
 
 

 
 

UNIVERSIDAD AUTÓNOMA AGRARIA ANTONIO NARRO 

SUBDIRECCIÓN DE POSTGRADO 

 

 

 

PRODUCCIÓN DE MICROALGAS EN DIFERENTES CONDICIONES DE 

CULTIVO Y SU EFECTO EN LA Y BIOSÍNTESIS DE NANOPARTÍCULAS DE 

COBRE 

 

 

Tesis 

 

 

Que presenta GERARDO SALAS HERRERA 

como requisito parcial para obtener el Grado de 

DOCTOR EN CIENCIAS EN AGRICULTURA PROTEGIDA 

 

 

 

 

 

Saltillo, Coahuila         Mayo 2019 



ii 
 

 

 

 

 

 



iii 
 

 

 

 

Agradecimientos 

 

A la Universidad Autónoma Agraría Antonio Narro por abrirme sus puertas para 

embarcarme en este proyecto y así ser orgullosamente un egresado más de esta histórica 

y honorable institución. 

Al personal docente que le dan vida al programa de Doctorado en Ciencias en Agricultura 

Protegida, así como al personal del Departamento de Horticultura. 

A el Consejo Nacional de Ciencia y Tecnología (CONACyT), por aportar los recursos 

necesarios para hacer este proyecto realidad. 

Al comité de asesoría quienes estuvierón en la mejor disposición para ayudarme a resolver 

exitosamente este proyecto de investigación. 

A quienes me apoyaron en el desarrollo de la etapa experimental, en especial a la TA 

Martina de la Cruz Casillas del laboratorio de cultivo de tejidos y la MC Irma Dávila 

Rodríguez.  

A mis amigos y compañeros de maestría y doctorado que le dieron el lado ameno y 

relajado a esta etapa de la vida. 

 

 

 

 

 

 

 



iv 
 

 

 

 

Dedicatoria 

 

 

 

 

 

 

 

A mi Familia 

 

 

 

 

 

 

 

 

 

 

 

 

 



v 
 

Carta de aceptación de artículo 

Your Submission JAPH-D-18-00244R2 

JAPH <em@editorialmanager.com> 

Mié 23/01/2019 10:09 PM 

Usted 

You are being carbon copied ("cc:'d") on an e-mail "To" "ARMANDO ROBLEDO" 

armando.robledo@uaaan.mx;armando.robledo@outlook.com 

CC: "Gerardo Salas-Herrera" gsalash@live.com.mx, "Susana González-Morales" 

qfb_sgm@hotmail.com, "Adalberto Benavides-Mendoza" abenmen@gmail.com, "Adali 

Olivia Castañeda-Facio" adali.castaneda@uadec.edu.mx, "Fabián Fernández-Luqueño" 

fabian.fernandez@cinvestav.edu.mx 

 

Dear Dr. ROBLEDO, 

 

We are pleased to inform you that your manuscript, "Impact of microalgae culture 

conditions over the capacity of copper nanoparticles biosynthesis", has been accepted for 

publication in  

Journal of Applied Phycology. 

 

 

With best regards, 

Journals Editorial Office 

Springer 

 

******** 

Recipients of this email are registered users within the Editorial Manager database for 

this journal. We will keep your information on file to use in the process of submitting, 

evaluating and publishing a manuscript. For more information on how we use your 

personal details please see our privacy policy 

at https://www.springernature.com/production-privacy-policy. If you no longer wish to 

receive messages from this journal or you have questions regarding database 

management, please email our publication office, stating the journal name(s) and your 

email address(es): 

PublicationOfficeSPI@springernature.com 

 

__________________________________________________ 

In compliance with data protection regulations, please contact the publication office if 

you would like to have your personal information removed from the database. 

 

https://www.springernature.com/production-privacy-policy


vi 
 

Carta de envío de artículo 

Journal of Applied Phycology - Submission Notification to co-author 

JAPH <em@editorialmanager.com> 

Mié 23/01/2019, 05:31 PM 

Usted 

Re:  "Interaction areas in the microalgae production using wastewater" 

Full author list: Gerardo Salas-Herrera; Susana González-Morales; Adalberto 

Benavides-Mendoza; Fabián Fernández-Luqueño; Antonio Rodríguez de la Garza; 

Silvia Judith Martínez-Amador; ARMANDO ROBLEDO, Ph.D. 

 

Dear MSc Gerardo Salas-Herrera, 

 

We have received the submission entitled: "Interaction areas in the microalgae 

production using wastewater" for possible publication in Journal of Applied Phycology, 

and you are listed as one of the co-authors. 

The manuscript has been submitted to the journal by Dr. Dr. ARMANDO ROBLEDO 

who will be able to track the status of the paper through his/her login. 

If you have any objections, please contact the editorial office as soon as possible. If we 

do not hear back from you, we will assume you agree with your co-authorship. 

 

Thank you very much. 

 

With kind regards, 

 

Springer Journals Editorial Office 

Journal of Applied Phycology 

 

 

Recipients of this email are registered users within the Editorial Manager database for 

this journal. We will keep your information on file to use in the process of submitting, 

evaluating and publishing a manuscript. For more information on how we use your 

personal details please see our privacy policy 

at https://www.springernature.com/production-privacy-policy. If you no longer wish to 

receive messages from this journal or you have questions regarding database 

management, please email our publication office, stating the journal name(s) and your 

email address(es): 

PublicationOfficeSPI@springernature.com 

__________________________________________________ 

In compliance with data protection regulations, please contact the publication office if 

you would like to have your personal information removed from the database. 

https://www.springernature.com/production-privacy-policy


vii 
 

ÍNDICE 

           Pág. 

