identifying environmental
hotspots, and suggesting mitigation strategies to reduce the impact of anthropogenic
productions on the environment (Lovarelli et al. 2016).

Global consumption of freshwater resources has grown more than sixfold in the
past century, and local water consumption has accumulated as a global problem
(Luan et al. 2018). In addition, human impact on the environment has grown much
more and faster than what was expected, and humanity consumes more resources
(e.g., land, water) than what Earth is capable of regenerating (Galli et al. 2012).

Nowadays water scarcity is a major issue for present and future generations. It is
well known that globally less than 10% of collected wastewater receives any form
of treatment. Concomitantly, agriculture is the largest water user in most countries,
representing 70% of total global freshwater withdrawals (Thebo et al. 2017).
However, drought and inadequate water management are the predominant causes of
low yields worldwide so that there is an urgent need for more water-efficient crop-
ping systems facing large water consumption of irrigated agriculture and high
unproductive losses via runoff and evaporation. Consequently, identification of
yield-limiting constraints in the plant-soil-atmosphere continuum is the key to
improved management of plant water stress (Bodner et al. 2015). Nevertheless, it
has to be remembered that other strategies such as deficit irrigation have been
widely investigated as a valuable and sustainable production strategy in dry regions,
while limiting water applications to drought-sensitive growth stages aims to maxi-
mize water productivity and to stabilize—rather than maximize—yields (Geerts and
Raes 2009).
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Despite technological efforts by the specialists from different knowledge areas,
water scarcity, water pollution, runotf, and evaporation are main problems which
link to the use of water in agricultural systems. In addition, water is becoming scarce
not only in arid or drought-prone areas but also in regions where rainfall is abun-
dant: water scarcity concerns the quality of resource available and the quality of the
water because degraded water resources become unavailable for more requirements
(Pereira et al. 2002). Pereira et al. (2002) also stated that the sustainable use of water
(resource conservation, environmental friendliness, appropriateness of technolo-
gies, economic viability, and social acceptability of developments issues) is a prior-
ity for agriculture in water-scarce regions. Imbalances between availability and
demand, degradation of surface and groundwater quality, inter-sectorial competi-
tion, and interregional and international conflicts often occur in water-shortage
regions. Therefore, innovations are required mainly relative to irrigation manage-
ment and practice since the agriculture sector is far ahead in demand for water in
those regions.

The objectives of this chapter are (1) discussing some bibliographic evidence
regarding the availability of agronanobiotechnologies to improve the water quality
and watering efficiency in agricultural irrigation systems and (2) describing some
technological developments used in the design of cheap and eco-friendly filters with
natural or engineering nanomaterials and organic wastes.

2 Irrigation Versus Rain-Fed Agriculture

There are two main ways to use agricultural water to cultivate crops: (1) rain-fed
farming and (2) irrigation. Rain-fed farming is the natural application of water to the
soil through direct rainfall. Rainfall reduces the contamination of food products but
is open to water shortages when rainfall is scarce. On the other hand, artificial appli-
cations of water increase the risk of contamination by heavy metals, organic or
inorganic pollutants, or pathogen microorganisms (Table 8.1; Ferndndez-Luquefio
et al. 2013). Irrigation is the artificial application of water to the crops through sys-
tems of tubes. pumps. and sprays. There are many types of irrigation systems, in
which water is supplied to the entire field uniformly.

Irrigation water can come from groundwater, surface water, or even other sources,
such as treated wastewater or desalinated water. As aresult, it is critical that farmers
protect their agricultural water source to minimize the potential for contamination.
It is well known that rainfall generally is uncontaminated and it could be stored
throughout rainfall harvesting for later use or used without any previous treatment.
However, frequently the water stored. treated. or extracted for irrigation purposes
requires several treatments to decrease the pollutants, salts, or pathogens, so that
several novel materials with specific characteristics never seen before (Table 8.2)
have been synthesized by nanotechnologies and they could be used to improve the
irrigation water quality (Fig. 8.1).
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Table 8.1 Main characteristics that affect the quality of agricultural irrigation water

Pollutant Problems Reference

Salinity Salts in soil or water reduce water availability to the crop and cause a | Munns

slow rate of growth. along with a suite of metabolic changes caused | (2002)
by water stress, including premature senescence

Ton toxicity | Sodium, chloride, and boron ions from soil or water accumulate ina | WHO

sensitive crop to concentrations high enough to cause crop damage | (2006)
and reduce yields. It is usually first evidenced by marginal leaf burn
and interveinal chlorosis

Pathogens | Discases such as diarrhea. cholera, hepatitis A, and typhoid fever can | Minhas

be transmitted through direct physical contact of farmers with et al.
wastewater or by consumption of products irrigated with (2006)
contaminated ground or water Hanjra
etal.
(2012)
Nutrients | High nitrogen concentrations in the water which supplies the crop Qadir et al.

may cause undesirable vegetative growth, delayed crop maturity, and | (2010)
reduced crop quality

Suspended | Organic and inorganic sediments cause problems in irrigation WHO
solids systems through clogging of gates, sprinkler heads, and drippers. (2006)

Sediments also reduce water infiltration rate of an already slowly
permeable soil

Heavy Heavy metals accumulated in the edible parts of leafy vegetables. Arora et al.
metals Consumption of heavy metal-contaminated food can cause a (2008)

decrease in immunological defenses, intrauterine growth retardation,
impaired psychosocial behavior, disabilities associated with
malnutrition, and a high prevalence of upper gastrointestinal cancer

3 Types of Irrigation Systems

There are many different types of irrigation systems, depending on how the water is
distributed throughout the field. In addition, some modern technologies to watering
in cropped soils are described in Table 8.3, while some common types of irrigation
systems include:

1.

2.

Surface irrigation: water is distributed over and across land by gravity, no
mechanical pump involved.

Localized irrigation: water is distributed under low pressure, through a piped
network and applied to each plant.

. Drip irrigation: localized irrigation in which drops of water are delivered at or

close the root of plants.

. Sprinkler irrigation: water is distributed by overhead high-pressure sprinklers or

guns from a central location in the field or from sprinklers on moving
platforms.

. Center-pivot irrigation: water is distributed by a system of sprinklers that move

on wheeled towers in a circular pattern. This system is common in flat areas.
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Table 8.2 Properties of the main nanomaterials (NM) used for wastewater treatment
NM Application Mechanism of action Reference
Cu The use of copper The CuNP papers with higher | Dankovich
nanoparticles in paper filters | copper content showed a high | and Smith
for water purification bacteria reduction of for (2014)
contaminated with bacterial | Escherichia coli
activity
TiO, Textile-wasted water TiO, nanoparticles degraded Hossain and
contaminated with methylene blue from the Hossain
methylene blue solution due to the high (2015)
photocatalytic activity
CuO To purify seawater The use of CuO demonstrates | Kong et al.
contaminated with oil that it could find promising (2015)
application in oil-water
separation and offshore oil spill
cleanup
Magnetic Wastewater contaminated [t improves 80% removal Khani et al.
nano-adsorbent | with Pb* efficiency (20106)
Fe;0, and Wastewater contaminated It removes mercury by 70% Vélez et al.
v-Fe 05 with mercury (2016)
Zeolile Wastewater contaminated Improves >80% removal Visa (2016)
materials with Pb> efficiency
obtained from
fly ash
TiO,/CuO Industrial water The nanostructure Ti0,/CuO Yuan et al.
nanoneedle contaminated with oil NNA dual-coated meshes are (2017)
arrays (NNA) potentially useful in practical

oil/water separation

6. Lateral move irrigation: water is distributed through a series of pipes, each with
a wheel and a set of sprinklers, which are rotated either by the hand or with a
purpose-built mechanism.

7. Subirrigation: water is distributed across land by raising the water table, through
a system of pumping stations, canals, gates, and ditches.

