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Resumen






El continuo aumento de la poblacion humana y el crecimiento econdmico estan
llevando a una demanda continua de agua. La contaminacién quimica de las aguas
naturales se ha convertido ya en una preocupacién publica de primer orden en
todo el mundo, ya que sus efectos a largo plazo sobre la vida acuatica y la salud
humana son en gran medida desconocidos. Por lo tanto, la proteccion de los
recursos hidricos contra la explotacion del agua y la contaminacion antropogénica
con productos quimicos y patégenos es indispensable para preservar la salud
ecolégica y humana.

La sociedad moderna se beneficia del elevado nimero de productos quimicos
disponibles para diversas aplicaciones en la industria, la agricultura, la atencion
sanitaria y el saneamiento, asi como para fines domésticos. En la Unidn Europea
hay mas de 100.000 sustancias quimicas registradas, de las cuales entre 30.000 y
70.000 son de uso diario. La mayoria de estos productos quimicos llegan a las aguas
naturales principalmente a través de las corrientes de aguas residuales municipales
e industriales, los derrames de productos quimicos y las emisiones difusas de las
actividades agricolas.

En la actualidad, la aparicion nuevos métodos analiticos con limites de deteccion
mas bajos han permitido prevenir de la presencia de contaminantes emergentes en
efluentes de aguas potables, superficiales y residuales de todo el mundo. Este tipo
de compuestos y su eliminacidon suponen un desafio cientifico-tecnoldgico, sobre
todo si se tiene en cuenta el hecho de que las plantas de tratamiento y depuracion
de aguas se disefaron sin considerar la presencia de estos contaminantes. Por ello,
el desarrollo de procesos que permitan eliminar este tipo de compuestos se situa
entre las lineas de investigacidon prioritarias de los principales organismos
dedicados a la proteccidon de la salud publica y medioambiental, tales como la
Organizacion Mundial de la Salud (OMS), la Agencia de Estados Unidos para la
Proteccién del Medio Ambiente (US EPA) o la Agencia Europea de Medio Ambiente
(EEA).

La creciente demanda de aguas mas limpias por parte de los ciudadanos y las
organizaciones medioambientales ha impulsado a la Comisién Europea a definir
una lista de sustancias prioritarias con un riesgo significativo para el medio
acuatico. La lista actualizada incluye microcontaminantes de diferentes categorias:
disruptores endocrinos, como el bisfenol, y productos farmacéuticos, en particular



el diclofenaco. Se ha alertado sobre la presencia de este tipo de compuestos en
diferentes trabajos cientificos, donde se han detectado concentraciones maximas
de hasta 100 pg-L-1. Al tratarse de productos que resisten los tratamientos
convencionales implementados en las estaciones depuradoras cldsicas, estos se
acumulan en las aguas superficiales, detectandose concentraciones de hasta 15000
ng-L-1 en algunos casos. Esto podria suponer un grave problema para la salud
publica, ya que este tipo de compuestos pueden producir distintas alteraciones en
los seres vivos y el medio ambiente.

La degradacion de los contaminantes organicos implica un importante reto
ecoldgico, ya que pueden tener una estructura compleja y/o una baja
biodisponibilidad. Se han sugerido tecnologias de tratamiento avanzadas como la
ozonizacion, la irradiacién UV y el tratamiento con carbon activado para aumentar
la eliminacién de estos compuestos, pero una implementacién a gran escala
requeriria una inversion significativa y mayores costos de operacion. Por lo tanto,
es necesario sopesar los costes frente a los posibles beneficios de la introduccion
de nuevas tecnologias. Como resultado, todavia hay necesidad de desarrollar y
examinar nuevas alternativas para eliminar eficientemente estos compuestos de
las aguas residuales.

Conocedores de este hecho, esta tesis establece el interés de desarrollar sistemas
de oxidacion avanzada capaces de degradar este tipo de compuestos recalcitrantes,
pero desde una perspectiva biotecnoldgica, de forma que se plantea como sistema
de tratamiento innovador para aguas residuales contaminadas con este tipo de
compuestos de dificil biodegradacion.

Entre las diferentes opciones de biocatalizadores, las enzimas oxidativas,
fundamentalmente oxidasas, son ampliamente reconocidas como sistemas capaces
de catalizar la oxidacion de fenoles, polifenoles y anilinas mediante la extraccién de
un solo electrdn, con la reducciéon concomitante de oxigeno al agua en un proceso
de transferencia de cuatro electrones. Este tipo de enzimas surge como
biocatalizador de interés debido a algunas propiedades intrinsecas como su
relativamente baja especificidad de sustrato, su alta estabilidad y también el hecho
de utilizar oxigeno molecular como aceptador final de electrones. De hecho, las
lacasas se han aplicado intensamente en la biorremediacién de contaminantes
ambientales como colorantes, pesticidas, hidrocarburos poliaromaticos vy



diclorofenoles. Ademas, el uso de ciertos compuestos de bajo peso molecular
llamados mediadores puede expandir la actividad catalitica de la lacasa hacia
compuestos mas recalcitrantes con mejores tasas de reaccion.

Con el objetivo de mejorar la eficiencia y productividad de un sistema enzimatico y
contemplar su aplicacién en plantas de tratamiento de aguas residuales, es
importante disefiar un reactor para la eliminacién de xenobidticos. En este sistema,
la recuperacion y reutilizacién de la enzima es obligatoria. Una alternativa se basa
en el uso del reactor de membrana enzimatica (EMR), que utiliza una membrana de
ultrafiltracion semipermeable para asegurar la retencién del biocatalizador.
Alternativamente al uso de enzimas libres, se puede considerar la inmovilizacién de
enzimas, ya que permite la separacién de la enzima del medio de reaccién, de
modo que el biocatalizador se puede aplicar en sistemas continuos y puede ser
beneficioso para la estabilidad de la enzima y el almacenamiento prolongado.

Resulta especialmente interesante la posibilidad de inmovilizar las enzimas sobre
nanoparticulas magnéticas (mNP) ya que pueden proporcionar potencialmente una
recuperacion rapida y facil del biocatalizador del medio de reaccién bajo un campo
magnético externo, lo que implicaria un estrés mecanico muy bajo en comparacién
con la centrifugacion o filtracion. En esta aproximacién, es muy importante
proporcionar un recubrimiento adecuado de la superficie y desarrollar algunas
estrategias de proteccidn eficaces para mantener la estabilidad de las NPs
magnéticas. Las NPs de oxido de hierro magnético tienen una gran relacién
superficie/volumen y, por lo tanto, poseen altas energias superficiales. En
consecuencia, tienden a agregarse para minimizar las energias de la superficie. Las
estrategias mas comunes para estabilizar el mNP incluyen el recubrimiento con
moléculas orgdnicas, incluyendo pequefias moléculas organicas o surfactantes,
polimeros y biomoléculas, o el recubrimiento con una capa inorganica, como silice,
sustancia elemental metdlica o no metalica, las cuales proporcionar la posibilidad
de funcionalizaciéon de la superficie de las NPs de cara a llevar a cabo Ia
inmovilizacion de la proteina. Estos aspectos se trataron en el Capitulo 2 en el que
se evaluaron diferentes estrategias de inmovilizacién covalente y también
mediante interacciones electrostaticas de las enzimas sobre la superficie de las
nanoparticulas magnéticas, e incluso a través del recubrimiento de NPs no
magnéticas con una solucion de ferrofluido (en colaboracién con el Departamento
de Nanotecnologia de la Academica Checa de Ciencias.



Los mayores rendimientos de inmovilizacion de enzimas se lograron para los
nanoconjugados de enzimas covalentes de nanoparticulas magnéticas recubiertas
de silice, formadas por la uniéon covalente de la enzima entre los grupos de
aldehidos de la nanoparticula funcionalizada con glutaraldehido y los grupos de
aminoacidos residuales de las enzimas. Ademads, la estabilidad de los
nanobiocatalizadores se demostrd después de 4 meses con actividades residuales
superiores al 90% en todos los casos.

Es esencial la caracterizacion del biocatalizador, determinando parametros
cinéticos, estabilidad a diferente pH y temperatura, presencia de agentes
inactivantes, como variables de partida de cara a plantear la efectividad del mismo
de cara a la degradacion de compuestos objetivo, lo cual se desarrolla a lo largo del
Capitulo 3. En esta seccidn se estudian las mejores condiciones de degradacion de
compuestos seleccionados como contaminantes organicos tales como el Bisfenol A,
estradiol y verde de metilo, los primeros con potencial disruptor endocrino.

Uno de los puntos débiles en la formulacidon del biocatalizador se refiere al alto
coste de la enzima, elemento esencial en la propuesta de investigacion. Si no es
posible producir cantidades elevadas de enzima lacasa a bajo coste, la viabilidad
del proceso de degradacidn puede verse comprometido. Con esta premisa parte el
capitulo 4, desarrollado en colaboracion con el grupo de investigacion
Nanotechnology-Enabled Water Treeatment (NEWT) de Rice University (Houston,
USA) en el cual se llevd a cabo la produccion de una enzima a partir de residuos
agricolas como fuente de carbono para minimizar el coste de produccion de la
enzima. Esta enzima se inmovilizd sobre las nanoparticulas magnéticas recubiertas
de silice, comprobando que tanto los rendimientos de inmovilizacion como el
potencial oxidativo se mantenian en niveles comparables a la enzima comercial de
cara a llevar a cabo la degradacion de Bisfenol A y verde de metilo.

M3as alla de la perspectiva de la degradacion de contaminantes, los residuos
agricolas producidos por industrias o actividades agricolas generan cada afio 5
millones de toneladas métricas los cuales deben ser gestionados, o pueden ser
recuperados y utilizados en otras cadenas de produccién, de acuerdo con el
concepto de biorefineria. En este contexto, en el Capitulo 5, se estudia la viabilidad
de usar enzimas oxidativas en la produccién de compuestos de valor afadido a
partir de mdleculas derivadas de la biomasa, mas concretamente la conversién



bioquimica, mediante nanobiocatalizadores de enzima galactosa oxidasa y aril
alcohol oxidasa sobre nanoparticulas magnéticas recubiertas de silice, con el
objetivo de convertir 5-Hidroximetilfurfural (HMF) en quimicos de alto valor
anadido precursores de bioplasticos.

Gracias a la aplicacion de un campo magnético, las nanoparticulas magnéticas
pueden separarse facilmente y tienen un buen potencial para el tratamiento de
aguas contaminadas. Hasta donde sabemos, no existen estudios sobre el uso de
lacasa inmovilizada en el mNP para la descontaminacidon de aguas residuales,
aunque se han llevado a cabo algunas actividades de investigacién utilizando
directamente el MNP como nanosorbentes o fotocatalizadores, la mayoria de los
cuales se llevan a cabo en modo batch a escala de laboratorio utilizando agua
sintética. El reactor secuencial por lotes (SBR) es una configuracién de reactor
comunmente usada para el tratamiento microbiano de aguas residuales debido a
su simplicidad y funcionalidad. En el capitulo 6 se plantea utilizar un SBR con mNPs
de lacasa de forma que se aborda la oxidacion de los contaminantes. EI SBR
desarrollado consistié en un reactor secuencial por lotes acoplado a un sistema de
separacion magnética interna formado por una serie de imanes toroidales
magnetizados axialmente distribuidos con polaridad alternada en una barra de
acero no magnética, generando un campo externo magnético capaz de conseguir la
completa recuperacion del nanobiocatalizador. La prueba de concepto del reactor
se realizé evaluando la transformacion de verde de metilo, como compuesto
modelo presente en aguas residuales. Ademds, para estudiar la versatilidad del
sistema se estudié la transformacién de HMF, como compuesto modelo para la
produccion de compuestos de alto valor afiadido. Para determinar la viabilidad del
sistema se realizé un escalado del reactor a un volumen de 100-L para estimar los
costes e impacto ambiental, los cuales fueron comparables a otros sistemas de
oxidacion avanzada como la ozonizacion.

Por ultimo, no sélo la viabilidad del proceso es importante, sino que también la
evaluacion ambiental de los procesos de produccidn de los soportes empleados en
los nanobiocatalizadores es importante. Por ello, en el Capitulo 7 se presenta un
estudio comparativo de Analisis de Ciclo de Vida de las diferentes rutas de sintesis
de las nanoparticulas magnéticas empleadas como soportes para la inmovilizacion.
Del estudio se concluye que las nanoparticulas mas adecuadas serian las
nanoparticulas magnéticas recubiertas de polietilenimina (PEl), aunque sin



embargo no presentaron los mayores rendimientos en la inmovilizacién, por lo que
ha de adoptarse una solucién de compromiso entre eficiencia e impacto ambiental
asociado.

El presente trabajo de tesis aporta avances significativos en el ambito cientifica y
tecnoldgico para el desarrollo de nuevos procesos avanzados de oxidacién para la
eliminacién de contaminantes organicos. El impacto esperado se basa en la
innovaciéon de esta propuesta, ya que la inmovilizacion de enzimas en
nanoparticulas magnéticas (mNPs) se encuentra en sus primeras etapas y, hasta
donde sabemos, su aplicacion para el tratamiento de aguas residuales esta casi sin
explotar. Ademas, se han planteado diferentes configuraciones de reactores mNPs
enzimaticos, considerando no sélo la viabilidad tecnoldgica y operativa sino
también los aspectos econdmicos y medioambientales de cara a la aplicacion
practica de esta tecnologia.



THESIS OUTLINE: OBJECTIVES AND STRUCTURE

This thesis aims to contribute in the development of new advanced
oxidation processes for the elimination of organic pollutants. The innovation of
this approach is related to the use of enzymes immobilized on magnetic
nanoparticles (mNPs) as the biocatalyst for wastewater treatment and from
this starting hypothesis, the evaluation of the potentiality of the process for
other biotechnological applications. The idea behind the search of high-
performance biocatalysts and the development of different configurations of
enzymatic mNPs reactors should take into account not only the technological
and operational feasibility but also the economic and environmental aspects
for the practical application of this technology. With this in mind, the present

document has been structured into the following chapters:
CHAPTER 1: General Introduction

In this first chapter a generic summary is presented about
oxidoreductases and the main applications for which they will be used
throughout this study. It also details the types of enzyme immobilization with
their advantages and disadvantages. In addition, the idea of using magnetic
nanoparticles as a support for immobilization is introduced. In addition, a
bibliographic review and analysis is presented about the different enzymatic
reactors that have been used for the biotransformation of compounds. Finally,

the fundamental objective of the thesis is detailed.

CHAPTER 2: Immobilization of oxidoreductases to formulate robust and

suitable biocatalysts

In this chapter different strategies of immobilization on magnetic and
non-magnetic supports, as well as the formation of enzyme aggregates are

presented. In particular, six different types of oxidoreductases are evaluated.



From the outcomes of this research, the target transformation reactions will

be later developed on the basis of the selected nanobiocatalyst.