INTRODUCCIÓN……………………………………………………………………..1 

REVISIÓN DE LITERATURA……………………………………………………….3 

 Producción de microalgas………....…………………………………………..4 

 Biosíntesis de nanopartículas………………………………………………….5 

 Biosíntesis de nanopartículas con microalgas……….……………….………..5 

 Posibles aplicaciones de nanopartículas en la agricultura……………………..7 

PRIMER ARTÍCULO………………………………………………………………...11 

 Impact of microalgae culture conditions over the capacity of copper  

 nanoparticle biosynthesis……………………………………………………...12 

SEGUNDO ARTÍCULO……………………………………………………………...23 

 Interaction areas in the microalgae production using wastewater…………….24 

CAPITULO DE LIBRO……………………………………………………………….44 

 Agronanobiotechnologies to improve the water quality in irrigation systems...45 

CAPITULO DE LIBRO……………………………………………………………….62 

 Effects of nanoparticles on plants, earthworms, and microorganisms…………63 

CONCLUSIONES GENERALES……………………………………………………..84 

REFERENCIAS BIBLIOGRÁFICAS..………………………………………………..85 

  



1 
 

 

INTRODUCCIÓN 

 

El termino microalgas, se refiere a microorganismos fotosintéticos con características 

morfológicas, fisiológicas 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 científico y 

biotecnológico en las últimas décadas para resolver problemas ambientales como 

bioremediación de aguas contaminadas (Dwivedi, 2012; Hii et al., 2011; Siriam y 

Seenivasan 2012), así como para la producción de biocombustibles, productos 

farmacéuticos, bioreguladores agrícolas y la biosíntesis de nanopartículas metálicas. 

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, iluminación, salinidad y fase de desarrollo del 

cultivo. Estas variaciones metabólicas en microalgas, ha sido ampliamente estudiada en 

la búsqueda de mejorar procesos biotecnológicos para la obtención de productos como 

lípidos, ácidos grasos poli-insaturados y carotenoides (Yu et al., 2011).  

La producción de nanopartículas (NPs) metálicas mediante la biosíntesis a través de 

microalgas se ha explorado para el desarrollo de tecnologías ambientalmente amigables 

(Li et al. 2011), sin embargo, su producción depende fuertemente de las condiciones 

experimentales de los cultivos (Sudha et al., 2013), área en la que aún falta mucho por 

investigar. La capacidad de las microalgas para producir nanopartículas metálicas está 

relacionada con los procesos de detoxificación 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 así como un aumento significativo en la actividad de la catalasa, la 

superóxido dismutasa y en el contenido de glutatión reducido (Sabatini et al., 2009), 

además de la producción de metalotioninas y fitoquelatinas (Perales-Vela et al., 2006). 

También se ha encontrado evidencia de la relación que existe con proteínas oxido 

reductoras involucradas en la síntesis y transporte de ATP (Barwal et al., 2011). Estos 

compuestos además de moléculas antioxidantes no enzimáticas como pigmentos, 



2 
 

 

polisacáridos y polifenoles también están relacionados con el estrés oxidativo que puede 

resultar de condiciones ambientales como la salinidad y la iluminación, así como por la 

presencia de metales o sustancias químicas (Cirulis et al., 2013), por lo que es de esperarse 

que las variaciones ambientales generen cambios metabólicos que hagan variar la 

capacidad para la producción de nanopartículas. 

En este estudio se evaluaron los efectos de las condiciones de salinidad e iluminación en 

el cultivo de tres cepas de microalgas y en los efectos que estas condiciones tienen sobre 

la capacidad de estas cepas para la biosíntesis de nanopartículas de cobre. Además, 

tomando en cuenta que para el cultivo de microalgas se requieren grandes cantidades de 

agua y nutrientes, se hace una revisión de literatura de los factores que intervienen para la 

producción 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 añaden dos capítulos del libro “Agricultural Nanobiotechnology, modern agriculture 

for a sustainable future”, en los cuales se participó como coautor. 
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REVISIÓN DE LITERATURA 

 

Producción de microalgas 

La producción de microalgas para distintos fines ha sido un tema que por muchos años ha 

capturado el interés científico por los múltiples aprovechamientos que se pueden tener de 

estos microorganismos. Para el consumo humano, se sabe del aprovechamiento de 

florecimientos naturales de Nostoc hace 2000 años en China (Spolaore et al., 2006), así 

como el consumo de espirulina por los Aztecas Nicoletti (2016). Hoy en día, algunas 

microalgas son producidas como complemento alimenticio, así como para la producción 

de alimento en la industria acuícola Alkhamis y Qin (2013). La producción 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 energía de Estados Unidos a través del programa de especies acuáticas 

en el Laboratorio Nacional de Energías Renovables Sheehan et al., (1998). Algunos de 

estos esfuerzos y resultados más 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 producción de biomasa de microalgas para 

distintos fines, entre los que encontramos la producción de biocombustibles, ha sido un 

tema de investigación 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 días 

(Craggs et al., 2012; Montemezzani et al., 2017). Este cúmulo de investigaciones, aunado 

a otros temas relacionados con microalgas, ha generado un amplio conocimiento de estos 

microorganismos, así como un amplio desarrollo técnico científico para su 

aprovechamiento y producción.  