8. Manual irrigation: water is distributed across land through manual labor and
watering cans.

4 The Value of Irrigation

[rrigation systems allow primary producers to grow more crops and to have more
flexibility in their productive processes as the ability to access water at times when
it would otherwise be hard to achieve good plant growth due to a deficit in soil
moisture. Producers can then achieve higher yields and meet market demands espe-
cially if rainfall events do not occur to produce higher-quality crops as water stress
can dramatically impact on the quality of farm produce to lengthen the growing
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Fig. 8.1 Some of the possibilities where nanotechnology has been involved in irrigation water.
Diftferent sources of water, such as urban wastewater, salt water, deep well-contaminated water, or
agricultural runoff waters, could be treated by nanotechnology to be used in agriculture. This nano-
technology includes nanomembranes and metal-based, carbon-based. or polymeric nanoadsor-
bents. Some of the contaminants which could be handled by nanotechnology are heavy metals,
hydrocarbons, organic pollutants, and insecticides. Apart from water treatment, some nanomateri-
als applied by irrigation could have a positive impact in plant development or their quality.
Examples are the increase in root area and length by Ag-NP, increased support to drought stress by
maghemite nanoparticles, and fortification of plants for human consumption by Se-NP, while dur-
ing drought conditions, calcium pectinate NP could act as a water reservoir

season to have “insurance” against seasonal variability and drought. Irrigation sys-
tems, wastewater management, and water store systems (Fig. 8.2) in cropped lands
have several technical and financial benefits such as:

1. To stock more animals per hectare and practice tighter grazing management due
to the reliability of pasture supply throughout the season.

2. To maximize benefits of fertilizer applications. Fertilizers need to be “watered
into” the ground in order to best facilitate plant growth.

3. To use areas that would otherwise be “less productive.” Irrigation can allow
farmers to open up areas of their farms where it would otherwise be “too dry” to
grow pasture/crops. This also gives them the capability to carry more stock or to
conserve more feed.

4. To take advantage of market incentives for unseasonal production.

. To have less reliance on supplementary feeding (grain, hay) in grazing opera-
tions due to the more consistent supply and quality of pastures grown under
irrigation.

6. To improve the capital value of their property. Since irrigated land can poten-
tially support higher crops, pasture, and animal production, it is considered more
valuable. The value of the property is also related to the water licensing agree-
ments or “water right.”

wn
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Table 8.3 Modern systems for irrigation in agricultural production

Main argues and findings

Reference

Precision irrigation strategies, including variable rate irrigation, are useful
approach for irrigation management to save water and reduce deep percolation
losses.

Gonzales-Perea

etal. (2018)

Aerial sensor, with multispectral and infrared thermal imaging sensors, is a
potential tool for remote crop stress monitoring. Green normalized vegetation
index. canopy cover, and canopy temperature were able to differentiate crops
with full and deficit irrigation at different growth stages.

Zhou et al.
(2018)

Subsurface drip irrigation in rice cultivation produces similar grain yield
compared with puddle-transplanted rice, with 50% lower N applications and
32% of water savings.

Rajwade et al.
(2018)

Aquaponics is an integrated fish and plant production in a recirculation
system. It has a hydroponic component which directly influences the water
quality and consumption. The plant species influenced the daily water loss,
whereas no effect was exerted by the water flow or type of hydroponics.

Maucierl et al.
(2018)

Plant factories use the hydroponic techniques which have been used to

Kikuchi et al.

increase the efficiency of protected horticulture. The hydroponic systems (2018)
adopted in plant factories can circulate water and fertilizers within the systems.
Drip irrigation could reduce water consumption to 70% compared with Shamshery

conventional flood irrigation. Pressure compensate drip emitters to maintain a
constant flow rate under variations in pressure have been designed and
optimized empirically. A model to design new drip emitters with attributes
that improve performance and lower cost is presented.

etal. (2017)

Aeroponic system is a soilless culture system, where roots are kept in a dark
environment saturated with aerosol of nutrient solution. Potato minituber
production with this system resulted in a two to three times greater compared
with the traditional method.

Rykaczewska
(20106)

With the nutrient film technique. plants are grown directly in a circulated thin
film of water containing a dissolved nutrient solution. This technique is easy
to manipulate for toxicity test. The use of biochar filters reduced the Ni uptake
in tomato plant growth with this technique.

Mosa et al.
(2016)

Water productivity is increased by reducing non-beneficial use or by other
agronomical practices such as engineering solutions that reduce the use of
irrigation water. Agronomical solutions such as regulated deficit irrigation are
directly linked to basin water conservation with little or no yield penalty.

Mateos and
Araus (2016)

7. To cost save/obtain greater returns. The cost benefits from the more effective use of
fertilizers and greater financial benefits as a result of more effective agricultural pro-
ductivity (both quality and quantity) and for “out-of-season” production are likely.

S Irrigation and Environment

Drainage facilities, in delta areas in particular, are considered as a form of flood
protection. In conjunction with irrigation, they also prevent waterlogging and sali-
nization. The area salinized by irrigation covers over 37 million ha worldwide,
thereby reducing productivity. The use of urban wastewater in agriculture is a
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Fig. 8.2 Irrigation systems, wastewater management, and water store systems could improve the
human well-being. To deal with food production and water scarcity, new technologies are emerg-
ing in water treatment and agricultural recirculation systems, as well as efficient water use.
Reclaimed water from urban areas or agronomical activities could be a good water source together
with natural water resources. Regulated deficit irrigation supported with remote crop stress moni-
toring is a promising emerging technology, while micro-irrigation systems in the field allow to give
the amount of water that a plant needs by dripping water directly to the root zone. In protected
agriculture, hydroponics and their variables increase the water use efficiency in crops and allow to
recover the excess of water to be treated and recirculated into the production system. These are
some of the actual approaches and future perspectives to deal with water scarcity and food
production

century-old practice that is receiving renewed attention with the increasing shortage
of freshwater around the world.

Irrigation of crops with wastewater is a common practice in urban and suburban
farming communities where wastewater is often the only water source for agricul-
ture. Additionally, wastewater contains important nutrients, such as inorganic N, P,
micronutrients, and organic matter, which favor crop growth, but irrigating crops
with wastewater might increase human viral and bacterial infections and contami-
nation of the environment with toxic substances. In Latin America more than
500,000 ha arable land is irrigated with wastewater, of which 350,000 ha in México.
In the valley of the Mezquital in the state of Hidalgo (México), 145,000 ha are irri-
gated with wastewater from Mexico City. This has favored the development of the
region, but 1,200 ha have already been lost as agricultural land due to increased soil
salt contents (Fernandez-Luqueiio et al. 2010).

Overexploitation of groundwater when water withdrawal exceeds water
recharge—and its subsequent lowering of water tables—is a recurring problem in
several cropping lands. In some countries the overpumping due to subsidizing elec-
tricity has lowered the water level by 25-30 m in one decade.
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Fortunately, almost 155 million ha are under conservation agriculture world-
wide. This technique enhances water use efficiency in rain-fed conditions due to
minimum soil disturbance, soil cover, and appropriate crop association.

Some wetlands and inland valley bottoms are cultivated with minimum distur-
bance to the environment, as they have no or limited (mostly traditional) equipment
to regulate water and control drainage. In addition, flood recession cropping is
another traditional water management technique with relatively low environmental
impact, where cultivation occurs along rivers in the areas exposed as floods recede
and where nothing is undertaken to retain the receding water. It is well known that
over 8.6 million ha worldwide are cultivated with these water managements.

However, there are also some examples of environmental problems regarding
improper irrigation system management such as the drying up of the Aral Sea in
Central Asia. It is one of the most dramatic examples of environmental tragedy
caused by the mismanagement of irrigation where the sea level dropped by 17 m
and the shoreline moved 70 km since 1960. This is due to the large diversions of
water for irrigation of cotton and electricity production, resulting in little water
reaching the Aral Sea. However, on a positive side, without the high productivity
permitted by irrigation, at least an additional 500 million ha would be needed to
reach the current agricultural production.

Temperate or humid areas allowing rain-fed production are often already densely
populated or environmentally disturbed, therefore having no additional land for
agriculture available anymore. Unfortunately, countries reaching their limit of culti-
vated areas already buy or rent large areas in other less developed countries, also
known as land grabbing. i.e.., they destroy and buy more cropping soil but do not
improve technologies to take care the environment; they only look for economic
benefits. In addition, globally more than one-third of the food is lost between field
and fork, and thus also a large amount of water and energy, needed to produce the
food. While in poor countries, most losses occur due to postharvest losses, in rich
countries losses are mainly due to throwing away the food that is not consumed.

More reclaimed water is expected to be used for agricultural irrigation as the
conventional water supply is becoming increasingly limited. The increasing con-
cern of environmental risk caused by irrigation with reclaimed water and its com-
plexity requires continuous monitoring and more research on the negative influences
resulting from reclaimed water irrigation. To face these problems, the cutting-edge
knowledge has been ahead, and new agronanobiotechnologies and/or biotechnolo-
gies have been developed during the last years in order to increase the yields and
quality of harmless food (Tables 8.4 and 8.5).