CHAPTER 3: Superparamagnetic nanobiocatalyst to biotransform

micropollutants from wastewater

A nanobiocatalyst developed in the previous chapter will be evaluated in
terms of stability against different pH, temperature and inhibiting compounds,
and benchmarked with the values obtained for free laccase. In addition, its
reusability will be demonstrated in consecutive oxidation cycles of Bisphenol A,
estradiol and methyl green, which were selected as model compounds present
in wastewater. It is also interesting to assess the toxicity associated to the
degradation products from the enzymatic treatment that will be compared

with the parent molecules.

CHAPTER 4: An eco-friendly nanobiocatalyst: Pycnoporus sanguineus

laccase for environmental applications

This chapter focuses on the interest of using agro-industrial waste to
produce laccase from Pycnoporus sanguineus as sources of natural carbon. The
produced enzyme will be immobilized on the superparamagnetic silica-coated
nanoparticles to evaluate the immobilization vyields and stability. The
nanobiocatalyst will be used in the biotransformation of Bisphenol A and
methyl green in consecutive cycles. Finally, the potential toxicity of the

nanobiocatalyst and the resulting medium will be checked.

CHAPTER 5: Superparamagnetic nanobiocatalyst in oxidation

technologies for added value bio-based products

In this chapter two oxidoreductases, galactose oxidase and aryl alcohol
oxidase, will be immobilized on the superparamagnetic silica-coated
nanoparticles and used to perform cascade reactions to produce high value-

added products from 5-Hydroxymethylfurfural (HMF). In addition, the



genotoxicity of the nanobiocatalyst will be studied to demonstrate the
potential DNA damage, condition suggesting that the nanobiocatalyst is safe or

not to be used in different biotechnological applications.

CHAPTER 6: Development of an enzymatic reactor with internal

magnetic separation for biotechnological applications

A new sequential batch reactor will be designed, coupled to an internal
magnetic separation system. The separator consists of a series of axially
magnetized toroidal magnets, distributed along a non-magnetic steel bar and
with alternate polarity, which generates an external magnetic field of up to 1.2
T. The proof of concept of the reactor will be conducted by evaluating the
transformation of methyl green and HMF, with complete recovery of the
nanobiocatalyst. Finally, the reactor will be scaled to a volume of 100-L to

estimate costs and environmental impact.

CHAPTER 7: Comparative life cycle assessment of different synthesis

routes of magnetic nanoparticles

In this chapter the environmental assessment of the different routes of
synthesis of magnetic nanoparticles used as supports for immobilization will be
carried out using the perspective of Life Cycle Analysis (LCA). The complexity of
the production process for the nanoparticles suggests that a compromise must

be adopted between efficiency and associated environmental impact.
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Chapter 1

Introduction

Oxidative biocatalysts by oxidoreductases arises as a promising alternative from the

development of advanced oxidation processes for transformation of emerging
contaminants to transformation of compounds into value added bio-based
products. For technical and economic reasons, in most enzyme catalysed processes
it is necessary to reuse the biocatalyst. In this context, enzyme immobilization can
be defined as a technique that allows reuse or continued use of the biocatalyst.
Envisaging the application of the different biocatalysts in wastewater treatment
plants or other biotechnological applications it is important to design an enzymatic
reactor in which the recovery and reuse of the enzyme is fulfilled.
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1.1.Oxidoreductases

Oxidoreductases are the enzymes using oxygen or peroxide and could be
classified as oxidases (EC 1.X.3.X), peroxidases (EC 1.11.1.X), peroxygenases (EC
1.11.2.1), monooxygenases (EC.1.13.12.X, 1.14.13-18.X) and dioxygenases (EC
1.13.11.X, 1.14.12.X) (Gygj and van Berkel, 2015). These enzymes are capable of
catalyze redox reactions due to their versatility using different electron acceptors
and electron-donating substrates. Among the different oxidoreductases, fungal
oxidoreductases have a great interest due to their robust and high redox-potential
(Martinez et al. 2017). In biotechnological applications, the common fungal
oxidoreductases included: heme-containing peroxidases and peroxygenases, flavin-
containing oxidases and dehydrogenases and copper-containing oxidases and
monooxygenases. Typical fungal oxidoreductases consisted on basiomycete
ligninolytic peroxidases, and ascomycete and basidiomycete multicopper oxidases
with variable redox potential and ability into react with lignin-derived products
(Martinez et al. 2017). Glucose oxidase was the first oxidoreductase to attract
industrial interest in order to improve flour and dough properties. Since then, many
studies and reports have studied the use of different oxidoreductases for many
industrial applications.

1.2. Copper-containing oxidases: Laccases

Laccases (EC 1.10.3.2) are enzymes with phenol oxidase activity that contain
copper atoms in their active center and catalyze the oxidation of a wide variety of
organic substances, in a process coupled with the reduction of molecular oxygen to
water (Kunamneni et al., 2008), as shown in Figure 1.1.

_ 7 Laccase (ox.) y 7 Substrate (ox.)
4

(o)

H,0 k ' Laccase (red) L :

Figure 1.1. Oxidation mechanism of laccase

Substrate (red.)

Due to the numerous biotechnological applications of laccase, its study has
been increasing since its discovery in the 19th century (Cafias et al., 2010). They
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were first described in exudates of the Japanese tree Rhus vernicifera (Yoshida,
1883). However, it was not until 1986, when it was shown to be an enzyme present
in fungi (Baldrian, 2006) and is now known to exist in insects (Dittmer et al., 2009),
bacteria (Claus, 2004) and archaea (Uthandi et al., 2010). This demonstrates their
wide distribution in nature, as well as their involvement in a multitude of different
biological processes

The functions they perform are determined by the type of organism. For
example, in the woody tissues of plants they would be part of the lignin synthesis
(Ranocha et al., 1999). In the case of soil saprophytic basidiomycetes, they play an
important role in the degradation of soil organic matter, and thus in the formation
of humus (Jonas et al., 1998). Table 1.1 presents some laccase-producing fungi.

Table 1.1 Some laccase-producing fungi (Sanchez, 2006)

Fungi

Agaricus sp
Aspergillus nidulans
Batrytis cinérea
Ceriopsis subvermispara
Cerrena mdxima
Trametes versicolor
Pyricularia oryzae
Neurospora crassa
Pycnoporus cinnabarinus

Other functions may be present in fungi. Thus, the ascomycete Aspergillus
nidulans has at least two laccases, one of them involved in the green coloration of
the conidia, and the other involved in the synthesis of the cell wall (Yaver et al,
1996).

The wide specificity of the substrate, the use of oxygen as an electron
acceptor, and the generation of water as the only bioproduct of the reaction
(Bourbonnais et al., 1990), confer to the enzyme high applicability in diverse
biotechnological processes. However, they have a maximum redox potential of 0.8
eV, lower than peroxidases, limiting their range of action to aromatic compounds
with low redox potential, such as phenolic units of lignin (Cafias et al., 2010).
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1.3.Flavin-containing oxidases

The flavin-containing oxidases catalyse the transfer of two electrons from
alcohol substrates that reduced flavin passes the molecular oxygen to hydrogen
peroxide as shown in Figure 1.2.

WOxidase (ox.)
a
H,0, hr

Figure 1.2. Oxidation mechanism of oxidases

(o)

Oxidase (red) k’ Substrate (red.)

1.4.Basidiomycete peroxygenase: Unspecific peroxigenase

Peroxygenases catalyse the incorporation of an oxygen atom from hydrogen
peroxide into their substrate. A new class of peroxygenase has been recently
discovered: Unspecific peroxygenase (UPO). UPO is the first discovered
basidiomycete peroxygenase from Agrocybe aegerita, reported twelve years ago.
UPO in contrast with ligninolytic peroxidases uses glutamate as acid-base catalyst
for activation by peroxide. This behavior confers versatility for using in different
oxygenation and oxidation reactions. However, UPO present oxidative instability
with high amounts of peroxide.

1.5.Industrial applications

Oxidoreductases enzymes have great technological potential in the pulp and
paper industries, food treatment, bioremediation of environmental pollutants and
in the treatment of industrial effluents, among others (Zucca et al., 2011, Martinez
et al. 2017).

In the pulp and paper industry, the separation and degradation of lignin is
conventionally obtained using oxidants based on chlorine or oxygen and it has been
proven that the use of the enzyme laccase allows the preferential elimination of
the lignin without transforming the cellulose (Barreca et al., 2003).
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In the food industry, they have been used for the treatment of polyphenols in
the wastewater of breweries (Yagie et al., 2000) and in the decolorization of some
beverages (Gonzalez et al., 2000). They have also been used to promote better
food packaging, as they prevent oxidation (Kunamneni et al., 2008).

Laccase can also be applied in detoxification treatments of soils containing
phenolic contaminants such as polycyclic hydrocarbons (Siripong et al., 2009). As
for the use for the elimination of recalcitrant compounds, numerous studies have
been carried out. For this reason, research into the elimination of this type of
compound is booming and the use of laccase is considered a promising technology
for the elimination of contaminants

1.5.1. Concern on the effect of emerging contaminants

The ongoing increase of the human population and economic growth is
leading to a continuous demand for clean water resources. More than one-third of
the Earth’s accessible renewable freshwater is already used for agricultural,
industrial and domestic purposes and water withdrawals are predicted to increase
by 50% in developing countries, and 18% in developed countries by 2020 (UNEP
2007). According to this tendency, as many as 7 billion people in 60 countries could
face water scarcity by 2050 if any action is taken. The revolutionized development
of resources and technologies in the last century has produced a large amount of
new chemicals and compounds which consequently increased the number of
compounds that were identified threatening the environment and human health.
These compounds such as pharmaceuticals and personal care products (PPCPs),
surfactants, various industrial additives are endocrine disrupters and they are not
metabolized and discharged into sewers and wastewater treatment plants
(WWTPs).

The EU water framework directive 2000/06/CE announced in Annex X a list of
priority substances with significant risk to the aquatic environment. The updated
list includes metals, pesticides, phthalates, polycyclic aromatic hydrocarbons, and
endocrine disruptors. These substances must be removed within an objective of
quality and preservation of good ecological status of water. In addition, the REACH
regulation, which aims to identify dangerous chemicals and less dangerous
replacements, was established in 2007 in Europe (Deblonde et al. 2011). Therefore,
the removal of emerging contaminants of concern is now an ever important in the



Chapter 1

production of safe drinking water and the environmentally responsible release of
wastewater (Bolong et al. 2009).

The presence of metals, bacteria, hydrocarbons or other ions like nitrates,
ammonia in water are described for several decades and their impact on human
health and the environment are known; these contaminants are subject to
regulation and control. But the occurrence and effects of phthalates,
pharmaceuticals compounds and endocrine disrupting compounds (such as
bisphenol A) is often not available. They are originated from industry or from the
discharge in wastewaters. The problem of emerging pollutants is the lack of
knowledge of their impact in the middle or long-term effect on human health, the
environment and aquatic environments. The degradation of organic pollutants
implies an important challenge as they may have complex structure and/or low
bioavailability. Moreover, conventional WWTPs are not primarily designed to
remove them (Deblonde et al. 2011).

Treatment options which are typically considered for the removal of emerging
contaminants from drinking water as well as wastewater include adsorption,
advanced oxidation processes (AOPs), nanofiltration (NF), and reverse osmosis (RO)
membranes (Grassi et al. 2012). Advanced treatment technologies such as
ozonization, UV irradiation and activated carbon adsorption have been suggested
to increase the removal of such compounds (Liu et al. 2009) but a full-scale
implementation would require significant investment and increased operation
costs. In this sense, the costs need to be weighed against the possible benefits of
introducing new technologies. As a result, there are still need to develop and
further examines new alternatives to efficiently remove these compounds from
wastewater.

1.6.Enzymatic immobilization

For technical and economic reasons, in most enzyme catalysed processes it is
necessary to reuse or continuously use the biocatalyst for a prolonged period of
time (Katchalski-Katzir et al., 2000). In this context, enzyme immobilization can be
defined as a technique that allows reuse or continued use of the biocatalyst. In
addition, immobilization allows for greater stability and longer enzyme storage
time (Lloret et al., 2011).
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1.6.1. Methods of immobilization

There are a large number of immobilization methods and since the method
used greatly influences the properties of the resulting biocatalyst, the selection of
the immobilization strategy determines the process specifications for the catalyst
(Duran et al., 2002). A classification of the main methods may be the following
(lllanes et al., 2008):

e Enzyme entrapment by physical retention in the inner cavities of a solid matrix
such as polyacrylamide, collagen or alginate

e Encapsulation of the enzyme by physical retention in synthetic membranes
e Immobilization of the enzyme by cross-linking with bifunctional reagents
e Immobilization in supports by physical, ionic or covalent bonds

Entrapment

Entrapment is defined as the physical retention of enzymes in a solid porous
matrix, such as polyacrylamide, collagen, alginate, or gelatin. The enzyme is
suspended in a monomer solution and a subsequent polymerization process keeps
the enzyme trapped, avoiding direct contact with the environment. It is the
simplest method of immobilization and there are no alterations in the enzymatic
structure. However, this methodology has limitations in terms of mass transfer and
also has a low enzyme load (Fernandez-Fernandez et al., 2013).

Encapsulation

The enzyme is retained by a membrane that allows the passage of substrates
and reaction products (lllanes et al., 2008). Retention can be achieved by
microencapsulation in semi-permeable membranes or by adsorption of the enzyme
onto a membrane that will form the reactor. As in the previous case, the enzyme is
protected from the environment and the mass transfer represents an important
limitation (Fernandez-Fernandez et al., 2013).

Cross-linking

The use of solid supports for enzymatic immobilization can reduce the activity
of the biocatalyst. Cross-linking is an alternative in which immobilization is carried
out without support, achieved through the use of a bifunctional cross-linker agent.
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Cross-linkers include dialdehydes, diiminosteres, diisocyanates and diamines
activated by carbodiimide (Fernandez-Fernandez et al., 2013). Despite achieving
greater activity and remaining stable in extreme conditions, they present
deficiencies in mechanical properties and a high cost in protein purification (lllanes
et al., 2008).

Immobilization on supports

Different types of materials have been used as supports for the
immobilization of enzymes, both organic and inorganic compounds. The main
properties of the substrates are: large surface area, high bonding capacity with the
enzyme, compatibility and insolubility in the reaction medium, mechanical and
chemical stability, recovery after use and conformational flexibility. There is not a
support that fulfills all the characteristics reason why this one is chosen depending
on the requirements of the process (lllanes et al., 2008). In the present work,
immobilization will be considered according to two methods of immobilization:
adsorption and covalent bond (Fernandez-Fernandez et al., 2013). Both methods
will be explained in more detail below.

Adsorption

The adsorption of enzymes on a substrate is based on ionic bonds and other
weak attraction forces. Adsorption is a relatively simple and low-cost method of
immobilization, making it potentially more competitive than other methodologies.
Variables such as pH, ionic strength of the medium and hydrophobicity of the
support must be taken into account in the immobilization process (Fernandez-
Fernandez et al., 2013). In spite of obtaining a high immobilization yield, in this
method the enzyme is easily desorbed, especially in aqueous solutions (lllanes et
al., 2008).