Uno de los aspectos importantes a considerar en la producción de microalgas mediante 

sistemas autotróficos es la iluminación. La mejor fuente de luz por costo y disponibilidad 

es la natural. De la radiación que alcanza la superficie terrestre alrededor del 50% 

corresponde a la radiación fotosintéticamente activa (longitud de onda de 400 a 700 nm) 

y de esta la conversión efectiva a biomasa en un cultivo de microalgas corresponde 

aproximadamente a un 5% (Gordon y Seckbach 2012). La luz directa del sol es muy 
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intensa para que sea completamente utilizada por las microalgas y el exceso de energía 

absorbida por las células es disipada en forma de fluorescencia o calor, la exposición 

prolongada a alta irradiancia puede sobrecargar los mecanismos de disipación de energía 

de las células resultando en fotoinhibición y daño celular (Christenson y Sims 2011). 

Sforza et al., (2012), estudiaron los efectos de la luz en cultivos de Nanochloropsis salina, 

encontrando que entre 5 y 150 µM m-2s-1 aumentaba la tasa de crecimiento con el aumento 

en la iluminación, sin embargo, por arriba de los 150 µM m-2s-1 el aumento en la 

iluminación (350 y 1000 µM m-2s-1) presentaba disminución del crecimiento poblacional. 

Por otra parte, reportan que; a intensidades lumínicas de 1000 µM m-2s-1 la tasa de 

crecimiento fue similar a la obtenida a 350 µM m-2s-1, lo que indica que las células pueden 

mantener su sistema de protección y aun así 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 variación en 

intensidad lumínica dependiendo de la hora del día, temporada del año y condiciones 

climáticas, así como la exposición a las variaciones ambientales.  

En cultivos bajo techo con condiciones ambientales más controladas la iluminación más 

utilizada es la artificial (Ting et al., 2017). Esto aumenta los costos de operación por el 

gasto en energía requerido en la iluminación. 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 óptica y la producción de energía 

eléctrica por celdas solares o energía eólica (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 radiación 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 monocromática 

(azul y roja) permite obtener diferentes respuestas metabólicas, Kim et al., (2014) 

encontraron diferencias en la concentración y saturación de ácidos grasos con 

Nannochlorpsis gaditana al hacer variar la calidad de la luz en los cultivos. Con el uso de 

luz artificial, el fotoperiodo es fácilmente controlado y con esto sus efectos en el desarrollo 

del cultivo (Agrawal 2012; Alkhamis y Qin 2013). Por lo tanto, el control de la intensidad, 

calidad de la luz y fotoperiodo permiten la operación de fotobioreactores más eficientes 
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para la producción de biomasa y metabolitos. Las desventajas que se tienen con la luz 

artificial son principalmente por el gasto energético y la inversión requerida en 

infraestructura. 

 

Biosíntesis de nanopartículas metálicas 

La biosíntesis de nanopartículas metálicas y de óxidos metálicos, ha cobrado gran interés 

en diferentes áreas de la ciencia en las últimas décadas. Se han utilizado diferentes tipos 

de extractos naturales para su biofabricación como biocomponentes extraídos 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 órganos de la planta 

(hojas, flores, frutos, semillas) o la planta completa y los procesos en los que intervienen 

procesos metabólicos de los organismos vivos (Singh et al., 2018). Se ha comprobado que 

los extractos orgánicos poseen agentes de alta eficiencia para la reducción y estabilización 

de NPs metálicas. De forma general la reducción de los iones metálicos y la estabilidad 

de las NPs es atribuida a compuestos orgánicos presentes en los extractos, algunos de los 

compuestos que podrían estar involucrados en la reducción y estabilización de estas 

partículas son: fenoles, esteroides, proteínas, azucares reductores, entre otros. Las plantas 

contienen biomoléculas como carbohidratos, proteínas y coenzimas, los cuales varían su 

concentración dependiendo de la planta que se trate, el metabolismo de esta y el órgano 

utilizado para la elaboración del extracto. 

 

Biosíntesis de nanopartículas metálicas con microalgas 

Las microalgas son fuente de biomoléculas que pueden participar en la reducción de sales 

metálicas para la formación de NPs metálicas. Estas mismas moléculas además pueden 

participar en la protección de las NPs formadas. En su revisión Siddiqi y Husen (2016), 

comentan que entre los agentes reductores y estabilizadores aportados por las algas 

encontramos proteínas, polisacáridos, aminas, aminoácidos, alcoholes, pigmentos, ácidos 

carboxílicos, carbohidratos y azucares. Estos mismos autores destacan el alto potencial de 

las microalgas para la biosíntesis de NPs metálicas de una manera amigable con el 

ambiente. Esto, al evitarse la utilización de productos químicos tóxicos y la alta demanda 

energética requerida para la síntesis fisicoquímica.  
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En la biosíntesis de NPs con microalgas pueden intervenir metabolitos celulares liberados 

al medio de cultivo sin la presencia de células o mediante la intervención de células vivas, 

siendo esto comprobado para la biosíntesis 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 intervención de proteínas oxido reductoras y la 

intervención de la maquinaria molecular en la formación de las NPs. Por otra parte, Patel 

et al., (2015), comentan la intervención de polisacáridos celulares y C-ficocianinas en el 

caso de cianobacterias. Concluyendo que es necesaria la presencia de una molécula 

orgánica y la intervención de la luz para la formación 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 tamaño de las NPs síntetizadas. Soleimani et al., 

(2017) encontraron el pH de la suspensión 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 relación entre el agente reductor (extractos, metabolitos 

en el medio de cultivo o número de células) y la sal metálica utilizada (Dahoumane et al., 

2017).  