According to Wang et al. (2017), extensive research regarding the extensive use
of reclaimed water has shown a positive effect of reclaimed water irrigation on crop
growth and yield with acceptable product qualities, although a reduction in the crop
yield and quality and the ornamental performance of landscapes, as well as soil
deterioration, have been occasionally reported. At present, there are some issues of
great concern that should be addressed for the sustainable use of reclaimed water
irrigation such as (Wang et al. 2017) (1) updating of the standards of reclaimed
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Table 8.4 Agronanobiotechnologies to improve the water quality in agriculture irrigation systems

Main argues and findings

Reference

To use municipal wastewater for irrigation, it needs to be treated with plant
growth-promoting rhizobacteria (PGPR) and Ag-NPs prior to be used for
irrigation.

Silver nanoparticles though suppressing the growth-promoting potential of
PGPR increases their bioremediation potential for Pb, Cd. and Ni. Ag-NPs
enhanced root area and root length by PGPR isolates.

Khan and Bano
(2016)

Selenium NP uptake by wheat seedlings is dependent on nanoparticle size and
synthesis method in hydroponic experiments. The selenium NP uptake is
energy independent.

Hu et al. (2018)

Calcium pectinate nanoparticles function as water reservoirs to provide
sustained irrigation in areas where water is scarce.

Sharma et al.
(2017)

Maghemite nanoparticles delivered by irrigation support drought stress
management through enzymatic activity in Brassica napus.

Palmgqvist et al.
(2017)

Main applications of nanotechnology in water bioremediation are as uranium | Dasgupta et al.
remediation, hydrocarbon remediation, groundwater and wastewater (2017)
remediation, and heavy metal remediation.

A hybrid system of forward osmosis and nanofiltration (FO-NF) for Corzo et al.
agricultural wastewater reuse was developed. FO-NF permeate showed a (2018)
high-quality water for irrigation in a long-term period.

Low-quality waters can be filtered using nanotechnology applications allowing | Bueno et al.
the removal of salts and other micropollutants. This water could be used for (2017)

agricultural production.

Nanohexagon NiO sheets can potentially remove hydrophilic and hydrophobic
insecticides such as carbamates and organochlorines, respectively, from
agriculture wastewater.

Derbalah et al.
(2015)

Wastewater and desalination for a more sustainable agriculture could be
accomplished by nanomaterials science.

Villasefior and
Rios (2018)

Table 8.5 Applied biotechnology to improve irrigation water

Main argues and findings

Reference

Two Pseudomonas protegens strains were isolated from an agricultural water
well contaminated with heavy metals. The isolates show mycelial growth
inhibition against some pathogenic fungus and have a potential as beneficial
bacteria for agriculture applications even in metal-polluted soils.

Bensidhoum
etal. (2016)

This study highlights the potential benefits that plant growth-promoting
microorganisms may confer to plants grown in hydroponic systems,
particularly when cultivated in extreme environments.

Sheridan et al.
(2017)

From 48 bacterial strains isolated from agricultural water well, 4 shows the Tabli et al.
ability to express plant growth-promoting traits and inhibition of mycelia (2018)
growth to Botrytis cinerea and Aspergillus niger:

Microalgae Chlorella sp. in aquaponics system is able to remove ammonia and | Addy et al.
balance pH drop caused by nitrifying bacteria. Algae prefer ammonia nitrogen | (2017)
over nitrate nitrogen.

Stevia rebaudiana showed increase production of stevioside when treated with | Wu et al.
purple phototropic bacteria. Foliar treatments combined with treatments (2013)

through rhizosphere irrigation showed best results.
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water for irrigation, (2) better understanding of the mechanisms of the migration,
transformation, accumulation, and diffusion of various contaminants, (3) determin-
ing the technical parameters of irrigation systems to enhance the safety and effec-
tiveness of reclaimed water irrigation, (4) making a risk assessment for continuous
reclaimed water irrigation, (5) promoting local and global policies for developing
reclaimed water irrigation, and (6) developing and evaluating new technologies that
guarantee better performance of irrigation techniques without jeopardizing the sus-
tainable development.

6 Design and Manufacture of Low-Cost
and Environmentally Friendly Filters

Our research team has been working with the synthesis and evaluation of new mate-
rials to increase the performance of environmentally friendly water filters.

6.1 Methodology

Aspergillus niger strain (ATCC 9642) was obtained from the National Collection of
Microbial Strains and Cell Cultures of Cinvestav Zacatenco, Mexico. It was sub-
cultivated every month in malt extract agar. A Tween 80 (20% v/v) sterile stock
solution was used for the spore dispersal. 2.5 mL spore suspension of A. niger
ATCC 9642, obtained from a 14-day agar growth, was inoculated into 250 mL malt
extract broth medium in a 500 mL Erlenmeyer flask. The cultures were cultivated at
30 °C and pH 4 for 6 days in an orbital incubator. Mycelium was recovered through
filtration using filter paper (Whatman No. 2), washed repeatedly with distilled water
until a clear filtrate was acquired, and dried for 3 h at 80 °C. Fungal biomass was
homogenized using an Agate mortar and deproteinized with 15 mL 1 M NaOH
treatment for 2 h at 90 °C. The alkali insoluble fraction was recovered by centrifu-
gation (15,000 x g, 15 min), washed with distilled water, and recentrifuged until it
reached a neutral pH. Finally, fungal biomass was dried and ground with Agate
mortar.

Montmorillonite clay was extracted from 20 kg of vertisol soil by the test tube
method. 50 g of soil, previously sieved in a 30 mesh, were air dried and placed in a
1-L test tube. 10 mL of sodium hexametaphosphate (5 g per 100 mL) were added
and after 5 min stirred, and the test tube was left to settle for 24 h.
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6.2 Adsorption Experiments

The adsorption of arsenic (As), lead (Pb), carbonate calcium (CaCOs), and sulfate
(SO;”) ions was evaluated using produced fungal biomass, montmorillonite clay,
and Ti02, Fe,;0;, ZnO nanoparticles as adsorbents in aqueous solution. Adsorption
experiments were conducted in a batch mode as a function of time (0—480 min) and
concentration at neutral pH and 25 °C. A known weight of adsorbent (0.1 g) was
added to 25 mL of composite solution containing equimolar concentrations of each
compound in the range of 1-50 mg L', The residual ion content was determined by
inductively coupled plasma, and the capacity of adsorption (Q,) was calculated
according to the following equation:

(C,-C.)*V

m

Q. =

where "C,’ is the initial concentration (mg/L), "C, the equilibrium concentration
(mg L"), “m” the weight of used adsorbent (g), and “V” the volume of the solution
(L).

6.3 Application of the Adsorbents in a Filter

A PVC cylinder (30 cm of height and 2.4 cm of diameter) was designed and loaded
with the five adsorbents to be applied as a filter. Contaminated water with As, Pb,
CaCO;, and SO, ions was passed from the bottom of the filter and released from the
top at a continuous flow. Experiments were conducted in triplicate, and samples
were collected each 2 h. Efficiency of the filter was evaluated by determining the
pollutant concentration in the water release (Fig. 8.3).

6.4 Characterization

The physicochemical characteristics of the five adsorbent materials (fungal bio-
mass, montmorillonite clay, and TiO,, Fe,Os, and ZnO nanoparticles) were evalu-
ated by Fourier-transform infrared spectroscopy (FI-IR), X-ray diffraction, X-ray
fluorescence, and scanning electron microscopy (SEM).
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Fig. 8.3 Filter prototype with XRD diffractograms of (a) Fe,0O;, magnetite, (b) ZnO, zincite and
(¢) TiO,. anatase. (d) IR spectrum of fungal biomass. and (e) XRD diffractogram of montmoril-
lonite clay

6.5 Adsorption Yields

Once the batch tests for each adsorbent have been carried out, it has been found that
the adsorption equilibrium is reached after 2 h of contact between adsorbent and
adsorbate. Regarding the removal efficiency of the pollutant mixture, taking into
account an initial concentration of 25 mg L~! of each one, a neutral pH, and a tem-
perature of 25 °C, the lead ion has decreased by 89% and 98% using montmoril-
lonite clay and the three nanoparticles, respectively. On the other hand, As
concentration has been diminished by over 90% using the nanoparticles of ZnO
(93%) and TiO, (98%), while the removal of CaCO; has only been favored with the
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nanoparticles of Fe;O; in a 90%. The removal of the sulfate ion is very low, since
none of the five adsorbents obtained a yield greater than 10%.