Covalent bond

Immobilization by covalent bond is the most interesting method in industrial
applications. Therefore, covalent bonding has become the most widely used
method of immobilization. In this technique, the chemical groups on the surface of
the support are activated and react with the nucleophilic groups of the protein.
Different supports have been studied for the immobilization of laccase by covalent
bond, from silica supports, epoxy resins, gold, silver and magnetic supports, among
others (Fernandez-Fernandez et al.,, 2013). In the present work, magnetic

10
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nanoparticles will be used as supports both in the case of covalent bonding and in
adsorption.

1.7.Nanoparticles as a support for immobilization

The rapid development of nanotechnology has provided a basis for innovation
in a wide range of fields, such as health, agriculture, food, transport, environment,
electronics and communications, resulting in a significant increase in research into
new nanomaterials (Figura 1.3) (Grillo et al., 2015).
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Figure 1.3. Number of publications on nanoparticles over time (ISI Web of Knowledge)

According to the European Committee for Standardisation (CEN),
nanomaterials are defined as materials with any external dimension at the
nanoscale, or having internal or surface nanoscale structures. The nanoscale size
range is between 1 and 100 nm (ISO/TS 27687:2008) (JRC, 2010).

Nanoparticles (NPs), the most studied field within nanomaterials, have
external dimensions of the order of 100 nm or less (JRC, 2010). NPs may be
spherical, tubular, or irregularly shaped, and may exist as aggregates, fused or
agglomerated (Nowack et al., 2007). There are two main types: engineered
nanoparticles (ENP) and non-engineered nanoparticles. Non-engineered NPs are
present in the environment in natural phenomena such as dust storms, erosion,
volcanic eruptions and forest fires (Nowack et al., 2007; Cupaioli et al., 2014). ENPs
are intentionally produced by humans as metals (including Ag, Zn, Au, Ni, Fe, and

11



Chapter 1

Cu) (Kaegi et al., 2013), metal oxides (TiO,, Fe;0,, SiO,, CeO, and Al,0;) (Bozon-
Verduraz et al., 2009), non-metallic (silica and quantum dots) (Probst et al., 2013),
carbon nanotubes and fullerene) (Isaacson et al., 2009; Ma et al., 2010), polymers
(alginate, chitosan and polyhydroxyalkanoates) (Rao et al., 2011), and lipids (Faraji
et al., 2009).

Nanomaterials can be used as support in enzymatic immobilization thanks to
their properties such as surface area, resistance to mass transfer and others (Feng
et al., 2011). Table 1.2 summarizes the advantages and disadvantages of the use of
nanomaterials for enzymatic immobilization.

Table 1.2. Advantages and disadvantages of nanoinmobilisation (Cipolatti et al., 2014)

Advantages Disadvantages
Mass transfer resistance Cost of the process
High enzyme load Large scale application

High surface area

High mechanical resistance
Minimization of diffusion problems
Separation of the reaction medium

In recent decades, superparamagnetic particles of nanometric size
(maghemite, y-Fe;0,4 or magnetite, Fe;0,4) have been widely studied both in biology
and medicine in areas such as magnetic resonance, DNA and RNA purification and
immobilization of proteins and enzymes (Cipolatti et al., 2014).

Immobilization in nanomaterials offers numerous advantages in terms of
separation as it is possible to separate them by physical methods, such as filtration
or sedimentation (centrifugation) and they can be reused. Magnetic nanoparticles
as media provide a simple and fast recovery of the biocatalyst by applying an
external magnetic field and, compared to centrifugation or sedimentation, are
subjected to much less mechanical stress. In addition, the use of magnetic
nanoparticles as media has the following advantages: greater specific surface area
to achieve greater enzyme load, lower resistance to mass transfer, less fouling, less
diffusion problems and reduced operational cost (Kalkan et al., 2011).

Based on the above, it is interesting to evaluate the immobilization of
oxidorreductases in magnetic nanoparticles for the elimination of endocrine

12
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disrupting compounds and the production of high value-added compounds in order
to gain experience for the development of a possible future process on an
industrial scale.

1.8.0pening the scope: Biotechnological applications of enzymes

Beyond the perspective of degradation of target contaminants, the use of an
enzyme emerges as a biocatalyst in conversion/transformation processes.
Accordingly, the oxidation process based on the use of oxidases and peroxidases
may be of special interest in the case that the objective pursued is the
transformation of substrates based on synthesis reactions.

Several industries and research/academic groups have demonstrated the
feasibility of using new or improved (i.e. genetically modified) oxidative enzymes in
the production of value-added compounds from molecules derived from biomass
(such as sugars and lipids) to replace others of petrochemical origin and/or to
develop more ecological and specific transformations. Of special interest in this
field are several biochemical reactions of oxidation and oxyfunctionalization by
fungal oxidases (Dijkman et al., 2013; Hernandez-Ortega et al.,, 2012) and
peroxidases, including new hemetiolate biocatalysts with monooxygenase activity
(peroxygenases) (Bormann et al., 2015; Hofrichter and Ullrich, 2014). These
peroxygenases are excellent biocatalysts for the regal and stereoscopic
oxyfunctionalization of a variety of organic compounds. These enzymes also have
the advantage of being stable (due to their secreted nature) and self-sufficient
(Hofrichter and Ullrich, 2006), in the sense that they do not require the activation
of a reducing power source and/or an auxiliary flavoenzyme/domain as in the case
of other monooxygenases, such as cytochromes P450 (P450s) and flavinoxygenases
(Kim and Oh, 2013).

In this context, this thesis evaluates the exploratory biochemical conversion of
5-hydroxymethylfurfural (HMF) into diformylfurane, a platform chemical, and 2,5-
furandicarboxylic acid (FDCA), a basic plastic component. Oxidases and
peroxygenases will be used to perform three-stage oxidation of HMF to FDCA in a
single pot conversion without substrate and without by-products. FDCA (and HMF)
occupied one of the first positions in the ranking of most interesting bio-based
chemical building blocks published by the US Department of Energy in 2004 (Werpy

13
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and Petersen, 2004), that they still maintain in similar studies published several
years after (Bozell and Petersen, 2010; IAR, 2015a; 2015b).

Concerning FDCA production, the possibility to contribute to substitution of
non-renewable PET by biomass-based PEF by using an enzymatic technology is a
desirable goal, making the process more efficient and competitive. PEF itself has
several advantages with respect to PET, including 50% better CO, footprint, several
folds better O, and CO, permeability, higher density, and higher field strength,
among others. The main advantage of the bio-chemical technology (using oxidases
and/or peroxygenases) for PEF production is, in addition to the cost reduction due
to milder operation conditions (high pressure and temperature is required when
using Co/Mn/Br catalysts), the absence of the undesirable by-products formed due
to the low selectivity of the current chemical technology for FDCA production (de
Diego et al., 2011). Such by-products include monocarboxylic acids that cause chain
termination reactions in the intended polymer applications, and require greater
energy and capital expenditure for product purification (van Putten et al., 2013).
Once optimized, the enzymatic conversion will circumvent the above problem due
to its high selectivity. Biotechnological production of FDCA by selected
Pseudomonas strains has been proposed as an alternative to the chemical
conversion in several studies of Corbion (a leader company in the lactic acid sector,
which is also interested in PEF production) (Wierckx et al., 2015). However, due to
different issues -including the need of a carbon and nitrogen source in the
microbial transformation and the toxicity of furfural products for microorganisms -
the biochemical process based on oxidative enzymes would be undoubtedly
superior once optimized.

This thesis aims to provide innovative answers to develop a new generation of
biochemical technologies for future biorefineries, allowing the transformation of
molecules of plant origin with exquisite regio-selectivity and stereoselectivity that
cannot be achieved by classical chemical technologies. Due to the above
characteristics, the biochemical technologies to be developed will represent a real
advance in lignocellulose biorefineries, improving competitiveness and allowing the
development of new production routes. These oxidation/oxyfunctionalization
reactions by oxidases and peroxygenases will allow a more integral and efficient
use of the different types of feedstocks.

14
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1.9.Enzymatic reactors

Envisaging the application of the different magnetic nanobiocatalysts in
wastewater treatment plants or other biotechnological applications it is important
to design an enzymatic reactor in which the recovery and reuse of the enzyme is
fulfilled. In previous works, different systems based on the use of free enzyme or
immobilized systems were proposed.

The first approach relies on the use of an enzymatic membrane reactor (EMR),
which comprises a CSTR coupled with a semipermeable ultrafiltration membrane to
ensure the retention of free biocatalyst. This system has been successfully applied
for the enzymatic decolorization of dyes (Lopez et al.2011) and also for the removal
of endocrine disrupting compounds from filtered-secondary wastewater effluent.
Laccase was highly stable during 100 h of operation until the reactor was
discontinued. Alternatively, to the use of free enzyme, the use of immobilized
laccase to facilitate its retention allowing the separation of the enzyme from the
reaction medium, so that the biocatalyst can be applied in continuous systems and
it can be beneficial for enzyme stability and prolonged storage (Lloret et al. 2011).
Although laccase showed high stability during the operation of the reactor and the
pollutants were efficiently removed, the main constraints are related to the
complexity of the operation and the difficulty to add fresh enzyme. Regarding
magnetic reactors, the available literature on configurations is very limited. Some
alternatives are provided below.

In recent investigations, magnetic enzyme reactors have been used, such as
the case of Wang et al. (2012), which designed a magnetically stabilized fluidized
bed reactor, or Duan et al. (2014) in which reactor had a system of electromagnets
where the reaction took place, both for the transformation of phenol in
wastewater. However, these two configurations need an external power supply
which implies drawbacks as the cost of the electricity or the high temperatures that
reaches, among others. Ardao et al. (2013), also presented a configuration of a
continuous reactor for eliminating micropollutants in which the separation system
was a magnet in the outlet stream that collects the nanoparticles by means of a
system of valves that reversed the flow, bringing the nanoparticles back to the
reactor.
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1.10. Enzyme-aided processes as a way of reducing the environmental
impacts

The application of oxidative enzymes combined with nanoparticles as a high-
performance nanobiocatalysts for environmental and bio-chemical processes is
directly linked to the concept of Green Chemistry as a carrier for effective
environmental sustainability. It is widely accepted that biocatalytic processes offer
extensive advantages over traditional chemistry in terms of environmental impact
as a result of milder reactions conditions (physiological pH and temperature),
biodegradable enzymatic catalysts that reduce waste disposal requirements, and
substitution of organic/toxic solvents by water (Sheldon, 2007).

In addition, the combination of higher regio- and stereo-selectivities also
enables shorter processes that generate less waste. It has been shown that
enzyme-catalyzed oxidations result in: i) Reduction of toxic reagents, solvents and
metal catalysts; ii) Reduced consumption of energy and water; and iii) Reduction of
waste and GHG emissions.

Besides its intrinsic, underlying sustainable character, this thesis aims at
quantifying these indicators, especially those related to the production of the
nanoparticles and the operation of the enzymatic reactor. This work will specifically
address the evaluation of environmental impact reductions through process scale-
up of selected case studies, which will support life cycle assessment of the
processes. The broader use of optimized oxidoreductase based biocatalysts will
help to develop enzyme-aided processes for environmental and biotechnological
processes in a sustainable process that helps in their successful implementation.
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Immobilization of oxidoreductases to
formulate robust and suitable blocatalysts
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Oxidative biocatalysts based on oxidoreductases arise as a promising alternative in
the development of advanced oxidation processes for the removal of emerging
pollutants but also for the production of platform chemicals/building blocks such as
those necessary for the manufacture of bioplastics. The aim of this work is to
develop various types of immobilized biocatalysts based on self-immobilization as
cross-linked aggregates (CLEAs) or on covalent binding on commercial supports and
superparamagnetic nanoparticles. The highest yields of enzyme immobilization
were achieved for the covalent enzyme nanoconjugates of silica-coated magnetic
nanoparticles, formed by the covalent attachment of the enzyme between the
aldehyde groups of the glutaraldehyde-functionalized nanoparticle and the residual
amino groups of the enzymes. Moreover, the stability of the nanobiocatalysts was
proven after 4 months with residual activities above 90% in all cases.
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2.1.Introduction

In this research, the use of enzymes is proposed as an alternative to perform
the oxidation of pollutants of emerging concern and the production of building
blocks. Although enzymes constitute promising biocatalysts, the use of enzymes for
large-scale applications needs to bear in mid not only the catalytic activity and
specificity but also its stability and reusability in a continuous operation. When free
enzymes are used, their recovery can be only be performed by means of
ultrafiltration membranes coupled to an enzymatic reactor. In contrast, the use of
enzymes in an immobilized or insolubilized form favours their easy recovery and
retention in the reaction system (Datta et al. 2013; DiCosimo et al. 2013).
Conceptually, there are two basic methods for enzyme immobilization, as the
immobilization can occur by physical or chemical interactions. Physical coupling
methods include the entrapment of the enzyme within a tridimensional matrix, its
encapsulation in an organic or inorganic polymer, and its absorption to the support
surface by ionic exchange, whereas covalent bonding assures the irreversible
binding of enzyme by self-immobilization using bifunctional cross-linkers or the
binding to a support matrix (Fernandez-Fernandez et al. 2013). In this research,
attention was paid to two different immobilization methods: self-immobilization
using crosslinking agents and covalent immobilization of enzymes on commercial
supports and superparamagnetic nanoparticles.

Self-immobilization of enzymes as cross-linked aggregates (CLEAs) is a simple
technique to increase stability and reusability of biocatalyst (Torres et al. 2013).
The procedure to prepare CLEAs usually involves an enzyme precipitation step and
followed by protein cross-linking via the reaction of glutaraldehyde with reactive
amine residues of the protein (Schoevaart et al. 2004). As aggregation and
precipitation are commonly used for enzyme purification, the production of CLEAs
combines purification and immobilization into a single operation (Sheldon et al.
2011). The method is extremely simple and amenable to swift optimization.
However, CLEAs may suffer drawbacks as softness or poor mechanical stability, and
often leaching of enzyme in the reaction medium during the biocatalysis may occur
(Wilson et al. 2006).

On the other hand, enzyme immobilization by covalent binding onto a support
has the advantage of multipoint covalent attachment which typically rigidifies the
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enzyme structure, preventing it from undergoing inactivation deformations, which
translates in an increased stability, activity and selectivity (Torres et al. 2013). The
application of covalent immobilization techniques considers two different
possibilities: either the use of inert supports which can be properly activated or the
use of commercially available active supports. Among the latter, glyoxyl and epoxy-
activated supports are considered very promising and have been reported to be
effective supports for enzyme immobilization (Mateo et al. 2007; Lloret et al.
2012). However, to avoid enzyme leaching, it is convenient to disperse the enzyme
on high specific surface areas, an intrinsic characteristic of nanomaterials. In the
development of nanotechnology, a number of different materials may be used for
this purpose, such as nanoparticles, nanosheets, nanotubes, nanofibers, and
nanocomposites (Johnson et al. 2011; Tran et al. 2012; Ma et al. 2012; Plessis et al.
2013). Among the different nanomaterials, magnetic nanoparticles (mNP) offer an
additional advantage over others because the retention of the biocatalyst is
possible by means of a magnetic field, as an alternative to centrifugation or
filtration stages (Kalkan et al. 2012).