La posibilidad de controlar la formación, tamaño y estabilidad de NPs metálicas mediante 

procesos ambientalmente amigables y con buena relación costo-beneficio, hacen que sea 

atractiva la biotecnología con microalgas para este fin. El control de los parámetros de 

cultivo como son iluminación, salinidad, pH, temperatura y nutrientes, pueden afectar 

significativamente la actividad enzimática de estos microorganismos (Shah et al., 2015), 

por consecuencia hacer variar los posibles resultados en la formación de NPs metálicas.  

 

Posibles aplicaciones de nanopartículas en la agricultura 

Hay un amplio campo de aplicaciones y desarrollo en el área de la nanotecnología en 

muchas áreas del conocimiento. Sin embargo, en la agricultura su desarrollo aún es 

marginal. Según Parisi et al., (2015), esto se debe a los altos costos de producción de estos 

productos, los cuales se requieren en grandes volúmenes en el sector agrícola, además de 

que los beneficios técnicos aún no han sido claros, hay falta de certeza legislativa y hay 
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incertidumbre de la opinión pública. A pesar de esto, los autores comentan que las 

investigaciones y el desarrollo de la nanotecnología son muy prometedora y se exploran 

muchas aplicaciones de esta en la agricultura. Más recientemente, Worrall et al., (2018), 

revisaron el uso de la nanotecnología 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 biología para tener un entendimiento profundo de los mecanismos 

de interacción en un sistema biológico a nivel nanométrico. Un entendimiento 

comprensivo a cerca de las propiedades de las NPs, tales como: morfología, tamaño, 

grupos funcionales, y capacidad activa de adsorción y carga, podrían proveer una guía útil 

como punto de arranque para la selección racional de las nanopartículas adecuadas. Las 

soluciones a problemas de plagas agrícolas a través de la nanotecnología 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 deliberación controlada de los componentes 

activos.  

4) Liberación de las moléculas activas a blancos específicos y dependiendo del pH.  

5) Liberación 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 protección de las plantas de enfermedades y principalmente 

como vehículo de los compuestos activos, sin embargo, hay otros campos de aplicación 

de estas tecnologías como: detección de patógenos, detección de residuos de pesticidas, 

acelerar la germinación y producción (Khot et al., 2012), aumentar la producción y el uso 

eficiente del agua y fertilizantes (Sekhon BS 2014). Por otra parte, Duhan et al., (2017), 

hacen referencia a la nanotecnología como la nueva perspectiva en la agricultura de 

precisión. Esto destacando la deliberación de materiales a través de la mediación de las 

NPs y biosensores avanzados para la producción de precisión, los cuales son solo posibles 

por nanopartículas o nanochips. La nanoencapsulación de fertilizantes convencionales, 
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pesticidas y herbicidas ayudan a tener una liberación lenta y sostenible de nutrientes y 

agroquímicos, resultando en una dosis precisa en las plantas. Otro aspecto que comentan 

los autores es la detección temprana de enfermedades virales basada en kits 

nanotecnológicos para este fin. 

A pesar de estas aplicaciones benéficas de los nanomateriales para la agricultura, aún hay 

incertidumbre sobre la seguridad de estos en cuanto a su impacto al medio ambiente a 

largo plazo y su impacto a otras entidades biológicas. Las aplicaciones prácticas de la 

nanotecnología 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 diseño 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 parámetros que pudieran 

afectar la toxicidad de estos materiales, para tener una idea de la posible toxicidad antes 

de su aplicación al medio ambiente (Dasgupta et al., 2017; Kaphle et al., 2018). Por otra 

parte, Nayantara y Kaur (2018), concluyen que se podrían utilizar nanopartículas 

biosintetizadas para el control de fitopatógenos, las cuales representarían 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 óxidos han probado ser adecuados para su uso en la agricultura. Entre 

estos, los óxidos de fierro y manganeso podrían ser los menos fitotóxicos. Por otra parte, 

Taran, et al., (2014), evaluaron la redistribución de elementos metálicos (Fe, Cu, Mn y 