Our research team is also working on a low-cost solution for household water
purification by a manufactured filter with engineering nanoparticles, soil-natural
clays, and recycled materials. The goal of this research is to design. build, and eval-
uate a cheap water filter for the low-income household which is being manufactured
with engineering nanoparticles (NP), natural soil NP, and recycled materials. In the
present study, water filters were developed with Ag-NP, TiO,-NP, coffee waste, and
natural soil NP. Soil NP and residues of coffee-supported Ag-/TiO,-NP (soil NP/
coffee waste/Ag/TiO,-NP) were prepared through step by step. First, the prepara-
tion of the coffee waste and the extraction of soil NP were made. After that, coffee
residues and the soil NP were sifted, mixed, and dispersed in 25 mL of ethanol
under continuous stirring until a suspension was formed. Then 0.2 g of AgNO; was
dissolved in the suspension with stirring, followed by the addition of 1.5 mL of
tetrabutyltitanate. After stirring for 2 h, the mixture was heated at 160 °C for 30 h,
centrifuged, and calcined at 500 °C for 5 h to firmly attach among themselves.
Powder X-ray diffraction (XRD) and transmission electron microscopy (TEM)
showed that the Ag-NP coated with TiO,-NP is well-dispersed on the surface of soil
NP and recycled materials. This nanomaterial, i.e., soil NP/coffee waste/Ag/
TiO,-NP, had proper recycling, increased the surface area, and facilitated the water
purification.

7 Conclusion

Suffering from severe water scarcity, several countries have been using wastewater
for irrigating cereal, fiber, and vegetable crops. However, rarely both quantities and
qualities have been enhanced from raw wastewater, i.e., the common procedure is to
have irrigation system watering crops without any previous or minimum treatment.

The importance of promoting local and global policies for developing reclaimed
water irrigation must be recognized worldwide. In addition, as integral parts of waste-
water reclamation policy frameworks and its use and management in land watering
systems, several regulations should be developed and improved worldwide.

Effective governance of watering and the implementation of cutting-edge tech-
nologies are critical and urgent challenges. It is required critically to examine the
various approaches that different technologies have proposed for taking advantage
sustainably about irrigation water and assessing their wider applicability for pro-
moting its responsible use worldwide, while better watering technologies and man-
agement are urgent and critical for productivity, equity, and sustainability.

The synthesis of new materials for treated wastewater or freshwater with poten-
tial use in irrigation systems has to be promoted but also the long-term studies to
know the potential human or environmental harm. The humanity needs more water,
energy, and food, but also needs a comfortable and safe site to live and thrive.
Otherwise, the sustainable development will be jeopardized.
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Abstract The synthesis of engineered nanomaterials (ENMs) has increased in
recent years because novel and unexpected properties and applications have been
found to such a degree that hundreds of scientists have published concerns and evi-
dence regarding the toxicology of ENMs. However, most of the reported findings
have been inconsistent, so more research is needed, but also long-term in situ field
trials are required, while the standardization of tests, chemical reagents, and meth-
odologies must be strengthened and regulated in accordance with scientific advice
or international organizations. This chapter discusses new findings published during
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the last 5 years regarding the advantages and disadvantages of ENMs, as well as
findings obtained in our laboratories and greenhouse. We found that ENMs have
favorable effects on some crops and biological systems. Consequently, ENMs have
potential industrial applications in the agricultural sector, with biological, environ-
mental, and ecological advantages. Nevertheless, the effects of ENMs depend on
the kind of ENM, exposition period, concentration, substrate or soil type, kind and
age of organisms. biotic and abiotic interactions, etc.: i.e., a specific test has to be
carried out for each particular condition, and generalizations regarding the eftects of
ENMs should be avoided, otherwise human and environmental health—but also
sustainable development—will be compromised.

Keywords Engineered nanomaterials - Human and environmental health -
Sustainable development

1 Introduction

Nanomaterials are classified as naturally occurring, incidentally synthesized, and
intentionally manufactured. Since engineered nanoparticles (ENPs) have been
developed for use in industry and human commodities, it is common to find them in
waste and by-products of industrial chemical reactions, but it is also possible to find
incidental nanoparticles (NPs) in the environment (Medina-Pérez et al. in press).
Despite that, nanotechnology has been recognized by the European Commission as
one of its six “Key Enabling Technologies™ that contribute to sustainable competi-
tiveness and growth in several industrial sectors (Parisi et al. 2015).

According to Terekhova et al. (2017). ENPs can enter the soil through atmo-
spheric precipitation, through sedimentation in the form of dust and aerosols,
through direct soil absorption of gaseous compounds, through abscission of leaves,
or as a result of anthropogenic activity, etc. After ENPs get into a water system
through sewage or industrial emissions, nanoparticles can accumulate in plants
(e.g.. in algae), as well as in invertebrates (plankton, benthos, crustaceans) that are
the primary links of a food chain, and then they can pass into water vertebrates that
form part of the human food chain (Terekhova et al. 2017). In a land ecosystem,
ENPs can accumulate in soil, vegetation, surface water, sewage, landfills, and
groundwater.

The current challenges of sustainability, food security, and climate change are
engaging researchers in exploring the field of nanotechnology as a new source of
key improvements in the agricultural sector (Parisi et al. 2015). However, because
of the rapid advent of nanotechnologies, great attention is being paid to the effects
of engineered nanomaterials (ENMs) on living organisms, while concerns are rising
in the scientific community worldwide.

Despite the numerous potential advantages of nanotechnology and the growing
trends in publications and patents, agricultural applications have not yet made it to
the market, but several factors could explain the scarcity of commercial applica-
tions, such as the high production costs of nanotechnological products, unclear
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technical benefits, and legislative uncertainties, as well as public opinion (Parisi
etal. 2015). Nevertheless, the research and development landscape regarding ENMs
is very promising, and the possibilities offered by nanoscience and nanotechnology
in various agricultural applications will continue to be actively explored. In addi-
tion, the rapid progress of nanotechnology in other key industries may, over time, be
transferred to agricultural applications as well, and facilitate their development
(Parisi et al. 2015).

This chapter discusses new findings published during the last 5 years regarding
the advantages and disadvantages of ENMs, as well as findings obtained in our
laboratories and greenhouse.

2 Environmental Behavior of Engineered Nanomaterials
at Various Trophic Levels

Despite the wide applications of ENPs in several areas, limited data are available on
their behavior at various trophic levels. Rocha et al. (2017) stated that the current
knowledge indicates the existence of important accumulation and ecotoxic effects
of Cd-based quantum dots (QDs) on microorganisms, aquatic invertebrates, and
vertebrates (fish) in freshwater and seawater.

It has to be acknowledged that there is an urgent need for development of analyti-
cal methods for detection and quantification of ENMs in environmental matrices, as
well as a need to establish guidelines for experimental design and development of
new end points/biomarkers for ecological risk assessment of ENMs. In addition, the
ecotoxicology of ENMs in environmentally relevant exposure conditions, such as
micro- and mesocosms, has not been investigated yet, while chronic and long-term
ecotoxicity tests have been limited (Rocha et al. 2017). Entry, migration, transfor-
mation, or degradation of ENPs in different ecosystems (Fig. 9.1) have been reported
by Cornelis et al. (2012), Keller and Lazareva (2014), Gokhale (2016), and Song
et al. (2017).

According to Karimi et al. (2018), despite the wide application of nanoparticles
in different sectors of the food industry and the benefits that nanotechnology offers
in achieving better quality, safety, efficiency, and food-processing techniques,
human exposure to nanoparticles through trophic transfer and possible adverse
health effects on the human body seem to be inevitable. They also stated that toxi-
cology of nanoparticles suffers from severe limitations in the certified assessment
approaches and contradictions in the stated data, and that consideration should be
given to screening of nanoparticle-containing foods in a set of long-term studies
conducted in large groups of people to consider all of the related issues before those
foods rapidly occupy the market.