The main goal of the work presented in this chapter was to investigate the
immobilization of different oxidoreductases: Trametes versicolor and
Myceliophtora thermophile laccases, Galactose oxidase, Aryl alcohol oxidase, 5-
Hydroxymethyl furfural oxidase and Unspecific peroxygenase, to select the best
biocatalysts for the different applications. With this aim, enzymes were
immobilized as CLEAs as well as on different supports from commercial to
superparamagnetic nanoparticles and both procedures were optimized.

2.2. Materials and methods

2.2.1. Chemicals for enzyme immobilization

3-(aminopropyl)triethoxysilane (APTES) (=298%), 2-2"-azinobis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS) (298%), glutaraldehyde (25%), 3-
(Ethyliminomethyleneamino)-N,N-dimethylpropan-1-amine (EDC) (>98%), N-
hydroxysuccinimide (NHS), vanillyl alcohol (298%) and polyethylene glycol (PEG)
6000 and 3350 were purchased from Sigma-Aldrich. Ammonium sulfate (98%) and
tert-butyl alcohol (98%) were obtained from Panreac. Veratryl alcohol (97%) was
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purchased in Fluka. Ethanol (296%) and acetone (299.6%) were purchased from
Merck and Labkem, respectively.

2.2.2. Enzymes

Commercial laccase from Myceliopthora thermophile (Mt) (85 kDa) and
galactose oxidase (GAQ) (68 kDa) were provided by Novozymes. These enzymes
were produced by submerged fermentation of genetically modified Aspergillus
oryzae. Trametes versicolor (Tv) laccase (70 kDa) was purchased by Sigma-Aldrich.
Recombinant aryl alcohol oxidase (AAQ) (67 kDa) from Pleurotus ostreatus was
obtained by expressing in Escherichia coli and was kindly provided by the
Environmental Biotechnology Laboratory (IHI Zittau, Technical Dresden University,
Germany). The recombinant unspecific peroxygenase (UPQO) (45 kDa) from isolate
S358 (ascomycete) was obtained by expressing in Pichia pastoris and provided by
Jena Bios GmbH. 5-Hydroxymethyl furfural oxidase (HMFO) (70 kDa) from
Pseudomonas nitroreducens was provided by the Biological Research Center (CIB,
Spanish National Research Council, Spain). Three-dimensional structures of the
enzymes can be found in literature and are shown in Figure 3.1.

Pymol (pdb accession numbers 5LOI, 1GYC, 2EIB, 3FIM, 4UDP and 2YOR)
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2.2.3.  Supports for immobilization

2.2.3.1. Epoxy and agarose-glioxyl based supports

Epoxy-activated methacrylate polymers, Lifetech® ECR8204/F and ECR8215/F
were purchased in Purolite and Relizyme® EP 403/M was purchased in Resindion.
Agarose-glioxyl support was prepared from Agarose BCL-6 as described by other
authors (Vieira et al. 2011) and was provided by the Institute of Catalysis and
Petrochemistry (ICP, Spanish National Research Council, Spain). Detailed
characteristics of these supports are presented in Table 2.1.

Table 2.1. Characteristics of the different supports

Support Size (um) Porosity (A)
Epoxy functional group
Lifetech® ECR8204/F 150-300 300-600
Lifetech® ECR8215/F 150-300 1200-1800
Relizyme® EP 403/M 200-500 400-600

Agarose-glioxyl functional group
Agarose-glioxyl 100

2.2.3.2. Superparamagnetic nanoparticles

Non-coated magnetite nanoparticles (mNP), single-core silica-coated
magnetic nanoparticles (smNP), polyacrylic acid magnetic nanoparticles (PAAMNP),
polyethyleneimine-coated magnetic nanoparticles (PEImMNP) were supplied by
Nanomag (Universidade de Santiago de Compostela, Spain). Detailed

characteristics of the nanoparticles evaluated are presented in Table 2.2.
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Table 2.2. Characteristics of the different magnetic nanoparticles

Support Size (nm) Zeta potential (mV)

smNP 21.5%2.1 -24.2
PAAMNP 10.1+2.4 -40.1
PEIMmNP 10+1.2 4.7

mNP 9.9+14 -45.2

2.2.3.3. Magnetized fumed silica nanoparticles

Magnetized fumed silica nanoparticles (mfsNP) were prepared according with
Safarik et al. (2012). Fumed silica nanoparticles (fsNP) (surface area: 390+40 m’ g'l;
aggregates of particles with a size of 7 nm) were purchased from Sigma-Aldrich.
The ferrofluid was provided by the Institute of Nanobiology and Structural Biology
(GCRC, Czech Republic) and is composed of magnetic iron oxide nanoparticles (10-
20 nm of diameter) and with a concentration of iron (Fe’*, Fe’*) oxide content of
48.11 mg mL™. The magnetized support from fumed silica nanoparticles is obtained
after incubation with ferrofluid and methanol (1:7) under gentle agitation for 1 h.
Afterwards, the nanoparticles were washed and re-suspended in phosphate buffer
(pH 7) to remove residual methanol.

2.2.4. Determination of enzymatic activity

The enzyme activities of the free and immobilized enzymes were performed
to assess the efficiency of the immobilization process. Below the analytical
procedures that allow the determination of the activity of the different enzymes
used in this study are described. The basis for the determination of enzyme activity
is based on a common concept: the measurement of the oxidation of a model
substrate, specific to each enzyme, which allows the indirect determination of
activity by correlating the oxidation rate of the compounds with the reference
enzyme units. All spectrophotometric measurements were carried out on a BioTeK
PowerWave XS2 microplate spectrophotometer
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2.2.4.1. Myceliophthora thermophila (Mt) and Trametes versicolor (Tv)

Laccase activity was determined by monitoring the oxidation rate of 0.267
mM ABTS to its cation radical (ABTS") at 420 nm (€40 = 36,000 M cm™) in
Mcllvaine buffer (80 mM citric acid and 40 mM Na,HPQ,); pH 3) at 30°C for 7 min
(6-s intervals). One unit (U) of activity was defined as the amount of enzyme
forming 1 umol of ABTS" per min.

2.2.4.2. Galactose oxidase (GAO)

The activity of GAO was measured following the oxidation of 0.85 mM of ABTS
into the radical cation ABTS" at 30°C for 2 min (6-s intervals) under the catalysis of
2.55 U mL" of Horseradish peroxidase (HRP) and 85 mM of galactose in phosphate
buffer (50 mM, pH 6) at 436 nm (436 = 29,300 M cm™). One unit (U) of activity
was defined as the amount of enzyme forming 1 pmol of ABTS" per min.

2.2.4.3. Aryl alcohol oxidase (AAO) and Unspecific peroxygenase (UPO)

AAO activity was measured following the oxidation of 10 mM of VE into
veratraldehyde (as major compound) at 30°C for 1 min (6-s intervals) in phosphate
buffer (50 mM, pH7) at 310 (€330 = 9,300 M™* cm™). UPO activity was measured
following the oxidation of 10 mM of VE into veratraldehyde (as major compound)
at 30°C for 1 min (6-s intervals) in presence of 0.5 mM of hydroxgen peroxide in
phosphate buffer (50 mM, pH 7) at 310 nm (€330 = 9,300 M™ cm™). One unit (U) of
activity was defined as the amount of enzyme forming 1 umol of veratraldehyde
per min.

2.2.4.4. 5-Hydroxymethyl furfural oxidase (HMFO)

The activity of HMFO was measured following the oxidation of 35 mM of VA
into vanillin at 30°C for 1 min (6-s intervals) in TRIS buffer (50 mM, pH 7) at 309 nm
(€300 = 8,332 M™ cm™). One unit (U) of activity was defined as the amount of
enzyme forming 1 umol of vanillin per min.
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2.2.5. Self-immobilization of enzymes by cross-linking aggregates (CLEAs)

CLEAs are support-free covalently immobilized biocatalysts. First, a precipitant
is used to form the enzyme agglomerates, and then a cross-linking agent binds
these enzymes together, retaining them in the agglomerated form according to the
scheme depicted in Figure 2.2.
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Figure 2.2. Scheme of CLEAs preparation.

As a first step, the enzyme (10,000 U L™) was incubated with the selected
precipitants (PEG 3350 and 6000 (20 and 40 g L™, (NH4),S0, (50% wt/v), EtOH (50%
v/v), Acetone (36% v/v) and t-BuOH (90% v/v)) for 24 h at room temperature and at
100 rpm on a C24 Incubator shaker. The amount of aggregates formed is
determined and re-dissolved in phosphate buffer (0.1 M, pH 7) and the activity was
measured and compared to the initial activity. Thereafter, the aggregates of
enzymes were incubated under agitation (100 rpm) at room temperature for 2, 8
and 24 h with the cross-linking agent glutaraldehyde 25% (v/v). Different
concentrations of cross-linking agent (10, 50 and 100 mM) were considered. After
each stage, the unreacted chemicals were removed after consecutive cycles of
centrifugation/re-suspension in phosphate buffer (100 mN, pH 7). The
immobilization efficiency was calculated as the ratio of the initial activity and the
leached enzyme on the supernatants. All the experiments were performed in
triplicate.
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2.2.6. Immobilization of enzymes on epoxy and agarose-glioxyl based supports

Previous to immobilization process the supports (Lifetech® ECR8204/F,
Lifetech® ECR8215/F, Relizyme® EP 403/M and agarose-glioxyl) were washed four
times with carbonate buffer (100 mM, pH 10). The subsequent enzyme
immobilization was carried out following the method described by Mateo et al.
(2007). The schemes of the mechanisms of both immobilization processes are
showed in Figure 2.3.

Figure 2.3. Mechanisms of enzyme immobilization onto epoxy (A) and agarose-glioxyl (B)
based supports.

The washed support (100 g L) was incubated with the enzymes (1.5 U mg™
support) at 4°C for 24 h and 100 rpm on a C24 Incubator shaker. The non-
covalently bound enzyme was washed with phosphate buffer (100 mM, pH 7) in
five centrifugation/re-suspension steps for 5 min at 8000 g-force in a EBA-270
centrifuge. The immobilization yield was calculated as the ratio of the enzyme
activity theoretically immobilized and the final enzyme loading.

2.2.7. Immobilization of enzymes on magnetic nanoparticles

2.2.7.1. Immobilization of enzymes onto mNP

Enzyme immobilization in magnetite nanoparticles (lacking any external
coating) was carried out by ionic exchange of the enzyme with magnetite
nanoparticles. Enzyme was added (0.55 U mg':l mNP) to previously washed
nanoparticles and incubated at 4°C and 25°C, 100 rpm, and pH 5, 6 and 7 for 4 h.
After incubation, the nanobiocatalyst was washed five times in phosphate buffer
(100 mM, pH 7) before storage.
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2.2.7.2. Immobilization of enzymes onto smNP, PEImMNP and mfsNP

The immobilization process for smNP and mfsNP requires their previous
functionalization, in which reactive groups are added based on the modification of
their surface by addition of APTES. The protocol starts with the incubation of the
nanoparticles in phosphate buffer (100 mM, pH 7) and APTES (0.8 mmol mg™ NP)
for 12 h at room temperature. When the reaction was completed APTES excess was
removed from amino-functionalized nanoparticles by 4 washed cycles with
phosphate buffer (100 mM, pH 7).

Then, the nanoparticles were used to perform the immobilization of laccase
according to the sorption-assisted immobilization (SAl) protocol (Zimmermann et
al. 2011), where the nanoparticles and enzyme (2.82 U mg" NP) were incubated in
phosphate buffer (100 mM, pH 7) at 4°C and 100 rpm for 2 h. Next, the
glutaraldehyde (8 mmol g' NP) was added dropwise to the mixture of
nanoparticles and enzyme, and the solution was incubated for an additional 18 h.
The unreacted glutaraldehyde and the excess and unstable bound enzymes were
washed away. The enzyme activity of the conjugates and supernatants of the NP
enzyme was measured in these and the subsequent immobilization processes.

2.2.7.3. Immobilization of enzymes onto PAAMNP

The functionalization of the nanoparticles was conducted according to the
method described by Nobs et al. (2003). The nanoparticles (5 mg mL?) were
suspended in 2-(N-morpholino)ethanesulfonic acid (MES) buffer 0.1 M (pH 4.7),
and EDC (12 mg mL?) and NHS (33 mg mL) were added with gentle agitation (100
rpm) at room temperature to complete the reaction after 24 h. The unreacted NHS
and EDC were removed by repeated washing and centrifugation (4000 rpm, 6 min),
and were re-suspended in MES buffer. The amino-functionalized nanoparticles
were then used to perform the immobilization of the enzymes by the
aforementioned SAI method (Zimmermann et al. 2011) with 8 mmol
glutaraldehyde g'1 NP and 1.88 U mg’1 NP.
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2.3.Results

2.3.1. Immobilization of enzymes by CLEAs

Preparation of CLEAs was divided into two main steps consisting of precipitant
choice followed by optimizing the cross-linker concentration and cross-linking time
(Figure 2.2).

Precipitation, is a commonly method used for protein purification by the
addition of salts, organic solvents or non-ionic compounds to aqueous solutions of
proteins (Matijosyté et al. 2010). The supramolecular structures resulting after
aggregation of enzymes are maintain together by non-covalent bonding and can be
re-suspended in water (Schoevaart et al. 2004). Cross-linking produces the
insolubilization of the enzymes as CLEAs maintaining the structural and catalytic
activity of the proteins. The suitable optimization of the procedure (precipitant and
cross-linker) may differ from one enzyme to another as they have different
biochemical and structural properties (Matijosyté et al. 2010). The first goal was to
optimize the conditions for the preparation of CLEAs with the different sources of
enzymes selected.