Zn) en el tejido de plantas de trigo bajo tratamiento de NPs metálicas biosíntetizadas no 

iónicas en solución coloidal. Encontraron que las NPs tienen la habilidad de penetrar la 

cobertura de las semillas y el efecto de la aplicación es dependiente de la composición de 

las NPs en solución y la forma de aplicación. Además, los autores comentan que en 

aplicaciones a partes aéreas de los nanomateriales, la penetración se da vía epidermis y 

estomas y son transportadas rápidamente dentro de la planta e incluidas en los procesos 

metabólicos. Comentan que las fluctuaciones detectadas en el contenido de elementos 
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metálicos en los tejidos de las plantas, podría relacionarse con la regulación a nivel celular 

y la optimización de procesos metabólicos donde los metales son requeridos, sin detectar 

la acumulación de metales en los tejidos de las plantas evaluadas. La utilización de NPs 

metálicas en estudios recientes también fu reportado por Chaudhuri y Malodia (2017) en 

vivero de árboles, encontrando un crecimiento más rápido en plántulas 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 patógenas para el ser humano, por 

ejemplo con NPs de óxido de zinc contra Escherichia coli y Pseudomonas aeruginosa, 

(Shamila et al., 2018), está última con capacidad de infectar también a plantas, NPs de 

plata contra  Escherichia coli y Staphylococcus aureus (Behravan et al., 2019) y otros 

agentes patógenos (Larayetan et al., 2019; Wintachai et al., 2019; Maanvizhi et al., 2018). 

El tratamiento de enfermedades en las plantas con el uso de NPs metálicas es otro tema 

que ha cobrado gran interés para su aplicación en la agricultura. Se han encontrado efectos 

fungicidas y fungistáticos 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 NCuS, Sidhu et al., (2017), encontraron 

que la formulación es 10 veces más potente que lo obtenido con el fungicida “captan” 

después de tratar las semillas de arroz con la nano-formulación, las evaluaciones 

antifúngicas las realizaron con inóculos de Alternaria alternata, Drechslera oryzae y 

Curvularia lunata, encontrando además un efecto favorable en la germinación y 

parámetros de crecimiento. En su estudio reportan el tratamiento de las semillas con una 

concentración de 5-10µg mL-1 de NCuS. Por otra parte, Husain et al., (2017), reportan 

efectos negativos en la germinación y provocación de estrés en semillas de Artemisia 

absinthium tratadas con nanopartículas de cobre en una concentración aproximada de 30 

µg mL-1, teniendo efecto prolongado en la germinación, perfil bioquímico y crecimiento 

de las plantas.  

El efecto de tratamiento de semillas en pre siembra con NPs de metales en la formación 

de reacciones de defensa de plántulas de trigo infectadas con el agente causal de la 

Cercosporelosis, fue evaluada por Panyuta et al., (2016). Los autores comentan que las 

NPs metálicas evaluadas (Zn, Ag, Fe, Mn, Cu) pueden aumentar las propiedades 
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antioxidantes de las células bajo condiciones de estrés causadas por el patógeno. Pudiendo 

estar relacionado con un aumento en las reacciones de defensa endógenas contra el 

patógeno. Aunado a esto, los autores comentan una menor inducción 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 plántulas 

de trigo también fue evaluado por Taran N et al., (2017), solo que en cuanto a la resistencia 

a la sequía 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 sequía.  

En conclusión, hay un amplio campo de aplicaciones benéficas de NPs metálicas para la 

agricultura. Las formas no-iónicas de NPs de metales esenciales, posiblemente se vean en 

el mercado en algunos años. Algunas de las aplicaciones donde podríamos verlas es como 

micronutrientes con aplicaciones más eficientes por lo tanto menor volumen de los 

compuestos, como agentes fungicidas y como inductores de mecanismos de resistencia a 

patógenos y/o condiciones adversas del clima. Sin embargo, aún hay un amplio campo de 

investigación. Por una parte, en la síntesis, donde el uso de microorganismos y extractos 

vegetales tiene un gran potencial. Por otra parte, la identificación de las mejores 

presentaciones en cuanto a tamaño, morfología, dispersión, agentes protectores de la 

nanopartícula, estabilidad y mecanismos de acción.  
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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 CO2 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, CO2 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 CO2 to produce biomass and oxygen that is used in aerobic digestion 

processes, degrading organic compounds and generating more CO2 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 



28 
 

 

amount of biodegradable organic carbon in advanced treatment with processes such as UV/H2O2 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 (Álvarez-Díaz 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 CO2 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 (Olguín 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-López 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; 

Álvarez-Díaz 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 μmol photons m-2s-1 increased the growth 

rate with the increase in lighting, however, above 150 μmol photons m-2s-1 the increase in lightning (350 

and 1000 μmol photons m-2s-1) showed a decrease in population growth. On the other hand, they report that 

at light intensities of 1000 μmol photons m-2s-1 the growth rate was similar to that obtained at 350 μmol 

photons m-2s-1, 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-1 are required with conventional light 

at 20.16 kW h-1 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 CO2, 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 (Gómez-Pérez et al., 2017). The turbulence in the water column allows the 

mixture of nutrients, distribution of CO2 and the cells to move from dark areas to illuminated areas in cycles 

of light and dark increasing productivity (Gómez-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% (Gómez-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 (Gómez-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 m2 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 CO2 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 CO2 retention (Harris et al. 2013; Novoveská 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. Novoveská 

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

  

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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Fig 2. Generalized scheme of different processes and possible ways in the treatment of wastewater for the 

identification of the different effluents used for the exploitation with the cultivation of microalgae. 

 

 

Fig 3. Compiled information of the research works reviewed in this document. The percentage refers to the 

mentions in the experiments, however, non-specific when combinations of wastewater effluents, combined 

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. 