Most nanoparticles have been traced in different plants, crops, bacteria, algae,
protozoa, fungi, crustaceans, annelids, platyhelminths, nematodes, bivalves, gastro-
pods, and fish, reported in several updated reviews (Tangaa et al. 2016; Rocha et al.
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Fig. 9.1 Entry or migration (solid red lines) and transformation or degradation (dashed black
lines) of engineered nanoparticles (ENPs) in different ecosystems. The danger symbols denote
organisms or systems for which evidence regarding nanoparticle toxicity has been reported (see
Tables 9.1, 9.2, and 9.3). UV ultraviolet

2017; Karimi et al. 2018; Tan et al. 2018). It is suggested that precise and standard
tests should be utilized to assess the long-term effects of acute and chronic exposure
to different ENMs existing in food systems before mass production. Overall, the
available knowledge indicates an urgent need to study the effects of ENPs on
humans and on the environment, in order to develop environmentally sustainable
nanotechnologies.

3 Effects of Engineered Nanomaterials on Plants

Reports indicate that ENMs affect plants differently at the physiological, biochemi-
cal, nutritional, and genetic levels, while effects on growth, physiological and bio-
chemical traits, production, and food quality, among other things, have been
reported. However, our understanding of the dynamics of interactions between
plants and ENMs is not clear enough yet (Rajput et al. 2018; De la Rosa et al. 2017;
Rizwan et al. 2017; Zuverza-Mena et al. 2017). This review clearly confirms the
existence of toxic effects of ENMs on cultivated crop plants through inhibition of
seed germination, decreases in root and shoot lengths, reductions in photosynthesis
and respiration rates, and morphological as well as enzymatic changes (Table 9.1).
However, benefic effects of ENMs on plants have also been reported (Table 9.2).
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Table 9.1 Negative effects of different engineered nanoparticles (ENPs) on plant species

Types and sizes

(nm) of ENP Species Effects Reference
Ce0, (8) Triticum Root changes; decreased chlorophyll Du et al. (2015)
aestivium content and starch grain size in

endosperm

CuO (100-200)

Lactica sativa

Effects on seed germination, vigor
index, and fresh weight: root length
reduced by 49%

Hong et al.
(2015)

CuO (0-80) Coriandrum Effects on germination rate and shoot Zuverza-Mena
sativum elongation etal. (2015)

CuO (<1200 to Daucus carota | Reduced shoot biomass and restricted Ebbs et al.

>2100) Cu accumulation in taproot periderm (2016)

NiO (<100) Hordeum Decreased leaf surface. chlorophyll. and | Soares et al.
vulgare carotenoids (2016)

ZnO (15) Triticum Reduced photosynthetic efficiency, Tripathi et al.
aestivim inhibited antioxidant activity (2017)

Ag (12£9) Capsicum Decreased plant growth Vinkovic et al.
annium (2017)

AgNO; Nicotiana Oxidative stress and changes in Cvjetko et al.

(61.2+33.9) tabacum chloroplast size (2018)

CuO (<50) and | Raphanus Reduced root length, shoot length, and | Singh and

Zn0 (<100) sativus biomass Kumar (2018)

Table 9.2 Positive effects of different engineered nanoparticles (ENPs) on plant species

Types and sizes

(nm) of ENP Species Effects Reference

TiO, (25) Solanum Promoted plant height. root length, | Raliya et al.
lycopersicum and biomass (2013)

Ag (200-800) Trigonella Enhanced plant growth and Jasim et al.
Jfoenum-graecum | diosgenin synthesis (2016)

Fe;O, (17 £ 3.9) | Zea mayvs Increased germination index Lietal. (2016)

Fe,O; (10) Solanum Increased root and shoot lengths Shankramma
lycopersicum with 50-200 mg L-! solution etal. (2017)

Cu-grown Cicer arietinum Increased germination rate, shoot Ashfaq et al.

carbon and root lengths, and chlorophyll and | (2017)

nanofibers (95) protein content

Nano-yPGA/ Phaseolus vulgaris | Increased leaf area and induced root | Pereira et al.

CS-GA, development (including lateral root | (2017)

(134 £9) formation)

Ag* bentonite

Avena byzantina

Increase root growth

Tomacheski et al.

(1.5) (2017)
Zn0 (NR) Gossypium Increased plant growth, biomass, Venkatachalam
hirsutum chlorophyll, carotenoids, protein etal. (2017)
content, superoxide dismutase, and
peroxidase
Zn0O (NR) Carthamus Increased guaiacol peroxidase, Hafizi and Nasr
tinctoris polypeptide oxidase, dehydrogenase, | (2018)
and malondialdehyde
TiO, (28.78) Vicia faba Increased shoot length, leaf area, and | Latet et al. (2018)

root dry weight

yPGA poly(y-glutamic acid), CS chitosan, NR not reported.
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3.1 Effects of Engineered Nanomaterials on Common Bean
(Phaseolus vulgaris L.)

3.1.1 Experimental Site

This study was carried out in a greenhouse at the Programa de Sustentabilidad de
los Recursos Naturales y Energia del Cinvestav-Saltillo, located in Saltillo, Coahuila,
Mexico. According to the Képpen climate classification, this area has a semiarid hot
climate (BSh). According to the United Nations Food and Agriculture Organization
and the United Nations Educational, Scientific, and Cultural Organization (FAO/
UNESCO) soil classification system, the soil is a haplic xerosol.

3.1.2 Biological Materials

Common bean seeds were donated by INIFAP-Celaya, Mexico. All seeds were kept
in the dark at 4 °C until use.

3.1.3 Nanomaterials

Nanoparticles of magnetite, ferrihydrite, and hematite were manufactured. while
nanoparticles of zinc oxide and titanium dioxide were purchased from Materiales
Nanoestructurados SA de CV (San Luis Potosi, Mexico). The crystallographic sys-
tem is cubic for magnetite, tetragonal for zinc oxide and hexagonal for ferrihydrite,
hematite. and titanium dioxide. X-ray diffraction was conducted to verify the pure
phase samples, and the magnetic properties of the samples were measured using a
MicroMag™ 2900 Alternating Gradient Magnetometer.

3.1.4 Cultivation of Plants in the Greenhouse

The full experimental setup was repeated three times. The first experiment was car-
ried out from January to May 2013, the second one from February to June 2013, and
the third one from March to July 2013. Sixty subsamples of 3500 g of soil [i.e., five
kinds of nanoparticle (nano-Fe;0y4, nano-FeOOH-xH,0, nano-a-Fe,0s, nano-Zn0O,
and nano-Ti0,) in triplicate x four concentrations] were added to square plastic pots
whose length x width x height were 17 x 15 x 17 cm. Five treatments (nanoparti-
cles) at four concentrations (0, 1. 3, and 6 g L") were applied to the soil during
irrigation, so we sprayed each plastic pot with 500 mL of a 0, 1, 3, or 6-g L-!
nanoparticle suspension throughout the experiment. Three seeds of common bean
were planted in 180 plastic pots [i.e., five nanoparticles in triplicate X four concen-
trations in three experiments]. The seeds were placed at a 2-cm depth in each plastic
pot. Five days after planting, the seedlings were thinned to one plant per plastic pot.
The plastic pots were placed in the greenhouse for 120 days. A plastic container was
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placed under each plastic pot to collect drained liquid. However, the irrigation was
well controlled, so no leaching was observed. Thirty, 60, and 120 days after sowing,
three plastic pots were selected at random from each treatment and each concentra-
tion. The entire soil column was removed from the plastic pot, and samples were
taken from the 0- to 7.5-cm depth and from the 7.5- to 15-cm depth, with care so as
not to damage the root structure. The roots were separated from the shoots, and the
root and shoot length were measured. The roots and shoots were dried at 70 °C,
weighed, and analyzed for Ti, Fe, Zn, and total N. The soils from the 0- to 7.5-cm
and 7.5- to 15-cm depths were analyzed for pH, electrical conductivity (EC), Ti, Fe,
and Zn. The amount of chlorophyll was quantified every 2 days after sowing, begin-
ning on day 15. The temperature and moisture content inside the greenhouse during
the experiment were 24 °C and 35-45%, respectively.

3.1.5 Chemical Analyses

The pH was measured in 1:2.5 soil or wastewater sludge/H,O suspension, using a 716
DMS Titrino pH meter (Metrohm Ltd., Herisau, Switzerland) fitted with a glass elec-
trode. The EC was determined in a 1:5 soil/H,O suspension. The organic C in the soil
was measured using a TOC-VCSH total organic carbon analyzer (Shimadzu,
Columbia, MD, USA). The inorganic C was determined by adding 5 mL of 1-M
hydrogen chloride (HCI) solution to 1 g of air-dried soil and trapping the evolved CO,
in 20 mL of 1-M NaOH. The total N in the soil, root, and shoot was measured by the
Kjeldahl method using concentrated H,SO,, K;S50,, and CuSOj, to digest the sample.
The soil particle size distribution was defined by the hydrometer method. The water-
holding capacity (WHC) was measured in 6.5 kg of soil placed in a polyvinyl chloride
(PVC) tube (length 50 cm, diameter 16 cm), water saturated, stoppered with a PVC
ring, and left to stand overnight to drain freely (WHC = [(water-saturated soil — soil
dried at 105 °C)/soil dried at 105 °C] x 1000). The amount of chlorophyll was mea-
sured with a Minolta SPAD-502 chlorophyll meter. Fe, Ti, and Zn were determined by
inductively coupled plasma mass spectrometry (ICP-MS).