2.3.1.1. Selection of the optimum precipitant

The precipitant selection is fundamental for the activity recovery as its
depends on the nature of the precipitant (Sheldon et al.2011). Therefore, it was
necessary to screen different water-miscible organic solvents, salts and polymers.
The six enzymes were precipitated at room temperature for 24 h. Organic solvents
such as ethanol, acetone and tert-butyl alcohol, ammonium sulfate solution, and
water miscible polymer polyethylene glycol (PEG) with two different molecular
weights were investigated as precipitants. Different concentrations of each
precipitant were evaluated in excess of enzyme (10,000 U L'l) with the aim of
maximizing the precipitation of enzyme. In the screening, the activity recovery,
which is defined as the activity after the precipitation step divided by the initial
activity, was determined. Fig 2.4 shows eight different types of precipitants and
their effect on residual activity after the precipitation process and before the cross-
linking.
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Figure 2.4. Residual activities of the enzymes for the different precipitants.
(A, B: PEG 3350 (20 and 40 g L"), C, D: PEG 6000 (20 and 40 g L"), E: (NH,),S0, (55% wt/v), F:
Ethanol (50% v/v), G: Acetone (36% v/v) and H: tert-butyl alcohol (90% v/v))

Precipitating free laccases with tert-butyl alcohol (H) and ammonium sulfate
(E) (Figure 2.4) yielded residual activities higher than 30% in all cases, but less than
20% residual activity was recovered with other precipitants such as ethanol (F) or
PEG (A-D). Dennison and Lovrien (1997) suggested that ammonium sulfate and
tert-butyl alcohol are the best precipitants for high enzyme recovery as the enzyme
is in an excited state in their presence and hence, flexibility of the protein (B-value)
is higher than for free enzymes. The optimum precipitant in Mt, GAO, AAO and
UPO enzymes was the tert-butyl alcohol (Figure 2.4) and ammonium sulfate in the
case of laccase from Tv and HMFO. Moreover, precipitating the enzyme with tert-
butyl alcohol yielded high residual activities and even above 100% compared with
equivalent free enzyme. Due to its size and branched structure, tert-butyl alcohol
does not penetrate folded protein molecules and consequently does not induce
denaturation (Kumar et al. 2012)
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2.3.1.2. Optimization of cross-linking concentration and time

The second step of CLEA preparation is the cross-linking of the aggregate
(Figure 2.2). Although various cross-linkers are known, glutaraldehyde remains as
one of the most potent and cheap, even with clinical applications (Barbosa et al.
2013). Several cross-linking times and concentrations of glutaraldehyde were
initially evaluated in order to determine the time and concentration required to
obtain the highest enzyme immobilization as the amount and time is dependent on
the type of enzyme (Talekar et al. 2013).

As observed in Table 2.3, hardly differences were noticed at 8 and 24 h in all
the cases, so the lowest cross linking time was selected to design a short process
for the CLEAs preparation. However, concentration of glutaraldehyde varies in each
case as previously anticipated. In the case of laccases from Tv and Mt the optimal
concentration of glutaraldehyde was 100 mM which leads to hyperactivation and
highest immobilization yields (150 and 97%) whereas AAO was completely
inactivated when glutaraldehyde exceeded 10 mM. In other studies, was found
that other enzymes as nitralases low or no retention of activity was also detected
when glutaraldehyde was used as cross-linker (Mateo et al. 2004; Nadar et al.
2016). Sheldon et al. (2007) suggested that glutaraldehyde with its high reactivity
and small size could penetrate the protein and react with the amino acid residues
crucial for the activity of the enzyme. For GAO and HMFO the optimal dose was 50
mM with immobilization yields of 62% and 129%. Slightly differences were
observed in the case of UPO CLEAs at different concentrations of glutaraldehyde so
the lowest one (10 mM) was selected leading in an immobilization yield of 87%.
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Table 2.3. Immobilization yield (%) of CLEAs at different concentrations and cross-linking

time
Enzyme Glutaraldehyde Immobilization yield (%)
(mM) 2h 8h 24h

10 24.2+3.1 56.3+5.8 52.4+1.9
Tv 50 52.0+0.9 67.0£0.6 74.0+0.5

100 73.4+0.2 150.0+0.4 97.3+0.5

10 - 41.6x10.4 11.8£34.5
Mt 50 - 55.1+17.6 27.1£1.6

100 - 94.9+14.6 77.5£13.6

10 21.145.8 26.0+1.4 59.3+2.3
GAO 50 11.2+0.1 62.2420.2 41.31£25.1

100 12.8+0.2 31.742.4 27.149.8

10 - - -
AAO 50 - - -

100 - - -

10 11.640.2 20.7+1.2 35.6+2.3
HMFO 50 180.9+23.4 129.34+24.5 48.811.6

100 134.0£25.6 156.74£26.7 107.0£17.5

10 - 87.1+5.8 64.8+4.8
UPO 50 - 56.9+18.0 98.7+32.4

100 - 106.2+22.6 86.1+7.5

2.3.2. Immobilization of enzymes on supports

Several strategies of enzyme immobilization were evaluated on magnetic and
non-magnetic supports to obtain various types of biocatalysts. The enzymatic
activity of both support-enzyme conjugates and supernatants were measured to
determine activity yield and enzyme loading (Table 2.4). The tradeoff analysis of
the different outcomes will be critical to identify the most suitable option for its
further use.

Covalent bonding produces stronger bonds between the enzyme and the
support, allowing its reuse more easily than with other available immobilization
methods (Sheldon 2007; Ovsejevi et al. 2013). In this study, different functional
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groups on the support surface were evaluated for enzyme immobilization (Table
2.4). The covalent bonding between the supports with carboxylic groups
(polyacrylic acid) did not result in satisfactory immobilization (yields lower than
5%). This may be due to excessive crosslinking of the protein molecule (due to the
presence of both NH, and COOH groups in the enzyme and also to the instability of
carbodiimide, which led to very low activity yields, as was also observed in other
studies with activity yields below 14%) (Majumder et al. 2008; Kumar et al. 2014).

However, enzymes were successfully immobilized in other supports such as
PEI-mNPs, which showed an activity yield higher than 50% in all cases (Table 2.4).
The stability of this biocatalyst was inferior to the enzyme immobilized on mfsNP
and smNP. In the specific case of PEImMNP, the enzyme activity after three months
was lower than 50%, which was significantly lower than those for mfsNP and fsNP
(93 and 99%, respectively). Similar results were observed for a previous report with
silica nanoparticles, using remarkably higher dosages of APTES and glutaraldehyde
than the values considered in this research (Arca-Ramos et al. 2016). The rationale
behind the high activity yields attributed to the fact that immobilized enzymes on
these supports would have high affinity for standard substrates such as ABTS. Arca-
Ramos et al. (2016) reported the hyperactivation of laccase from Tv after the
formation of covalent bonds with silica nanoparticles.

The process of immobilization by ionic exchange is based on the interaction of
the charged groups of the enzyme with the groups of opposite charges in the
support. It provides a weak bond between the enzyme and the support so that the
native structure of the enzyme is unaltered. Moreover, the bonding is reversible
and it is sensitive to changes in the pH and ionic strength, which can lead to the
recovery of the support (Duran et al. 2002). When this approach was considered
for the immobilization, not only limited yield was evidenced, but also the change of
basic pH lead to enzyme desorption. When performing the immobilization of
enzyme at different pH values, the best results were observed at pH 5 with an
activity yield higher than 50% from Tv (Table 2.4), possibly because the point zero
charge (PZC) of the magnetite is between pH 6.5-7.9 (Corgié et al. 2012), while the
isoelectric point of the enzymes is around pH 3.0-4.2 (Claus et al. 2002). The main
drawback is that laccase stability decrease with lower pH, which was evidenced by
the reduction of the immobilized enzyme. Considering the best results of activity
yield and enzyme loading, smNP were selected for the following experiments.
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2.4.Conclusions

Immobilization of two laccases (Myceliophthora thermophila and Trametes
versicolor), three oxidases (Galactose oxidase, Aryl alcohol oxidase and
Hydroxymethyl furfural oxidase) and one peroxygenase (Unspecific peroxygenase)
was investigated aiming to facilitate its reuse and application in continuous
operation such as water detoxification or for the production of building blocks. For
this purpose, different methods were evaluated: first, the enzymes were
immobilized by self-immobilization by precipitating the enzyme and further cross-
linking with glutaraldehyde; also, enzyme immobilization was conducted by
covalent and ionic exchange bonding to commercial epoxy- and glyloxyl-activated
acrylic supports and superparamagnetic nanoparticles with different coatings
(silica, polyethyleneimine and polyacrylic acid) by glutaraldehyde-activated and
sulfo-NHS/EDC-activated. CLEAs were produced in all cases excepted for aryl
alcohol oxidase which was completely inactivated when presence of
glutaraldehyde. CLEAs of both laccases even leads to hyperactivation and high
immobilization yields. However, the enzyme consumption and the difficulty of
handling them are significantly higher compared with immobilization onto
supports. Of all supports, superparamagnetic nanoparticles (functionalized with
amino groups) showed the highest overall potential for enzyme immobilization
with immobilization yields higher than 80%. Moreover, it was observed that the
silica-coated superparamagnetic nanoparticles brought out a most stable
biocatalyst after three months of storage. For those reasons silica-coated
superparamagnetic nanoparticles arise as the most suitable form of immobilization
of these enzymes.
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biotransform micropollutants from
wastewater

, APTES 1)Laccase

'\ ’\ 2)Glutaraldehyde
| 4 L 4

Fe 0,@Si0, Functionalized
Fe,0,@Si0,

Residual activity (%)
8
Residual activity (%)

et ——,
8
-

The development of nanotechnology has provided a range of diverse nanoscale
carriers that can be potentially applied for enzyme immobilization. Among the
different types of support, silica-coated magnetic nanoparticles (smNPs) have been
selected and a high redox potential laccase from Trametes versicolor (Tv) was
successfully immobilized. Enzyme loads of 2.66+£0.07 U mg'1 smNPs were attained
for the optimal doses of Tv. In general, the laccase-smNP conjugates showed higher
resistance against acidic pH and higher storage stability, especially when incubated
in the secondary effluent from a municipal wastewater treatment plant (WWTP).
The ability of laccase-smNP to biotransform Bisphenol A (BPA), Phenol, Diclofenac
(DCF), Estrone (E1), Estradiol (E2), 17R-estradiol (EE2) and Methyl green (MG) was
assessed in batch experiments. Compared to free laccase, immobilized enzyme led
slower biotransformation rates but the superparamagnetic characteristic of the
support allowed simple and fast recovery of the nanobiocatalyst.
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3.1.Introduction

Approximately 80% of all municipal and industrial wastewater are discharged
to the environment without adequate treatment, resulting in harm on environment
and human health. Among the main challenges defined in wastewater policy over
the last years, emerging pollutants removal has arisen as key goal promoting the
upgrade of conventional wastewater treatment plants (WWTPs) (WWAP, 2017).
Conventional treatments in WWTP are not specifically designed to eliminate them
so it becomes necessary the inclusion of tertiary treatments aimed at the removal
of these compounds. One possible alternative is the enzymatic oxidation of these
compounds by using fungal oxidorreductases such as laccases (Kunamneni et al.
2008). As mentioned in previous chapters, laccases are excellent biocatalysts for
biotechnological and environmental applications because of their high oxidation
potential as well as simple requirements for the catalysis (Majeau et al. 2010).
Laccase was successfully applied to biotransform a wide range of pollutants, such
as textile dyes, polycyclic aromatic hydrocarbons (PAHs), pesticides, and even
pharmaceuticals and EDCs (Table 3.1).

Table 3.1. Biotransformation of different pollutants by laccases

Pollutants References
Remazol Brilliant Blue R, Lanaset L
Daassi et al. (2014)
Grey R
Dyes Acid Black 48, Reactive Black 5, i
Blanquez et al. (2018)
Orange Il
Reactive Blue 4 Afreen et al. (2017)
PAH Anthracene, naphathalene Bautista et al.(2015)
s
Benzo[a]pyrene, pyrene Zeng et al. (2016)

. o Rodriguez-Delgado et
Diclofenac, iodiquinol

. al. (2016)
Pharmaceuticals . . )
Carbamazepine, acetominaphen Hachi et al. (2017)
Sulfadimethoxine Liang et al. (2017)
Bisphenol A Lassouane et al. (2019)
EDC 17-B estradiol Sun et al. (2016)
s
Bisphenol A, nonylphenol, Garcia-Morales et al.
ethynilestradiol, triclosan (2015)
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However, the use of enzymes for large-scale applications needs to bear in
mind not only the catalytic activity and specificity of the biocatalyst but also its
stability and reusability in a continuous operation. When free enzymes are used,
their recovery can only be performed by means of ultrafiltration membranes
coupled to an enzymatic reactor. In contrast, the use of enzymes in an immobilized
or insolubilized for favours their easy recovery and retention in the reaction system
(Datta et al. 2013; DiCosimo et al. 2013). Among the different immobilization
methods, the most extensively used is covalent bonding of the enzyme to an
insoluble polymer, such as epoxy-activated resins, silica-based supports, and
several types of fibers and polymeric materiales, because this method will assure
the irreversible binding of the enzyme to the support matrix (Fernandez-Fernandez
et al. 2013). Moreover, it is of major interest to use enzyme carriers that not only
provide the possibility of straightforward separation but also foster the catalytic
action of the enzyme (Gasser et al. 2016).

Among a wide range of alternatives, the specific surface area of nanomaterials
makes this type of support an ideal candidate for enzyme immobilization (Qu et al.
2013; Feng and Ji 2011). Nanobiocatalyst is an innovation that synergistically fuses
nanotechnology and biotechnology breakthroughs. In its development, a number
of different materials may have been used for this purpose, such as nanoparticles,
nanosheets, nanotubes, nanofibers, and nanocomposites (Soozanipour et al. 2018;
Kim et al. 2017; Huang et al. 2018; Dong et al. 2018), although few processes have
been used for full-scale practical applications (DiCosimo et al. 2013). In the last
decade, an increased attention is particularly focused on production of
superparamagnetic iron oxide nanoparticles (SPIONs) as they show interesting
characteristics such as superparamagnetism, high saturation field, high field
irreversibility, extra anisotropy contributions or shifted loops after field cooling.
Due to these characteristics, the nanoparticles only present magnetic interaction
when an external magnetic field is present (Mahdavi et al. 2013). SPIONs are
composed of iron core that can be coated with different functional coatings to
stabilized them, such as silica. The superparamagnetic silica-coated nanoparticle is
a novel class of magnetic material which present high biocompatibility and easy
functionalization to bioconjugation with enzymes due to the surface reactive

groups.
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In this chapter, a novel nanobiocatalyst based on laccase immobilized on
silica-coated superparamagnetic nanoparticles (Fe;0,@SiO,) was developed
applied for the oxidation of BPA, Phenol, E2, ABTS, MG and RB19. The influence of
several factors (pH, T, cross-linker, enzyme activity, and additives) on the enzyme
activity was evaluated. Moreover, other factors such as stability, reuse,
regeneration of the support were also considered, especially when aiming the real
application of the nanobiocatalyst to be environmental purposes.