44 
 

 

 

 

 

 

 

 

 

CAPITULO DE LIBRO 

 

Agronanobiotechnologies to Improve the Water Quality in Irrigation Systems 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



45 
 

 

 



46 
 

 

 



47 
 

 
 



48 
 

 

 



49 
 

 

 



50 
 

 

 



51 
 

 

 



52 
 

 

 



53 
 

 

 



54 
 

 

 



55 
 

 

 



56 
 

 
 



57 
 

 

 



58 
 

 

 



59 
 

 

 



60 
 

 

 



61 
 

 

 



62 
 

 

 

 

 

 

 

 

 

 

 

 

CAPITULO DE LIBRO 

Effects of Nanoparticles on Plants, Earthworms, and Microorganisms 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



63 
 

 
 



64 
 

  



65 
 

  



66 
 

 

 



67 
 

 

 



68 
 

 

 



69 
 

 

 



70 
 

 

 



71 
 

 
 



72 
 

  



73 
 

 

 



74 
 

 

 



75 
 

 
 



76 
 

  



77 
 

 

 



78 
 

 

 



79 
 

 

 



80 
 

 

 



81 
 

 
 



82 
 

 

 



83 
 

 
 



84 
 

 

CONCLUSIONES GENERALES 

 

La biosíntesis de NPs de cobre con la intervención de microalgas es posible. Esta técnica 

ofrece la posibilidad de controlar la calidad de estas en base a la cepa, el control de la 

iluminación y la salinidad durante el cultivo. La optimización del cultivo de determinada 

cepa para la producción de biomasa no es necesariamente la mejor opción para la 

producción de NPs de cobre. El cultivo con baja salinidad y alta iluminación de las tres 

cepas evaluadas ofrece las mejores posibilidades para la biosíntesis de NPs de cobre. De 

las tres cepas evaluadas, T. suecica mostró mayores posibilidades de éxito para la 

biosíntesis en diferentes condiciones de cultivo, mientras que Ch. kessleri, bajo 

condiciones autotróficas puede ser una buena opción para la síntesis de NPs de óxidos de 

cobre bajo diferentes condiciones de cultivo.  

La producción de microalgas con la utilización 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 producción de biomasa para la producción de NPs metálicas. Sin 

embargo, aún falta más investigación y desarrollo en este sentido. 

 

 

 

 

 

 

 

 

 

 

 

 

 



85 
 

 

REFERENCIAS BIBLIOGRÁFICAS 

 Agrawal SC (2012) Factors controlling induction of reproduction in algae -review: 

the text. Folia Microbiol 57:387–407. 

 

Alkhamis Y, Qin JG, (2013) Cultivation of Isochrysis galbana in phototrophic, 

heterotrophic, and mixotrophic conditions. BioMed Research International ID 983465, 

http://dx.doi.org/10.1155/2013/983465. 

 

Barwal I, Ranjan P, Kateriya S, Yadav SC (2011) Cellular oxido-reductive 

proteins of Chlamidomonas reinhardtii contro the biosynthesis of silver nanoparticles. 

Journal of Nanobiotechnology 2011:9-56. 

 

Behravan M, Panahi AH, Naghizadech A, Ziaee M, Mahdavi R, Mirzapour A 

(2019) Facile Green synthesis of silver nanoparticles using Berberis vulgaris leaf and root 

aqueous extract and its antibacterial activity. International Journal of Biological 

Macromolecules 124: 148-158. 

 

Chang RL, Ghamsari L, Manichaikul A, Hom EF, Balaji S, Fu W, Shen Y, Hao T, 

Palsson BO, Salehi-Ashtiani K, Papin JA (2011) Metabolic network reconstruction of 

Chlamydomonas offers insight into light-driven algal metabolism. Mol Syst Biol 7:518. 

doi: 10.1038/msb.2011.52 

 

Chen C-Y, Yeh K-L, Aisyah R, Lee D-J, Chang J-S (2011) Cultivation, 

photobioreactor design and harvesting of microalgae for biodiesel production: a critical 

review. Bioresour Technol 102:71–81. 

 

Christenson L, Sims R (2011) Production and harvesting of microalgae for 

wastewater treatment, biofuels, and bioproducts. Biotechnol. Adv. 29:686–702. 

 

Chaudhuri SK, Malodia L (2017) Biosynthesis of zinc oxide nanoparticles using 

leaf extract of Calotropis gigantean: characterization and its evaluation on tree seedling 

growth in nursery stage. Applied Nanosciences 7:501-512. 

 

Cirulis J, Scott J, Ross G (2013) Management of oxidative stress by microalgae. 

Canadian Journal of Physiology and Pharmacology 19:15-21. 

 

Craggs RJ, Lundquist T, Benemann J (2012) Wastewater treatment pond algal 

production for biofuel. En: The Science of Algal Fuels, Gordon R y Seckbach Eds. 

Springer Netherlands. p 425-445.  

 

Dahoumane SA, Jeffryes C, Mechouet M, Agathos SN (2017) Biosynthesis of 

inorganic nanoparticles: A fresh look at the control of shape, size and composition. 