3.1.6 Statistical Analyses

The data were subjected to an analysis of variance (ANOVA) and means were com-
pared with the Tukey test, using Statistical Analysis System (SAS) software version
8.0 for Windows. Soil and plant characteristics were subjected to one-way ANOVA
using a general linear model procedure (PROC GLM) to test for significant differ-
ences (p < 0.05) between treatments. The methodology used for the principal com-
ponent analysis (PCA) has previously been described by Fernandez-Luqueno et al.
(2016) and Medina-Pérez et al. (2018). All analyses were performed using the SAS
statistical package. All data presented are the means of three replicates in soil from
three different plots, and the whole experiment was repeated three times (n = 27)
with sampling after 30, 60, and 120 days.
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3.1.7 Results and Discussion

None of the five kinds of nanoparticle used in this experiment (magnetite, ferrihy-
drite, hematite, zinc oxide, and titanium dioxide) significantly modified the chloro-
phyll content of common bean plants, as evidenced by the Soil Plant Analysis
Development (SPAD) unit values (see Fig. 9.2). However, the nanoparticles of mag-
netite, ferrihydrite, hematite, zinc oxide, and titanium dioxide significantly modi-
fied at least one plant characteristic or one yield component of common bean. The
nanoparticles containing Fe (magnetite, ferrihydrite, and hematite) were those that
significantly affected more crop characteristics such as the total N in the roots or
shoots, number of pods, dry weight of pods, number of seeds, and yield of common
bean. These findings are an important factor to take into account with regard to the
applicability of nanoparticles for long-term use in crops, but selection of the most

25 =
PC2 (20%)
2
15 o
A FERR-6
Root length
Shoot kn;
0.5 Root dry gvl:]ighl
/Number of seeds
0 7 AFERR-1 " Root fresh weight
"FERR3%
{ Nugiber of pods PC1 (31%)

05 ] Seh weght

- Total N A

Seed yield Pods dry weight

4
-1.5

2 4
25 J

2.5 -2 -1.5 -1 0.5 0 05 1 135 2 2.5

Fig. 9.2 Principal component (PC) analysis of characteristics of bean plants (Phaseolus vulgaris
L.) cultivated in agricultural soil irrigated with 500 mL of a 0, 1. 3, or 6-g L~! nanoparticle suspen-
sion. Nanoparticles of Fe;04, FeOOH-xH,0, a-Fe,0;, ZnO. and TiO, were used. The data are the
mean values from three square plastic pots with 3.5 kg of dry soil in each one, with three different
soils and three experiments (i.e., n = 27). Each whole experiment lasted for 120 days. The first two
factors explained 51% of the variation. CTL control, FERR-1 500 mL of a 1-g FeOOH-xH,O
nanoparticle suspension, FERR-3 500 mL of a 3-g FeOOH-xH,0O nanoparticle suspension, FERR-
6 500 mL of a 6-g FeOOH-xH,O nanoparticle suspension, HEM-1 500 mL of a 1-g a-Fe,0;
nanoparticle suspension, HEM-3 500 mL of a 3-g a-Fe,O; nanoparticle suspension, HEM-6
500 mL of a 6-g a-Fe,03 nanoparticle suspension, MAG-1 500 mL of a 1-g Fe;O, nanoparticle
suspension, MAG-3 500 mL of a 3-g Fe;O, nanoparticle suspension, MAG-6 500 mL of a 6-g Fe;0,
nanoparticle suspension, SPAD Soil Plant Analysis Development, 7i0,-1 500 mL of a 1-g TiO,
nanoparticle suspension, 7i0,-3 500 mL of a 3-g TiO, nanoparticle suspension, 7i0,-6 500 mL of
a 6-g TiO, nanoparticle suspension, ZnO-1 500 mL of a 1-g ZnO nanoparticle suspension, ZnO-3
500 mL of a 3-g ZnO nanoparticle suspension, ZnO-6 500 mL of a 6-g ZnO nanoparticle
suspension
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appropriate nanoparticles at the most appropriate concentration is important for
realization of greater benefits and agrosustainability. Additionally, there is a need to
generate more data on chronic effects of long-term and concentrated exposure of
plants to nanoparticles, as this is important for better understanding of the potential
hazards or risks of these nanoparticles. More studies are also needed to identify the
greatest potential of nanoparticles in the rural sector and in the agro-food industry
worldwide.

3.2  Effects of Engineered Nanomaterials on Maize (Zea
mays L.)

The experimental site, biological materials, nanomaterials, procedures for cultiva-
tion of plants in the greenhouse, chemical analyses, and statistical analyses were
similar to those described in Sect. 3.1.

3.2.1 Results and Discussion

Magnetite, ferrihydrite, and hematite significantly modified the chlorophyll content
of maize plants, as evidenced by the SPAD unit values, while zinc oxide and tita-
nium dioxide did not significantly modify any plant characteristic or yield compo-
nent at the physiological maturity of the crop (see Fig. 9.3). The nanoparticles
containing Fe (magnetite, ferrihydrite, and hematite) were those that significantly
increased crop characteristics such as the total N in the roots or shoots, but not the
yield of maize.

4 Effects of Engineered Nanomaterials on Earthworms

Earthworms live in almost all kinds of soil worldwide and may represent 60-80%
of the total soil biomass. Earthworms play a key role in soil ecosystems because
they contribute to pedogenesis. water regulation, nutrient cycling, aeration, removal
of contaminants, and soil structure formation. Although earthworms accelerate the
removal of organic and inorganic pollutants from soils, their activity may be inhib-
ited when excessive amounts of pollutants are discarded in their habitat.

Despite the large amount of research into the potential applications of nanotech-
nology conducted in recent years, relatively little has been done to assess the poten-
tial risks of nanoparticles for earthworms. Stewart et al. (2013) stated that chemical
modification of cadmium selenide QDs protected Eisenia andrei and reduced the
bioaccumulation of nanoparticles by earthworms. Other experiments on the nano-
toxicity of nanoparticles to E. andrei were carried out by Romero-Freire et al.
(2017). They reported that survival, weight change, and reproduction were affected

71



170 G. Medina-Pérez et al.
A PC2 (24%) ]

2

> &MAG-i
1.5 1 & MAG-6
FERRGA & MAG3
1 | ‘ AFERR-1
Khoot fresh Root dry weight FERR-3)
weight Shoot dry weight Shoot length
0> : Root fresh weight
ber of seeds
0 v . .
Shoot Total N PCI (33%)
05 Tio-1 . Root Total N
TiO6 A Seed yield SPAD

of g
-15

i3
25 :

25 2 15 - 0.5 0 05 1 15 ] 25

Fig. 9.3 Principal component (PC) analysis of characteristics of maize (Zea mays L.) cultivated in
agricultural soil irrigated with 500 mL of a 0, 1, 3, or 6-g L~ nanoparticle suspension. Nanoparticles
of Fe;04, FeOOH-xH,0. a-Fe,0s, ZnO, and TiO, were used. The data are the mean values from
three square plastic pots with 3.5 kg of dry soil in each one, with three different soils and three
experiments (i.e., n = 27). Each whole experiment lasted for 120 days. CTL control, FERR-1
500 mL of a 1-g FeOOH-xH,0 nanoparticle suspension, FERR-3 500 mL of a 3-g FeFOOH-xH,0
nanoparticle suspension, FERR-6 500 mL of a 6-g FeOOH-xH,O nanoparticle suspension, HEM-1
500 mL of a 1-g a-Fe,O; nanoparticle suspension, HEM-3 500 mL of a 3-g a-Fe,O; nanoparticle
suspension, HEM-6 500 mL of a 6-g a-Fe,O; nanoparticle suspension, MAG-7 500 mL of a 1-g
Fe;04 nanoparticle suspension, MAG-3 500 mL of a 3-g Fe;O4 nanoparticle suspension, MAG-6
500 mL of a 6-g Fe;0, nanoparticle suspension, SPAD Soil Plant Analysis Development, 7i0,-1
500 mL of a 1-g TiO, nanoparticle suspension, 7i0,-3 500 mL of a 3-g TiO, nanoparticle suspen-
sion, Ti0,-6 500 mL of a 6-g TiO, nanoparticle suspension, ZnO-1 500 mL of a 1-g ZnO nanopar-
ticle suspension, ZnO-3 500 mL of a 3-g ZnO nanoparticle suspension, ZnO-6 500 mL of a 6-g
ZnO nanoparticle suspension

by both Zn-NP and ZnCl,, but they could not explain the differences in earthworm
toxicity. Similar studies were done by Swiatek et al. (2017) to evaluate the effects of
Zn-NP or ZnCl, on reproduction of E. andrei, but zinc was efficiently regulated by
the earthworms in all treatments.