3.2.Materials and methods

3.2.1. Chemicals for synthesis of nanoparticles and enzyme immobilization

All chemicals used were reagent-grade without further purification. Oleic acid
(>99%) was provided by Merck; ammonium hydroxide solution (NH4OH, 28 wt% in
water) was supplied by Fluka. Iron(Fe*) chloride hexahydrate (FeCl;-6H,0, 99%),
iron(ll) sulphate heptahydrate (FeSO4:7H,0, 99%), Igepal CO-520 (polyoxyethylene
(5) nonylphenylether, branched, Mn = 441), tetraethyl orthosilicate (TEOS, 99%),
hydrochloric acid (HCI, 37%), cyclohexane (CgH1,, 99.8%), 3-aminopropyl-triethoxy-
silane (APTES) (298%), 2-2'-azinobis-3-ethylbenzothiazoline-6-sulfonate (ABTS)
(298%), glutaraldehyde (25%), organic solvents (HPLC grade) and the commercial
laccase from Trametes versicolor (activity> 10 U mg'l) were purchased from Sigma-
Aldrich. Buffer solutions were prepared with sodium hydrogen phosphate
anhydrous (> 99%) from Panreac, sodium di-hydrogen phosphate anhydrous (>
99%) and acetic acid (> 98%) from J.T. Baker and citric acid from Vorquimia. The
target pollutants BPA, E1, E2, EE2, DCF, Phenol and MG were purchased from
Sigma-Aldrich.

3.2.2. Preparation and characterization of magnetic nanoparticles

Fe;0,@Si0, core-shell nanoparticles were prepared using a two-step
procedure. In a first step, oleic-acid-coated Fe;0, nanoparticles were prepared by
the co-precipitation of Fe’* and Fe®" salts, following the Massart’'s method
(Massart, 1981). In a typical synthesis, 2.43 g of FeCl;.6H,0 (9.0 mmol) and 1.67 g
of FeS0,.7H,0 (6.0 mmol, molar ratio Fe**/Fe’* = 1.5) were placed in a 100-mL
round-bottom flask and dissolved in 20 mL of 0.01 M HCI solution under
mechanical stirring. Temperature was increased to 602C and 6 mL of 28% NH,4(OH)
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solution was added to the mixture, with led to the immediate formation of black
magnetite nanoparticles. After 30 s, 0.45 mL of oleic acid was added to the mixture
and reaction was allowed to continue for 1 h. Then, the mixture was transferred to
a beaker and heated on a hot plate until flocculation occurred. The nanoparticles
were washed twice with deionized water and finally re-dispersed in cyclohexane.

In a second step, Fe;0,@Si0, core-shell nanoparticles were prepared through
a water-in-cyclohexane reverse microemulsion starting from the oleic-acid-coated
magnetite nanoparticles (Fang et al., 2011; Han et al., 2008). In a typical synthesis,
Igepal CO-520 (15 g) and cyclohexane (180 mL) were placed in a 500-mL three-neck
round-bottom flask and mechanically stirred for 15 min. Then, 20 mL of oleic-acid
coated magnetite nanoparticles (0.5% wt in cyclohexane) was added and stirred for
30 min. Finally, NH,4(OH) solution (2.1 mL, 28% wt) and TEOS (2.4 mL) were added
to the mixture and left to complete the reaction for 16 h at room temperature. The
core-shell nanoparticles were precipitated with isopropanol (IPA) and washed
several times with IPA (four times) and deionized water (four times). Finally, they
were subjected to several cycles of centrifugation (9000 rpm, 15 min) and washing
with deionized water until no foam was observed. Then, the core-shell
nanoparticles were re-dispersed in deionized water to a concentration ca. 0.5-1%
wt (determined by thermogravimetric analysis).

3.2.3. Characterization of magnetic nanoparticles

The concentration of the magnetic nanoparticles dispersion was obtained by
thermogravimetric analysis (TGA). The thermogravimetric curves were recorded
with a Perkin Elmer TGA 7 thermobalance with increasing temperature up to 8502C
at a scanning rate of 10 °C min™ under N, atmosphere.

The study of the crystalline phases was carried out by x-ray diffraction (XRD)
on powder samples with a Philips PW1710 diffractometer (Cu Ka radiation source,
A\=1.54186 A). Measurements were collected between 102<26<802 with steps of
0.0202 and 5 s per step. TEM micrographs were taken with a JEOL JEM1011
transmission electron microscope operating at an accelerating voltage of 100 kV. A
drop from a diluted sample solution was deposited onto an amorphous carbon film
on 400 mesh copper grids and left to evaporate at room temperature.
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Magnetization curves as a function of the applied magnetic field (up to 10 kOe)
were performed with Quantum Design PPMS on dried samples.

3.2.4. Immobilization of laccase onto silica-coated magnetic nanoparticles

Laccase was immobilized onto smNP by following the procedure of sorption-
assisted surface conjugation described in Chapter 2 (Section 2.2.7). Prior to
immobilization, smNP (5 g L") were amino-functionalized with APTES at
concentrations of 0.4, 0.8, and 1 mmol APTES g smNP and incubated at 150 rpm in
an orbital shaker C24 Incubator shaker (New Brunswick Scientific, Edison, NY, USA)
at room temperature for 15 h. Thereafter, the amino-functionalized nanoparticles
and laccase were incubated under agitation (100 rpm) at 4°C for 2 h, just before the
addition of cross-linking agent glutaraldehyde 25% (v/v). Different concentrations
of cross-linking agent (1, 4, 8, 12 mmol glutaraldehyde mg™* smNP) and laccase
activity (1.88, 2.35, 2.82 U mg" smNP) were considered. After each stage the
unreacted chemicals were removed after five consecutive cycles of magnetic
separation and resuspension in phosphate buffer (100 mM, pH 7). The
immobilization efficiency was calculated as the ratio of the laccase activity
theoretically immobilized and the final enzyme loading. All the experiments were
performed in triplicate. The determination of kinetic parameters was performed
according to the Michaelis-Menten equation, as a function of ABTS concentration
(1.17-750 uM). The data obtained were fitted by using a nonlinear least-square fit
routine to provide Ky and V. values.

3.2.5. Influence of pH, T, and inactivating compounds on the relative activity
and stability of free and immobilized laccase

The influence of pH and temperature on the measurement of free and
immobilized enzyme activity was investigated for variable ranges of pH between
2.4 and 8 and T between 22 and 60°C and compared with the maximum value
(1000 U L™). The ratio between the activity at each condition and the maximum
value (1000 U L") was determined to calculate the relative activity. Enzyme stability
was evaluated at different pH (from 3 to 8) and incubation periods of 1, 8 and 24 h
and different temperature (10 to 50°C) for 24 h. Long-term stability of free and
immobilized laccase at 4°C for 4 months was also evaluated. The enzyme stability
against different inactivating compounds was determined by measuring residual

54



Superparamagnetic nanobiocatalyst to biotransform micropollutants from wastewater

laccase activity after incubating free and immobilized laccase (1000 U L™) in
different denaturing solutions: NaCl (90 mM), CaCl, (10 uM), methanol, acetone
and ethanol (25%v/v) at pH 5 (200 mM acetate buffer). With the perspective of
using the nanobiocatalyst for the removal of xenobiotics present in wastewater,
the influence of the presence of secondary effluent on enzyme stability was
evaluated for 24 days at 4°C. The composition of the wastewater effluent after
filtration with a membrane of 0.45 um is presented in Table 3.2. All the

experiments were performed in triplicate.

Table 3.2. Characterization of the WWTP effluent

Parameter Value (mg L?)
Chemical oxygen demand (COD) 15.36
Total organic carbon (TOC) 6.97
Cations
Na* 20.25
K* 2.03
ca”™ 6.39
Anions
cr 26.10
NO;y 14.39
PO,> 4.71
S04~ 16.88

3.2.6. Regeneration of the support

The regeneration of the support after use for enzyme immobilization was
performed in triplicate after the inactivation of the nanobiocatalyst, with
acetone/ethanol (1/1, v/v), ultrasonication for 1 h (Transsonic 570/H, Auckland,
New Zealand), and high temperature (85°C) for 30 min (Zhao et al. 2011). After
repeated washing of the nanoparticles with phosphate buffer (100 mM, pH 7), the
immobilization process was repeated following the procedure of sorption-assisted
surface conjugation, but avoiding the previous stage of amino-functionalization.
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3.2.7. Biotransformation of the target pollutants

To determine the capability of the enzymatic system the oxidation toward the
target pollutants by free and immobilized enzyme (1000 U L™) was evaluated in
batch reactors (30 mL flasks). The conditions of each experiment are detailed in
Table 3.3.

Table 3.3. Summary of experiment conditions for the different target pollutant

Target pollutant Concentration (mg L'l) Reaction medium
BPA 10
E1l 2.5
E2 2.5 Phosphate buffer
EE2 2.5 (100 mM), pH 6
Phenol 10
MG 20

Acetate buffer

DCF 5
(100 mM), pH 5

BPA, DCF, E1, E2, EE2 and Phenol were quantified by High-Performance Liquid
Chromatography (HPLC) at a detection wavelength of 270 nm on a Jasco XLC HPLC
(Jasco Analitica, Madrid, Spain). This equipment was coupled with a diode detector
3110 MD, a 4.6 x 150 nm Gemini reversed-phase column (3 um C 18 110 A) from
Phenomenex (supplied by Jasco Analitica, Madrid, Spain), and an HP ChromNav
data processor. A 25-pL-sample volume was injected into the column. The mobile
phase contained 50% acetonitrile and 50% water. The flow rate was fixed at 0.4 mL
min™ in isocratic conditions. MG was analyzed by following the decrease in
absorbance at 630 nm.

3.2.8. Biotransformation of the target pollutants in sequential batch reactors

The biotransformation of Bisphenol A (100 ug L™), E2 (1 pg L) and MG (20
mg L™!) by immobilized laccase (1,000 U L™) incubated in the secondary effluent of
a wastewater treatment plant (WWTP) was investigated in a sequential batch
stirred reactor of 1 L for 10 cycles. In parallel, a control experiment with
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functionalized mNP lacking laccase under the same conditions was also performed.
After 6 h, the reaction medium was withdrawn, and the nanobiocatalyst and
functionalized mNP (control) were magnetically separated for a new cycle
biotransformation. The extent of the reaction was calculated as a ratio of the final
and initial concentration of the compound. All experiments were performed in
triplicate.

The percentage of BPA and E2 biotransformation was determined by Gas
Chromatography-Mass Spectrometry (GC-MS) after a Solid Phase Extraction (SPE).
The extraction procedure was carried out using 60 mg OASIS Hydrophilic-Lipophilic-
Balanced (HLB) cartridges (Waters closet, Milford) previously conditioned with 3 mL
ethyl acetate, 3 mL methanol, and 3 mL of distilled water acidified with HCI to pH 2.
A nitrogen stream was used to dry the cartridges for 45 min and eluted with 200
mL ethyl acetate. The GC-MS analysis was conducted in a MS Saturn 2100T system
with Zebron column (ZB-SemiVolatiles 30 m x 0.25 mm x 0.25 um) (Phenomenex).
The carrier gas was He with a flow rate of 1 mL min". The injection was performed
in splitless mode (2 min) at 280°C. The oven temperature was programmed to rise
from 70 to 150°C at 25°C min'l, at 3°C min™ until 200°C and finally, at 8°C min™ to
reach 280°C, that was maintained for 5 min. Electron impact (El) mass spectra were
generated at 70 eV with a scan range of 50-500 amu. Each sample was analyzed in
duplicate. MG decolorization was followed by spectrophotometry at 630 nm.

3.2.9. Evaluation of toxicity

To investigate the potential toxicity of the transformation products obtained
from the enzymatic treatment, a Microtox test based on the luminescent marine
bacterium Vibrium fischeri was performed in triplicate using a Microtox model 500
Analyzer. The results were expressed as ECsy (15 miny Which corresponds to the
concentration of the pollutant that causes a reduction in the light output by 50%
after 15 min incubation. All the measurements were performed in triplicate.
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3.3.Results and discussion

3.3.1. Characterization of silica-coated iron oxide nanoparticles

The X-ray diffraction patterns of both oleic acid and silica coated iron oxide
nanoparticles are depicted in Figure 3.1. The crystalline phase was identified as
magnetite (PDF-2 card number 19-0629) and the main reflections were labelled
with the Miller indexes. In the silica-coated magnetite nanoparticles, a broad band
between 20-30 220 was observed due to the amorphous silica shell.
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Figure 3.1. X-ray diffraction patterns of oleic-acid-coated magnetite and silica-coated
magnetite nanoparticles

Transmission electron micrographs show the nearly spherical shape of both
oleic-acid and silica-coated magnetite nanoparticles (Figure 3.2). The average
particle size of the oleic-acid coated magnetite nanoparticles was 7.7+3.3 nm, and
the silica-coated magnetite nanoparticles was 21.5t1.3 nm. From the TEM
micrographs, it can be evidenced that the reverse microemulsion method allowed
to develop an excellent silica coating on the magnetite nanoparticle. The samples
were magnetically characterized by measuring the variation of the magnetization
as a function of the applied magnetic field at 300 K (Figure 3.3). Both samples show
superparamagnetic behaviour due to the small particle size (Lu et al., 2007). The
oleic-acid-coated magnetite nanoparticles showed a high saturation magnetization
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(measured as the magnetization at 10 kOe), M, = 61.75 emu g, and nearly zero
values for both coercivity (H. = 140e) and remanence (M, = 1.35 emu g). The
decrease of saturation magnetization in the silica-coated magnetite nanoparticles
shell,

was

due to the non-magnetic

silica

superparamagnetic behaviour negatively.
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Figure 3.2. Transmission electron micrographs and corresponding size histograms of the

oleic-acid-coated magnetite and silica-coated magnetite nanoparticles. Scale bar (50 nm).
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Figure 3.3. Magnetization study of the samples: plot of the variation of the magnetization

with the applied magnetic field at 300 K
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3.3.2. Immobilization of laccase onto silica coated magnetic nanoparticles

Silica allows the surface modification of the magnetite nanoparticles. The
hydroxyl surface groups can be chemically modified to provide different
bioconjugation groups, such as amine. To perform the aminofunctionalization of
the nanoparticles, (3-aminopropyl) triethoxysilane (APTES) was added. In a further
step, glutaraldehyde was used as cross-linker for the attachment of proteins via the
amine groups of the lysine residues. Different concentrations of APTES and
glutaraldehyde were evaluated in excess of laccase (3.29 U mg”’ mNP) with the aim
of maximizing immobilization yield and enzyme loading while minimizing enzyme
loss after washing.

As observed in Table 3.4, the optimal concentration of APTES was 0.8 mmol
mg™ mNP (run 2), which was the value selected for the following experiments.
Regarding glutaraldehyde, the lowest concentration considered (run 4) was
probably not sufficient to immobilize laccase, and almost 60% of the activity was
lost after washing. As the concentration increased, the enzyme loading was also
increased. However, washing losses markedly increased at the highest
concentration (run 7), probably due to laccase inactivation caused by
glutaraldehyde (Roy et al., 2006). Consequently, the optimal concentration of
glutaraldehyde was found at 8 mmol mg’ mNP, which led to the highest
immobilization yield (83.7%). Finally, the maximum laccase immobilized on the
mNP was similar (2.66-2.68 U mg'1 mNP for run 6 and 10, respectively) for the
highest enzyme activities: 2.82 and 3.29 U mg”" mNP, which is attributed to the
likely saturation of the binding sites of the support by the enzyme. The
enhancement of catalytic activity of the nanobiocatalyst was evidenced by the
increase of ABTS oxidation, which rendered into values of immobilization yields
above 100% (Table 3.4), revealing the superior affinity of immobilized laccase
toward ABTS (Cabana et al., 2011; Arca-Ramos et al., 2016).