Bioengineering doi: 10.3390/bioengineering4010014 

 

Dasgupta N, Ranjan S, Ramalingam C (2017) Applications of nanotechnology in 

agriculture and water quality management. Environ. Chem. Lett. 15:591-605. 

http://dx.doi.org/10.1155/2013/983465


86 
 

 

Duhan JS, Kumar R, Kumar N, Kaur P, Nehra K Duhan S (2017) Nanotechnology: 

The new perspective in precision agriculture. Biotechnology Reports 15:11-23. 

 

Dwivedi S (2012) Bioremediation of heavy metal by algae: Current and future 

perspective. Journal of Advanced Laboratory Research in Biology 195-199. 

 

Gordon R, Seckbach J (Eds) (2012) The Science of Algal Fuels. Springer 

Dordrecht. ISBN 978-94-007-5110-1 

 

He X, Deng H, Huang H-m (2019) The current application of nanotechnology in 

food and agriculture. Journal of Food and Drug Analysis 27:1-21. 

 

Hii YS, Soo CL, Chuah TS, Mohd-Azmi A, Abol-Munafi B (2011) Interactive 

effect of ammonia and nitrate on the nitrogen uptake by Nannochloropsis sp. Journal of 

Sustainability Science and Management 6:60-68. 

 

Hussain M, Raja NI, Mashwanil ZUR, Iqbal M, Sabir S, Yasmeen F (2017) In 

vitro seed germination and biochemical profiling of Artemisia absinthium exposed to 

various metallic nanoparticles. Biotech 7:101. Doi:10.1007/s13205-017-0741-6 

 

Jena J, Pradhan N, Nayak RR, Dash BP, Sukla LB, Panda PK, Mishra BK (2014) 

Microalga Scenedesmus sp.: A potential low-cost green machine for silver nanoparticle 

synthesis. J. Microbiol. Biotechnol. 24:522-533. 

 

Kaphle A, Navya PN, Umapathi A, Daima HK (2018) Nanomaterials for 

agriculture, food and environment: applications, toxicity and regulation. 

 

Khot LR, Sankaran S, Maja JM, Ehsani R, Schuster EW (2012) Applications of 

nanomaterials in agricultural production and crop protection. Crop Protection 35:64-70. 

 

Kim CW, Sung MG, Nam K, Moon M, Kwon J-H, Yang J-W (2014) Effect of 

monochromatic illumination on lipid accumulation of Nannochloropsis gaditana under 

continuous cultivation. Bioresour Technol 159:30–35. 

 

Larayetan R, Ojemaye MO, Okoh OO, Okoh AL (2019) Silver nanoparticles 

mediated by Callistemon citrinus extracts and their antimalarial, antitrypanosoma and 

antibacterial efficacy. Journal of Molecular Liquids 273:615-625. 

 

Li X, Xu H, Chen Z, Chen G (2011) Biosynthesis of Nanoparticles by 

Microorganisms and their applications. Journal of nanomaterials. 

doi:10.1155/2011/270974 

 

Maanvizhi S, Nandhini S, Thangapandi P (2018) A green approach mediated 

synthesis of silver nanoparticles using extracts of Ananas comosus (Pineapple) waste: 

Characterization and antibacterial evaluation. Research Pharmaceutica 2:6-9. ISSN No: 

2457-0389 



87 
 

 

Mohseniazar M, Barin M, Zarredar H, Alizadeh S, Shanehbandi D (2011) Potential 

of microalgae and lactobacilli in biosynthesis of silver nanoparticles. BioImpacts 1:149-

152. 

Montemezzani V, Duggan IC, Hogg ID, Braggs RJ (2017) Control of zooplankton 

populations in a wastewater treatment High Rate Algal Pond using overnight CO2 

asphyxiation. Algal Research 26:250-264. 

 

Nayantara y Kaur P (2018) Biosythesis of nanoparticles using eco-friendly 

factories and their role in plant pathogenicity: a review. Biotechnology Research and 

Innovation 2:63-73. 

 

Nicoletti M (2016) Microalgae nutraceuticals. Foods 5,54; 

doi:10.3390/foods5030054 

 

Panyuta O, Belave V, Fomaidi S, Kalinichenko O, Volkogon M, Taran N (2016) 

The effect of pre-sowing seed treatment with metal nanoparticles on the formation of the 

defensive reaction of wheat seedlings infected with the eyespot causal agent. Nanoscale 

Research Letters 11:92 doi:10.1186/s11671-016-1305-0 

 

Parisi C, Vigani M, Rodríquez-Cerezo E (2015) Agricultural nanotechnologies: 

What are the current possibilities? Nano today 10:124-127. 

 

Patel V, Berthold D, Puranik P, Gantar M (2015) Screening of cyanobacteria and 

microalgae for their ability to synthesize silver nanoparticles with antibacterial activity. 

Biotechnology Reports 5:112-119. 

 

Perales-Vela H, Peña-Castro J, Cañizares-Villanueva R (2006) Heavy metal 

detoxification in eukaryotic microalgae. Chemosphere doi: 

10.1016/j.chemosphere.2005.11.024 

 

Rubina MS, Yu A, Vasil`koy, Naumkin AV, Shtykova EV, Abramchuk SS, 

Alghuthaymi MA, Abd-Elsalam KA (2017) Synthesis and characterization of chitosan-

copper nanocomposites and their fungicidal activity against two sclerotia-forming plant 

pathogenic fungi. J. Nanostruct Chem 7:249-258. 