Enchytraeus crypticus has been also studied to determinate the toxicity of
ZnO-NP to annelids (Hrda et al. 2016). It was found that toxicity was clearly depen-
dent on the size of the ZnO-NP agglomerates and the technique used for exposure
medium preparation, but it was not correlated with the ZnO-NP concentration. The
survival and composition of the gut microflora of Eisenia fetida grown in soil pol-
luted with Zn-NP have been also analyzed (Yausheva et al. 2016). It was reported
that Zn-NP decreased the diversity of bacteria belonging to the taxon Firmicutes
and increased the proportion of Proteobacteria. Other authors have found evidence
regarding ENM toxicity to earthworms in soils (Table 9.3).
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Table 9.3 Effects of different engineered nanoparticles (ENPs) on earthworm species

Types and sizes
(nm) of ENP Species Effects Reference
TiSi0, (<50) Eisenia andrei and No effect on either species Bouguerra et al.
Folsomia candida (2017)
MoO; (92 £ 0.3) | Eisenia fetida Mortality and decreased weight | Lebedev et al.
(2016)
C-nZVI (NR) Eisenia fetida No effect Yirsaw et al.
(2016)
AgNO; (NR) Allolobophora Mortality Brami et al.
chlorotica (2017)
Ag-NP (30 +£2) | Eisenia andrei Reduced number of juveniles; Jesmer et al.
and cocoons not viable (not hatched) | (2017)
AgNO; (34 £3)
7Zn0 and ZnCl, Eisenia andrei Effects on survival, weight. and | Romero-Freire
(20—40 nm) reproduction etal. (2017)

Ag-NP silver nanoparticles, C-nZVI coated nanoscale zero-valent iron, NR not reported

4.1 Effects of Nanoparticles of Hematite, Zinc Oxide,
and Titanium Dioxide on Eisenia fetida

The experimental site and nanomaterials used in this experiment were similar to
those described in Sects. 3.1 and 3.2.

4.1.1 Soil Preparation

The soil was taken to the laboratory and passed separately through a 5-mm sieve,
adjusted to 40% WHC by addition of distilled water (H,O), and conditioned at
22 = 2 °C for 10 days in drums containing a beaker with 1000 mL of 1-M sodium
hydroxide (NaOH) solution to trap the evolved CQO,, and a beaker with 1000 mL of
distilled H,O to avoid desiccation of the soil. After this process, the soil was
tyndallized.

4.1.2 Vermicompost Preparation

The vermicompost used to feed the earthworms was obtained from the worm cul-
ture maintained at our facility for 2 months, which was kept on precomposted
organic material bedding. Thereafter, the material obtained was tyndallized to
remove any organisms that could be harmful to the earthworms.
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4.1.3 Eisenia fetida Culture

All earthworms used in the present study came from a culture of E. fetida main-
tained at our facility. The culture is kept on bedding of precomposted organic
kitchen waste.

4.1.4 Experimental Setup

One hundred and sixty-eight subsamples of 200 g of dry soil [i.e., 14 treatments in
triplicate x four destructive sample dates (0, 20, 40, and 60 days after the onset of
the experiment)] were added to 900-mL amber glass jars (length 18 cm, diameter
10 cm). a-Fe,05-NP, ZnO-NP. or TiO,-NP were applied to the soil at three increas-
ing concentrations (0.0, 0.15, and 0.3 g kg~! of dry soil). so six chemical suspen-
sions of nanoparticles were prepared (three nanoparticle types x two concentrations)
in distilled water, and they were sonicated for 30 min before use; after the sonication
the nanoparticle suspensions were added to the earthworm food (vermicompost or
Quaker® oats), and after the food was added it was completely mixed with the soil.
The experiment was carried out under plant growth chamber conditions; the average
temperature was 22 + 2 °C, and the photoperiod was 12 h light and 12 h dark. In a
completely randomized design, each experimental unit was prepared, incubated,
and sampled independently. Ten E. fetida earthworms were used in each experimen-
tal unit of this research. At the onset of the experiment, 35 g of dry vermicompost
was added to each amber glass jar to feed the earthworms. Additionally, 30 and 50
days after the onset of the experiment, 35 g of tyndallized Quaker® oats was added
to feed the earthworms. Fourteen treatments were applied to the soil. The aerobic
incubation experiment lasted for 60 days, in which four destructive and random
samplings were performed on days 0. 20, 40, and 60. On each sampling day. adult
earthworms, cocoons, and juveniles were hand sorted and counted.

4.1.5 Chemical Characterization of Soil, Vermicompost, and Biochemical
Analyses

The methodologies used for chemical analysis of the soil, vermicompost, and earth-
worms were similar to those described in Sects. 3.1 and 3.2.

4.1.6 Data Analysis and Statistical Methods

The methodologies used for statistical analysis were similar to those described in
Sects. 3.1 and 3.2. All data presented are the means of three replicates x four
destructive sample dates (0, 20, 40, and 60 days after the onset of the experi-
ment) X two consecutive experiments carried out in a plant growth chamber (i.e.,
n=724).
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Fig. 9.4 Physical damage in the body of Eisenia fetida at 7 days after treatment with nanoparticles
(NP)

4.1.7 Results and Discussion

Physical damage was detected in earthworms exposed to increasing doses of
Fe,05-NP. The main detected types of damage were inflammation and explosion in
certain areas of the earthworm’s body at 14 days after the onset of the experiment
(Fig. 9.4). Seven days after the onset of the experiment, earthworms treated with
Fezog-NP died.

Hu et al. (2010) evaluated the toxicity of nanoparticles of TiO, and ZnO to the
earthworm E. fetida in soil. Artificial soil systems containing distilled water and 0.1,
0.5, 1.0, or 5.0 g kg™! of nanoparticles were prepared, and earthworms were exposed
for 7 days. It was found that Ti and Zn were bioaccumulated and that mitochondria
were damaged at the highest dose in soil (5.0 g kg™!). The activity of cellulase was
significantly inhibited when organisms were exposed to 5.0 g kg™' of ZnO nanopar-
ticles. This study demonstrated that both TiO,-NP and ZnO-NP exert harmftul etfects
on E. fetida when their levels are higher than 1.0 g kg=! in soil, and the toxicity of
ZnO-NP was greater than that of TiO,-NP.

S Effects of Engineered Nanomaterials on Microorganisms

The broad variety of applications of ENMs has led to their unusual and widespread
distribution in several environmental sectors, with different effects on living organ-
isms. ENMs applied for in situ remediation of water or soil inevitably interact with
various microbes at the remediation sites directly or indirectly (Xie et al. 2017,
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Lefevre et al. 2016). Studies that refer to microbial communities are central not only
in soil sciences but also in all related disciplines. This last statement requires knowl-
edge of which microorganisms are responsible for specific processes. According to
Blagodatskaya and Kuzyakov (2013), microbial communities in soils consist of an
extensive range of organisms in four physiological states: (1) active; (2) potentially
active; (3) dormant; and (4) dead.

To date. over 80,000 species of fungi have been described that live in soil, but
many more remain undiscovered, considering that the total fungal diversity is esti-
mated at 1.5 million species (Hawksworth 1991). It is well known that 1 g of soil
may contain approximately one million individual fungi, while the fungal biomass
may amount to 2.5-5 t ha™".