The immobilization of laccase into amino-modified silica nanoparticles using
glutaraldehyde as cross-linker was shown to be dependent on laccase source, and
reached values ranging from 0.77 to 4.77 U mg™" mNP (Zimmermann et al., 2011;
Hommes et al.,, 2012). When comparing the immobilization of laccase from T.
versicolor onto fumed silica non-magnetic and magnetic nanoparticles, the
maximum enzyme loading was significantly lower, between 2.5 and 1.7 times lower
than the value reported here (Ammann et al., 2013; Deng et al., 2015).

60



Superparamagnetic nanobiocatalyst to biotransform micropollutants from wastewater

Table 3.4. Immobilization of laccase in silica coated magnetic nanoparticles at different

Run Washing loss Immobilization Enzyme1 loading
(%) yield (%) (U mg™ mNPs)
APTES (mmol mg™* mNPs)
1 0.4 56.4£7.0 50.6%£7.3 1.55+0.23
2 0.8 49.1+5.2 65.11+8.3 1.81+0.15
3 1.6 55.2+1.7 52.317.9 1.60+£0.13
Glutaraldehyde (mmol mg’1 mNPs)
4 1 59.812.3 36.0£3.8 0.89+0.07
5 4 22.5+17.8 82.8+11.6 2.071£0.25
6 8 21.1+1.8 83.3t1.1 2.66+0.07
7 12 35.7£12.3 77.0£11.0 2.721+0.45
Laccase (U mg™ mNPs)
1.88 16.4+2.81 103.5£1.3 2.11+0.18
9 2.35 28.416.9 103.7+16.0 2.31+0.43
10 2.82 30.7t6.4 64.2+4.6 2.68+0.08

concentrations of APTES, glutaraldehyde and laccase activity

3.3.3. Influence of pH, T and inactivating compounds on the relative activity
and stability of free and immobilized laccase

While the optimal pH for the measurement of enzymatic activity was similar
for both free and immobilized laccase: 3 (Figure 3.4), a significant effect was
evident when evaluating the effect of pH on the enzyme stability at different
incubation periods (Figure 3.5). It was observed that the immobilized enzyme
showed higher activity, markedly enhanced under acidic conditions (pH 3-5), in
agreement with other reports (Lloret et al., 2011; Rossi et al., 2004). On the
contrary, free laccase was inactive after 24 h of incubation at pH 3.4, and
remarkably low (18%) at pH 5.2. Comparatively, for the same incubation period,
the activity of the immobilized laccase was similar: 41 and 43% at pH 3.4 and 5.2,
respectively.
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Figure 3.5. Residual activity
(A/Ag) of free laccase (e)
and immobilized on smNP
(+) at different pH after 24
h incubation.

Regarding the effect of the temperature on the activity of free and

immobilized laccase, the maximum activity was obtained at 60°C in both cases.

However, immobilized laccase provided a remarkable broader profile and its
relative activity was 4-13% higher than that of free laccase over the range tested
(data not shown) (Lloret et al., 2011; D'Annibale et al., 1999; Kunamneni et al.,
2008). Short-term stability of immobilized enzyme was also proved to be enhanced

in comparison with free laccase, which is especially evident for the immobilized

enzyme at 50°C (Figure 3.6). In contrast, the activity of free laccase dropped more

rapidly than that of immobilized laccase, which is attributed to the conformational

changes of the immobilized enzyme that increase enzyme rigidity, which protects

the enzyme against denaturation at high temperature (Lloret et al., 2011; Osma et

al.,, 2010).
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Storage stability is one of the most important parameters to be considered in
enzyme immobilization as it affects overall productivity. Free and immobilized
laccases were stored at 4°C, with periodical sampling and monitoring. After 4
months, both biocatalysts maintain nearly 99% of its initial activity. When we
compared the relative activity of the immobilized laccase by APTES/glutaradehyde
with other immobilization methods, higher values of activity were obtained in this
work (Lu et al., 2007; Deng et al., 2015; D’Annibale et al., 1999; Wang et al., 2012;
Wang et al., 2014; Xu et al., 2013; Zhang et al., 2014).
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Figure 3.6. Residual activity (A/A,) of free laccase (¢) and immobilized on smNP (¢) at
different temperature after 24 h incubation.

Figure 3.7 presents the residual activity of immobilized and free laccase after
the incubation of the enzyme in the presence of sodium acetate buffer (pH 5) and
inactivating compounds (NaCl, CaCl,, methanol, ethanol and acetone) at room
temperature for 30 min. The immobilized laccase was observed to present higher
stability in presence of the organic solvents and similar to free laccase when salts:
NaCl and CaCl, are present.
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Figure 3.7. Residual activity (A/A,) of free laccase (¢) and immobilized on smNP (¢) at

different inactivating compounds after 24 h incubation.

The influence of the composition of a secondary effluent on enzyme stability
was also evaluated (Figure 3.8). After an initial period, immobilized laccase was
more stable than free laccase (about 36% higher activity from day 9 to 22). As a
comparison with laccase immobilized on fumed silica nanoparticles, Hommes et al.
(2011) observed a residual activity above 80% after 7 days of incubation in the
secondary effluent of municipal wastewater, in contrast with free enzyme that
retained only 2% of its initial activity.
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Figure 3.8. Residual activity of free (¢) and immobilized laccase () during 22 days of

incubation in a wastewater effluent collected from the WWTP of Calo (Milladoiro, Spain)
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3.3.4. Regeneration of the support

The reusability of immobilized enzyme is fundamental for its practical
application. However, since the loss of activity is a certainty over time, it would be
interesting to regenerate the support for its further reuse with fresh enzyme. In
this work, protein denaturation took place after ultrasonic incubation, heating and
organic solvents addition. Thereafter, the three-dimensional network structure of
protein would be broken and the protein chains would stretch up, thus the residual
functional groups (e.g., -NH,, -COOH, —SH) in protein chains could be used to react
with other groups, as for instance, glutaraldehyde. After reactivation with
glutaraldehyde (Zhao et al., 2011; Liu et al., 2012), immobilization of fresh enzyme
was carried out following the optimal conditions previously described. Under these
conditions, the enzyme loading obtained was 1.28+0.38 U mg" mNP, the
immobilization yield was 61.8+0.5 % and the washing loss was 45.9+0.7%. Despite
the reduction of enzyme loading, the immobilization yield was still high. Hence, it
has been demonstrated that silica-coated mNP can be regenerated for enzyme
repeated immobilization (Table 3.5). Similarly, a sharp drop in the immobilization
capacity of the regenerated supports comparing to the original one was reported
(zhao et al., 2011). However, after three regeneration cycles, the immobilization
capacity was not negatively affected and the enzyme activity was maintained.

Table 3.5 Potential of regeneration of the support in terms of washing loss,
immobilization and enzyme loading with fresh enzyme with and without APTES
functionalization.

Immobilization Enzyme loading
Immobilization procedure Washing loss (%)

yield (%) (U mg™ mNP)
Lacking functionalization 93.4140.05 1.59+0.02 0.08+0.01
With functionalization 45.91+10.30 61.750.52 1.28+0.37

3.3.5. Biotransformation of the target pollutants

The capacity of free and immobilized enzymes on smNP to transform BPA,
Phenol, DCF, E1, E2, EE2 and MG as model compounds was assessed in batch
operation during 24 h, with an initial activity of 1000 U L™

65



Chapter 3

When the oxidation was considered for the biotransformation of BPA, results

show that the BPA transformation rate was slightly higher with free enzyme (3.58
mg L'h™), whereas BPA transformation rate was around 1.38 mg L'h™ with
immobilized enzyme. This behaviour was also reported by Pang et al. (2015) who
observed that BPA transformation rate for free enzyme was 10 times higher than

the one achieved by laccase immobilized onto carbon nanoparticles. Regarding the

transformation of DCF, it was no attained appreciable transformation of the
micropollutant with the nanobiocatalyst after 24 h (Figure 3.10). Arca-Ramos et al.
(2016) observed that DCF transformation rate with laccase immobilized onto

fumed silica nanoparticles was lower than 0.1 mg L*h™.
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In the case of phenol transformation, the results showed that the higher
phenol transformation was achieved by free laccase (2.39 mg L'h™), whereas
phenol transformation rate was around 2.01 mg L™h™ for immobilized laccase

(Figure 3.11). Lower activity of immobilized laccase towards phenolic substrates

has been previously reported. This lower reaction rate was related to the potential

aggregation of the nanoparticles which could reduce substrate accessibility. Wang

et al. (2014) studied phenol transformation by immobilized laccase on magnetic

silica nanoparticles, and similar results were observed at pH 7.
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The capacity of free and immobilized enzymes for E1, E2 and EE2 was
evaluated and Figure 3.12-3.14 shows that in all cases the transformation with free
enzyme was higher than with immobilized enzyme, close to 85%.
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MG was chosen as model compound as textile wastewater dye and the
decolorization was completely achieved for free and immobilized enzyme.
Although slightly decolorization (40%) was also observed in control (lacking laccase)
the complete transformation of MG by laccase is in less than 4 h (Figure 3.15).
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3.3.6. Biotransformation of BPA, E2 and MG by laccase immobilized on
magnetic nanosupport in sequential batch reaction

The oxidative potential of the nanobiocatalyst was assessed in the oxidation
of BPA, E2 and MG for several sequential cycles (Figure 3.15) of 6 h. The results
showed that the transformation rates were slightly higher in the buffer medium
(Fig 3.9-3.14) than in real wastewater, but in all cases the transformation
percentage was maintained constant. It was also observed by other authors that
the effect of wastewater matrices does not affect significantly to the degree of
reactivity of the nanobiocatalyst (Auriol et al. 2007).

69

Residual activity (%)



Chapter 3

120

100 s =

80

60

40

Biotransformation (%)
=N
B
£
B

20

1 2 3 4 5 6 7 8 9 10
Oxidative cycle
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oxidation by laccase immobilized on smNP.

3.3.7. Evaluation of toxicity

It is essential to evaluate the influence of the enzymatic treatment on the
potential reduction of toxicity of the effluent. In the current study, Microtox  test
was carried out to evaluate the toxicity of laccase catalyzed transformation
products from BPA, MG and E2. After laccase treatment, no toxicity was detected
using the Microtox assay. Dudziak et al.,, (2015) observed that the decreased
concentration of BPA in water was accompanied by the simultaneous decrease of
the bioluminiscence inhibition and presented a linear correlation, confirming that
toxicity in water depends on the concentration of micropollutant, with a detection
limit of 500 pg L. In the case of MG a higher value of ECso%, 15 min Was observed
which means that toxicity decreased, suggesting the generation of
biotransformation products less toxic that the parent substrate.
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3.4.Conclusions

In this chapter, it was developed a superparamagnetic laccase nanobiocatalyst
for the enzymatic biotransformation of different micropollutants. The
nanobiocatalyst showed broader pH and temperature ranges, satisfactory thermal
and storage stability and higher stability against inactivating compounds than free
enzyme. Additionally, its reusability was demonstrated in successive oxidation
cycles, where the nanoparticle was easily recovered using a magnet. The
immobilization of laccase on different types of nanoparticles such as silver and gold
nanoparticles, chitosan-coated magnetic nanoparticles, and carbon nanotubes has
been demonstrated in recent years, although few processes have been used for
practical applications at full-scale, but the favorable properties of this
nanobiocatalyst and its capability to perform the biotransformation of both
compounds are the proof-of-concept towards nanobiocatalyst-driven applications.
Ongoing work is focused on the reactor design to scale the process for
environmental purposes.
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Chapter 4

An eco-friendly nanobiocatalyst: Pycnoporus
sanguineus laccase for environmental

Agro-industrial wastes, such as sugar cane bagasse, coffee pulp, apple pomace, or
tomato juice are abundantly available and it would be interesting to transform this
waste into value-added products in order to create a circular economy. The
present study was aimed to production of laccase Pycnoporus sanguineus using
agro-industrial wastes (tomato juice and soybean oil) as the natural carbon
sources. Furthermore, laccase was immobilized onto silica-coated magnetic
nanoparticles (smNP) with high enzyme loadings (1.60 U mg'1 smNP) and
characterized in terms of physical, chemical and morphological aspects. The
nanobiocatalyst was applied for biotransformation of the emerging contaminant
BPA and the triphenyl methane dye MG and the enzymatic action toward them was
proven in 6 cycles with biotransformations rates higher than 85% in both cases.
Finally, the potential toxicity of the nanobiocatalyst and the medium resulting from
the enzymatic treatment were evaluated and not toxicity was detected.
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4.1.Introduction

In Chapter 3, Trametes versicolor laccase demonstrated high rates on
transforming different compounds and immobilization onto silica-coated magnetic
superparamagnetic nanoparticles (smNP). So far, the immobilization of laccase in
magnetic nanoparticles for the removal of CECs present in wastewater has been
reported (Arca-Ramos et al. 2016a, Gasser et al. 2016, Kumar et al. 2014, Moldes-
Diz et al. 2018) and seems to be a promising technology. However, stability over a
broad of industrially relevant pH and T values was not attained and enzyme used is
relatively expensive.

Each year, five billion metric tons of agro-industrial waste, such as sugar cane
bagasse, coffee pulp, apple pomace or tomato juice, are generated by industrial or
agricultural activities (UNEP, 2018). In a circular economy perspective, it would be
interesting to transform this waste into value-added products (Kappor et al. 2016).
A possibility of recovery of this waste may be in the formulation of culture media in
the biotechnological production of enzymes, such as laccases. Different
microorganisms are capable of producing laccases, but they have mainly been
reported for mesophilic macrofungi (Basidiomycetes, Deuteromycetes...) (Gonzalez-
Coronel et al. 2017). Due to the protein character of enzymes, enzyme production
levels depend on the presence of inhibitors in the environment, such as high
concentrations of salts, heavy metals and organic solvents, as well as optimal pH
and T (Chandra et al. 2017). Therefore, it would be advisable to review the
environmental conditions of production to select those that ensure not only an
adequate C/N ratio for the microbial growth, but also those that minimize the
deactivation of the enzyme produced. In the search for thermostable laccase, the
production capacity of fungi belonging to the Pycnoporus sanguineus type has been
investigated (Ramirez-Cavazos et al. 2014).