 

Ruttkay-Dedecky B, Krystofova O, Nejdl L, Adam V (2017), Nanoparticles based 

on essential metals and their phytotoxicity. Journal of Nanobiotechnology 15:33. 

doi:10.1186/s12951-017-0268-3 

 

Sabatini SE, Juárez AB, Eppis MR, Bianchi L, Luquet CM, Ríos de Molina MC 

(2009) Oxidative stress and antioxidant defenses in two Green microalgae exposed to 

copper. Ecotoxicology and Environmental Safety 72:1200-1206. 

 

Sekhon BS (2014) Nanotechnology in agri-food production: an overview. 

Nanotechnology, Science and Applications 7:31-53. 



88 
 

 

forza E, Simionato D, Giacometti GM, Bertucco A, Morosinotto T (2012) 

Adjusted light and dark cycles can optimize photosynthetic efficiency in algae growing in 

photobioreactors. PLoS One e38975. doi: 10.1371/journal.pone.0038975 

 

Shah M, Fawcett D, Sharma S, Tripathy SK, Poinern GEJ (2015) Green synthesis 

of metallic nanoparticles via biological entities. Materials 8:7278-7308.  

 

Sharmila G, Muthukumaran C, Sandiya K Santhiya S, Pradeep RS, Kumar NM, 

Suryanarayanan N, Thirumarimurugan M (2018) Biosynthesis, characterization, and 

antibacterial activity of zinc oxide nanoparticles derived from Bauhinia tormentosa leaf 

extract. Journal of Nanostructure in Chemistry 8:293-299. 

 

Sheehan J, Dunahay T, Benemann J, Roessler P (1998) A look back at the U.S. 

Department of Energy´s aquatic species program: biodiesel from algae. Report by 

National Renewable Energy Laboratory, Colorado US. 291 p. NREL/TP-580-24190  

 

Siddiqi K, Husen A (2016) Fabrication of metal and metal oxide nanoparticles by 

algae and their toxic effects. Nanoscale Research Letters 11:363. doi: 10.1186/s11671-

016-1580-9 

 

Sidhu A, Barmota H, Bala A (2017) Antifungal evaluation studies of copper 

sulfide nano-aquaformulations and its impact on seed quality. Applied Nanosciences 

7:681-689. 

 

Singh J, Dutta T, Kim KH, Rawat M, Samddar P, Kumar P (2018) ´Green´ 

synthesis of metals and their oxide nanoparticles: applications for environmental 

remediation. Journal of Nanobiotechnology 16:84. https://doi.org/10.1186/s12951-018-

0408-4 

 

Siriam S, Seenivasan R (2012) Microalgae cultivation in wastewater for nutrient 

removal. Journal of Algal Biomass Utilization 3:9-13. 

 

Soleimani M, Habibi-Pirkoohi H (2017) Biosynthesis of silver nanoparticles using 

Chlorella vulgaris and evaluation of the antibacterial efficacy against Staphylococcus 

aureus. Avicenna Journal of Medical Biotechnology 9:120-125. 

 

Spolaore P, Joannis-Cassan C, Duran E, Isambert A (2006) Comercial applications 

of microalgae. Journal of Bioscience and Bioengineering 101; 87-96. 

 

Sudha SS, Rajamanickam K, Rengaramanujam J (2013) Microalgae mediated 

synthesis of silver nanoparticles and their antibacterial activity against pathogenic 

bacteria. Indian Journal o Experimental Biology 52:393-399. 

 

Taran N, Batsmanova L, Konotop Y, Okanenko A (2014) Redistribution of 

elements of metals in plant tissues under treatment by non-ionic colloidal solution of 

biogenic metal nanoparticles. Nanoscale Research Letters 9:534. 

http://www.nanosclereslett.com/content/9/1/354 

https://doi.org/10.1186/s12951-018-0408-4
https://doi.org/10.1186/s12951-018-0408-4


89 
 

 

Taran N, Storozhenko V, Svitlova N, Batsmanova L, Shvartau V, Kovalenko M 

(2017) Effect of Zinc and copper nanoparticles on drought resistance of wheat seedlings. 

Nanoscale Research Letters 12:60. Doi: 10.1186/s11671-017-1839-9 

 

Ting H, Haifeng L, Shanshan M, Zhang Y, Zhidan L, Na D (2017) Progress in 

microalgae cultivation photobioreactors and applications in wastewater treatment: A 

review. Int. J. Agric. Biol. Eng. 10:1–29. doi:10.3965/j.ijabe.20171001.2705 

 

Wintachai P, Paosen S, Yupanqui CT, Vorabunthikunchai SP (2019) Silver 

nanoparticles synthesized with Eucalyptus critriodora ethanol leaf extract stimulate 

antibacterial activity against clinically multidrug-resistant Acinetobacter baumanni 

isolated from pneumonia patients. Microbial Pathogenesis 126:245-257. 

 

Worral EA, Hamid A, Mody KT, Mitter N, Pappu HR (2018) Nanotechnology for 

plant disease management. Agronomy 8,285; doi:10.3390/agronomy8120285 

 

Yu W, Ansari W, Scoepp NG, Hannon MJ, Mayfield SP, Burkart MD (2011) 

Modification of the metabolic pathways of lipid and triacylglycerol production in 

microalgae. Microbial Cell Factories. 10: 11 p. 

 