In agricultural soils. most of the biological activity occurs in the top 20 cm (the
plow layer), while in noncultivated soils, most of the biological activity occurs in
the top 5 cm of soil. Diversity of soil organisms is essential for the maintenance of
productive soils because soil organisms are responsible for a range of ecological
functions and ecosystem services. Therefore, excessive reduction of species with
critical features might result in severe effects, including long-term degradation of
soils, changes in the landscape, decreasing soil resilience, and loss of agricultural
productivity. It has to be remembered that soil health, soil quality, and soil resilience
are all fundamental to sustain the productivity and viability of agricultural systems
throughout the world.

Microbial communities play a significant and relevant role regarding greenhouse
gas (GHG) emissions worldwide. GHG emissions result from complex interactions
between abiotic drivers and multiple microbial metabolic processes. Mechanisms
controlling CO,, CH,, and N,O production have been well characterized in both
oxisol and permafrost (i.e.. in all types of soil worldwide).

In the last decade, several publications have reported fragments of information
about the interaction, detection, uptake, and translocation of ENMs in microorgan-
isms, and several papers have described negative effects of ENMs on microbial
communities (Table 9.4).

5.1 Microbial Communities in a Soil Amended
with Engineered Nanomaterials
The experimental site, nanomaterials, chemical analyses, and statistical analyses
were similar to those described in Sect. 3.1.
5.2 Experimental Setup and Treatments

The soil was taken to the greenhouse, sieved (<5 mm), air dried, and characterized.
One week before the onset of the experiment, the soil was divided into two equal
parts and adjusted to field capacity by addition of distilled water (H,O). Half of the
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Table 9.4 Negative effect of different engineered nanoparticles (ENPs) on soil microorganisms

Types
and sizes
(nm) of
ENP Species Effects Reference
Ag Acidobacteriaceae bacterium Ellin5095 Decreased microbial Carbone
(1-10) (AY234512.1), Acidobacteriaceae community et al.
bacterium Ellin311 (AF498693.1), (2014)
Acidobacteriaceae bacteritum Ellin310
(AF498692.1), and other species
ZnO (17) | Acinetobacter baumanni, Escherichia coli, | Ultrastructural changes Aal et al.
Klebsiella pneumonia, Proteus mirabilis, (2015)
Pseudomonas aeruginosa, Salmonella
fyphi, and other microorganisms
TiO, (15) | Azotobacter Reduced abundance of Chai et al.
and functional bacteria and (2015)
Ce0, enzymatic activity
(10)
Ag (20) | Different microorganisms in Zea mays Effects on community Sillen et al.
rthizosphere composition (2015)
Fe, 04 AMF in Zea mays rhizosphere Decreased soil bacterial Cao et al.
(NR) abundance and (2016)
community composition
shifted
Ag (50) | Nitrosomonas europea Damaged cell wall of N. | Wang et al.
europea, disintegrated (2017)
nucleoids, and condensed
next to cell membrane

AMF arbuscular mycorrhizal fungi, NR not reported

soil was adjusted to 40% WHC (considered the conditioned soil samples) and pre-
incubated for 7 days in drums containing a beaker with 1000 mL of 1-M NaOH
solution to trap the evolved CO,. and a beaker with 500 mL of distilled H,O to avoid
desiccation of the soil. The drums were opened every day to avoid anaerobic condi-
tions. Thereafter, 20 g of soil was amended with ENMs (nano-Fe;Oy4, nano-ZnO, or
nano-TiO,) at 0, 1, 3, and 6 g kg=! of dry soil. After 0, 30, 60, and 90 days, three soil
subsamples were selected at random from each treatment and plot (n = 9) and the
number of viable soil microorganisms (i.e., heterotrophic bacteria, fungi, and acti-
nomycetes) was determined as colony-forming units (CFUs).

The numbers of heterotrophic bacteria and actinomycetes were determined by
culturing in a mineral salt medium, while fungi were counted using the Martin
medium. Culture media were prepared in sterile conditions, autoclaved, and poured
into the petri dish bottom. We used the standard plate count technique to determine
the number of microorganisms. Bacteria and actinomycetes were counted in 1073,
1074, 1073, and 10-° dilutions, while fungi microorganisms were counted in 1073,
10~*, and 107 dilutions.
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5.3 Results and Discussion

The CFUs of bacteria and actinomycetes decreased significantly, modified by
ENMs (Fig. 9.5a. b). However, ZnO-NP increased the CFU of fungi. Asadishad
et al. (2018) stated that TiO,-NP slightly decreased enzyme activity in agricultural
soil. However, they also found that Illumina MiSeq sequencing of microbial com-
munities indicated a shift in soil microbial community composition upon exposure
to high doses of metal ions or Ag-NP, and a negligible shift in the presence of
TiO,-NP. In another study, ZnO-NP demonstrated adverse effects on C transforma-
tions (but not on N transformations) and adverse effects on dehydrogenase and
phosphatase activities in natural soil (Garcia-Gomez et al. 2015).

Liu et al. (2018) studied the impact of wastewater effluent (WE) containing aged
nanoparticles. They established a soil microecosystem including a microbiome,
four Arabidopsis thaliana plants, and three E. fetida earthworms, for a duration of
95 days. Although the microbial biomass, carbon, and nitrogen were not signifi-
cantly reduced, the population distribution of the microbial communities was shifted
in WE-irrigated soil compared with the control soil. The abundance of cyanobacte-
ria (cyanophyta) was increased by 12.5% in the WE-irrigated soil, manifested
mainly by an increase in Trichodesmium spp., and the abundance of unknown
archaea was increased from 26.7% in the control soil to 40.5% in the WE-irrigated
soil (Liu et al. 2018).

Enough evidence has been found that ENMs significantly modity microbial
communities in soils and also change some parameters of other soil organisms such
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Fig. 9.5 Colony-forming units of soil microorganisms and production of CO,. (a) Bacteria. (b)
Actinomyecetes. (¢) Fungi. (d) Production of CO,. The data were pooled for four sampling dates in
triplicate x three soil sites (i.e., n = 36)
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as plants or earthworms. Therefore, regulations regarding the use of ENMs and their
spread in the environment must be implemented to avoid damage to ecological or
human health.

6 Conclusion

Overall, the available knowledge indicates an urgent need to synthesize environ-
mentally sustainable ENMs. In addition, it is suggested that precise and standard-
ized tests should be utilized to assay the long-term effects of acute and chronic
exposure to different nanoparticles existing in food systems before mass production
and utilization of nanoparticles in the food industry or in emerging technologies, in
order to avoid the spread of unregulated or untested ENMs.

Some nanoparticles could have harmless applications. For instance, an evalua-
tion of studies of biologically active nanoparticles provides guidance for the synthe-
sis of nanoparticles with the goal of developing new antibiotics/antifungals to
combat microbial resistance. However, the current information leaves no doubt that
there are still many aspects in need of additional investigations for us to fully under-
stand the effects of ENMs in organisms. In plants and other organisms of agronomic
interest, little is known about the transgenerational effects of ENM exposure and the
changes at the agronomical and physiological levels.

Since ENMs have been found in edible tissues, it is expected that they will be
present in the food chain; thus, studies on their trophic transfer are required. Overall,
nanoscience and nanotechnology require transdisciplinary work by scientists from
different areas to study the potential toxicity of ENMs prior to their use or spread in
ecosystems.
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CONCLUSIONES GENERALES

La biosintesis de NPs de cobre con la intervencion de microalgas es posible. Esta técnica
ofrece la posibilidad de controlar la calidad de estas en base a la cepa, el control de la
iluminacion y la salinidad durante el cultivo. La optimizacion del cultivo de determinada
cepa para la produccion de biomasa no es necesariamente la mejor opcién para la
produccion de NPs de cobre. El cultivo con baja salinidad y alta iluminacion de las tres
cepas evaluadas ofrece las mejores posibilidades para la biosintesis de NPs de cobre. De
las tres cepas evaluadas, T. suecica mostr6 mayores posibilidades de éxito para la
biosintesis en diferentes condiciones de cultivo, mientras que Ch. kessleri, bajo
condiciones autotroficas puede ser una buena opcion para la sintesis de NPs de oxidos de
cobre bajo diferentes condiciones de cultivo.

La produccion de microalgas con la utilizacion de agua dulce representa un factor
limitante por la gran cantidad de agua necesaria. Por otra parte, el uso de aguas residuales
tiene un gran potencial para este fin. Existe la posibilidad de integrar el tratamiento de
aguas residuales con la produccion de biomasa para la produccion de NPs metalicas. Sin
embargo, aun falta méas investigacion y desarrollo en este sentido.
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