In the present work, a novel nanobiocatalyst based on Pycnoporus sanguineus
laccase, produced using agro-industrial wastes (tomato juice and soybean oil) as
substrates, covalently bonded onto silica-coated superparamagnetic nanoparticles
(Fe30,@Si0O,) (sMNP), was applied for the biotransformation of the CEC Bisphenol
A (BPA) and the triphenyl methane dye Methyl green (MG). Unsolved issues as the
morphology, structure, the enzymatic properties and the potential toxicity of the
nanobiocatalyts were also investigated in detail.
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4.2.Materials and methods

4.2.1. Chemicals and nanoparticles

3-aminopropyl-triethoxy-silane (APTES) (=98%), 2-2’-azinobis-3-
ethylbenzothiazoline-6-sulfonate (ABTS) (298%) and glutaraldehyde (25%) were
purchased from Sigma-Aldrich (Saint Louis, MO, USA). Fluorescein isothiocyonate
(FITC,>90%) was also obtained from Sigma-Aldrich. The CECs BPA and MG were
purchased in Sigma-Aldrich  (Saint Louis, MO, USA). Silica-coated
superparamagnetic nanoparticles (SMNP) (21.5+2.1 nm) were supplied by Nanogap
(Ames, Spain).

4.2.2. Microorganism and culture conditions

The microorganism used was a white-rot fungus isolated from northeastern
Mexico, P. sanguineus CS43 (culture collection from Universidad Auténoma de
Nuevo Ledn, Mexico). Enzyme production was carried out according to the
conditions reported by Ramirez-Cavazos et al. (2014) with some modifications.
Laccase enzyme was produced in 14 L bioreactors (New Brunswick) with a nominal
volume of 10 L. The fermentation was carried out at a temperature of 28°C for 11
days. The culture broth was collected, filtered and centrifuged (at 4000 x g for 10
min) to separate the crude enzyme extract.

4.2.3. Laccase purification

Pycnoporus sanguineus laccase was immobilized onto sMNP by following the
procedure and optimal conditions described in a previous study (Moldes-Diz et al.
2017). The immobilization efficiency was calculated as the ratio of the theoretical
activity of the immobilized laccase to the enzyme activity spectrophotometrically
measured. Both free and immobilized laccase onto sMNP were biochemically
characterized, evaluating their stability under different conditions. The influence of
pH on the activity of the free and immobilized enzyme for a pH variable between
2.4 and 8 was investigated and compared with the maximum value as well as on
the stability of both enzyme forms incubated in the same pH range for 24 h at
room temperature (25°C). The residual activity was calculated as the quotient
between the final and initial activity. The enzyme stability against different
inactivating compounds was also studied by measuring the residual activity after 24
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h incubation of free and immobilized enzyme (1000 U L) in presence of NaCl (90
mM), CaCl, (10 uM), methanol, acetone, and ethanol (25% v/v) at pH 5 (100 mM
acetate buffer).

4.2.4. Nanobiocatalyst characterization

The morphology and size of the magnetic material was determined through
transmission electron microscopy (TEM, JEM1011, Japan). Thermogravimetric
analysis (TGA) was conducted with a Perkin EImer thermal analyser (Waltham, MA,
USA) under the conditions of nitrogen pure gas 10°C min heating rate. Attenuated
total reflection infrared spectroscopy (ATR-IR) (4000-400 cm™) were collected on a
Nicolet™ is™50 spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) on a
KBr tablet. The zeta potential measurements were carried out in phosphate buffer
(pH 7) at 25°C using a Zetasizer Nano ZS (Malvern Instruments Ltd., UK). Moreover,
the enzyme conjugates immobilized on SMNP were confirmed by epliflourescence
Axioskop 2 plus microscopy (Carl Zeiss Microscopy LCC, Thornwood, NY, USA).

4.2.5. Biotransformation of Bisphenol A and Methyl green by free and
immobilized enzyme

The oxidation potentials of both free and immobilised Pycnoporus sanguineus
laccase were evaluated following the 24 h-oxidation of BPA (10 mg L™) and MG (20
mg L"), dissolved in phosphate buffer (100 mM, pH 6) and acetate buffer (100 mM,
pH 5), respectively. In parallel, control experiments with functionalized sMNPs in
the absence of laccase were also carried out. Samples were withdrawn at specific
time intervals to monitor biotransformation of the target compounds and residual
enzyme activity.

4.2.6. Reuse of the nanobiocatalyst in a sequential batch reactor

The reuse of the laccase-sMNPs conjugates was demonstrated in 6
consecutive cycles of BPA (10 mg L") and MG (20 mg L), operating under optimum
conditions. Between cycles, the immobilized enzyme was separated from the
reaction medium by applying an external magnetic field for 2 min. Subsequently, a
new oxidation cycle was initiated by adding fresh BPA or MG and buffer. Samples
were taken at the beginning and end of each cycle to monitor biotransformation of
compounds and residual enzyme activity.
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4.2.7. BPA and MG analysis

The percentage of BPA biotransformation was determined by high-
performance liquid chromatography (Shimadzu Prominence HPLC, Kyoto, Japan) at
a detection wavelength of 278 nm. This equipment was coupled with a SPD-M20A
diode detector and an Atlantis 3.9 x 150 mm (3 um C18 110 A) reversed-phase
column from Waters (Milford, MA, USA). Gradient elution flow (0.8 mL min™)
started with 20% acetonitrile in water, which was kept for 1 min, followed by an
increase to 90% acetonitrile within 4 min. This concentration remained constant for
5 min, and decreased linearly to the initial concentration after 14 min. The
biotransformation of MG was calculated by following the decrease of the
characteristic MG absorbance (630 nm) in a SpectraMax® Plus 384 microplate
spectrophotometer (Molecular Devices, San Jose, CA, USA).

4.2.8. Toxicity evaluation
Nanobiocatalyst

The toxicity of the nanobiocatalyst to Gram-negative bacteria was evaluated
in Escherichia coli K-12 (ATCC 10798) cultures performed in spectrophotometer
plates in the presence of the nanobiocatalyst in concentrations of 0.1to 1 g L™ and
Lysogeny Broth (LB), formulated with 10 g L? peptone, 5 g L? yeast extractand 10 g
L™ of NaCl. The nanobiocatalyst-free LB was incubated under the same conditions
and used as a control. The plates were incubated for 24 h at room temperature.
Growth rates were calculated by optical density (OD) at 600 nm throughout the
experiment on a SpectraMax® Plus 384 spectrophotometer (Molecular Devices, San
Jose, CA, USA).

Biotransformation products

To determine the potential toxicity of the biotransformation products after
the enzymatic treatment, a Microtox assay (Standard Methods, 1999), based on
the luminescence Vibrium fisheri bacteria, was performed in triplicate using a
Microtox Model 500 Analyzer (Modern Water, New Castle, Delaware). The results
were expressed as ECsq(1s min)y Which corresponds to the concentration that caused
50% of bacteria mortality after 15 min of incubation.
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4.3. Results and discussion

4.3.1. High production rates of Pycnoporus sanguineus laccase

Due to the use of laccase in numerous applications and its high production
cost, different substrates have been studied in order to find an economic and eco-
friendly culture medium for laccase production (Tisma et al. 2012). Agro-industrial
residues are rich in soluble carbohydrates and also have laccase inducers, resulting
in high laccase titers (Bharathiraja et al. 2017). Tomato juice and soybean oil were
used in the culture medium for the production of Pycnoporus sanguineus laccase
(Figure 4.1), and were found to allow very high laccase production (142,600 IU L™
on day 11), in concordance with a previous study that reported an activity of
143,000 IU L-1.

Figure 4.1. Three-dimensional representation of Pynoporus sanguineus (A), Tv (B), GAO (C),
AAO (D), HMFO (E) and UPO (F). Figures generated from them crystal structures (pdb
accession numbers 5NQ9) using Pymol.

These results were found to be the best production titers reported in the
literature (Ramirez-Cavazos et al. 2014). Lomascolo et al. (2012) obtained an
activity twice as low as that produced by the agro-industrial waste substrate using a
monocaryotic strain grown in a maltose environment with inducers. In addition,
the use of agro-industrial residues as substrates leads to a low cost and safe
medium compared to conventional ones (Ramirez-Cavazos et al. 2014). The
supernatant was collected, laccase was purified to obtain a crude extract, free of
non-specific proteins and pigments, with an activity value of 279.6 U mg'l.
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4.3.2. Stable and robust nanobiocatalyst by efficiently immobilizing of
Pycnoporus sanguineus onto sMNP

Laccase from Pycnoporus sanguineus was immobilized onto silica-coated
magnetic nanoparticles (sMNP) under conditions optimized for Trametes versicolor
(Moldes-Diz et al. 2017). Prior to immobilization, the nanoparticles were
aminofunctionalized under the APTES reaction (0.8 mmol APTES g sMNP). Then,
the support (5 g L") was incubated with the enzyme (1.88 U mg™ support) and
glutaraldehyde (8 mmol glutardehyde g* sMNP) was used as cross-linker for
protein binding through the amine groups of lysine residues. This optimized
immobilization process led to a high immobilization performance of 111.73% and
an enzyme load of 1.60 U mg" sMNP, which is comparable to the values reported
for Trametes versicolor laccase (Moldes-Diz et al. 2017). Previous studies with
Pycnoporus sanguineus reported from 1.15 to 7 times lower of immobilization
yields using Eupergit-C and multichannel ceramic membrane as supports,
respectively (Gonzalez-Coronel et al. 2017, Barrios-Estrada et al. 2018).

Due to the inverse proportionality of size versus specific surface area a higher
rate of attachment points is present on sMNP and therefore, an increase on
enzyme loading (Dai et al. 2016). Furthermore, immobilization yields above 100% is
related to the superior affinity of the immobilized laccase for ABTS (Cabana et al.,
2011).

The optimal pH for the measurement of enzyme activity was pH 3 for both
free and immobilized laccase (data not shown), in agreement with previous studies
for Trametes versicolor or Miceliephthora thermophila laccases (Arca-Ramos et al.
2016b, Lloret et al. 2012). However, the effect was remarkable when the effect of
pH on enzyme stability after 24 h was evaluated (Figure 4.2). The immobilized
enzyme showed higher activity, specially under acidic conditions (pH 2-5), in line
with other reports (Gonzalez-Coronel et al. 2017, Rossi et al. 2004). Even so, both
free and immobilized laccase presents higher stability than in previous studies
when Trametes versicolor (Moldes-Diz et al. 2018) where partial inactivation of 98%
and 14% was noticed for free and immobilized enzyme at pH 3, respectively.
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Figure 4.2. Residual activity (A/A,) of free (green bars) and immobilized laccase (orange bars)
at different pH after 24 h of incubation

As for the effect of the inactivating agents (methanol, ethanol, acetone, CaCl,
and NaCl) on the free and immobilized laccase, the immobilized enzyme presented
higher stability in the presence on organic solvents and CaCl, and similar to free
laccase when NaCl was present (Table 4.1). The increase in organic solvents was
also notable compared to previous studies, almost 58, 49 and 24 times higher in
the presence of acetone, ethanol and methanol, respectively (Moldes-Diz et al.
2018). The stability of the nanobiocatalyst was also studied and after 3 months of
storage at 4°C, almost 99% of its initial activity was maintained.

Table 4.1. Residual activity (A/A,) of free and immobilized laccase after 24 h of incubation
under different deactivating agents

Residual activity (%)

Deactivating agent Free enzyme Immobilized enzyme
Methanol (25% v/v) - 81.01+7.06
Ehtanol (25% v/v) 1.68+1.57 75.93+0.22
Acetone (25% v/v) 44.3712.69 80.8346.85
CaCl, (10 um) 5.11+5.01 70.32+2.27
NaCl (2.5 mM) 56.11+5.11 74.96+13.04

88



An eco-friendly nanobiocatalyst: Pycnoporus sanguineus laccase for environmental applications

4.3.3. Multipoint covalent immobilization and enzyme shell distribution on
sMNP were confirmed

The morphology of the nanoparticles was characterized by TEM. The sMNP
with core-shell architecture showed good dispersity, and the average size was
21.5+2.1 nm (Figure 4.3). The EDX elemental mapping showed that the elements Fe
and Si existed in the sMNP (Figure 4.3).

T 2500m ! ™ 250nm

Figure 4.3. TEM image of Fe;0,@Si0,; EDX elemental mapping images of Fe (red), and
Si (blue) of SMNPs.

The functionalization of SMNP and the laccase conjugates was evaluated by
ATR-FTIR analysis and compared with sMNP-free samples (Figure 4.4). The
existence of SiO, layers in the SMNP spectrum can be seen by the Fe-O-Si and Si-O-
Si stretching vibration at the characteristics absorption bands at 1103 and 1077 cm’
L respectively. The sSMNP spectrum should show an absorption at around 1390 cm?
for the Fe-O stretching mode, but cannot be observed due to the existence of SiO,
layers on the surface (Quy et al.,, 2013). ATR-FTIR spectra involve successful
functionalization of sMNPS with APTES (CyH,3NOsSi) using a chemical bonded
reaction via Si-O covalent bonds and modified with the amino group. Two peaks
associated with the stretching and bending of the amino group (NH,) can be found
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at 3403 and 1652 cm™ in the functionalized sSMNP. Besides, the peak at 1077 cm™ is
associated with the asymmetric stretch vibration of Si-O bond. It can also be seen
from the spectrum that the nanoparticles were successfully functionalized as the C-
H stretching (3018 cm™) is increased because the hydrocarbon chain length is Co for
APTES (Zhang et al. 2007). Similar to the confirmation of functionalization, the
laccase conjugates obtained by reaction of functionalized SMNP amino groups and
glutaraldehyde amino groups were confirmed by ATR-FTIR. The characteristic
absorption of 1735 and 1421 cm™ in laccase-smNP conjugates bands is associated
with characteristic absorptions of C=0 and C-O bonds resulting from the
glutaraldehyde reaction. Moreover, the characteristic absorption of the amino
group (3403 and 1652 cm™) and C-H stretching (3018 cm™) increased compared to
functionalized sMNPs. The above observations imply that the enzyme is chemically
conjugated on the surface of the functionalized sMNP via multipoint covalent
immobilization mechanism.
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Figure 4.4. ATR-FTIR spectra of initial SMNP (green line) amino-functionalized sMNP (blue
line) and laccase-sMNP conjugates (orange line)

Furthermore, the successful modification of APTES, and enzyme was also
confirmed by the zeta-potential measurements with change of the surface charge
from negative (-21.24+2.54 mV) to positive values (28.26+5.25 mV) and TGA
analysis with a reduction in the masses of the magnetic materials. Elemental
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analysis of the materials (Table 4.2) also indicated that the C, Si and O contents
change after modification with APTES and enzyme. Although laccase was
immobilized in the nanoparticles, it was unclear the distribution on it. The FM
characterization of the laccase-sMNP conjugates verified that most of nanoparticles
emitted green fluorescence under excitation and showed core-shell structures,
indicating the FITC labeled laccase had been successfully immobilized into the shell
of the nanoparticles (Figure 4.5).

Table 4.2. Results of elemental analysis for magnetic materials

Compound sMNP APTES-sMNP Laccase-sMNP
C (%) 85.9 10.1 27.1
Si (%) 1.2 16.6 16.5
0 (%) 2.2 20.1 26.9

Figure 4.3. Pycnoporus sanguineus laccase-sMNP conjugates with laccase labelled by
fluorescein isothiocyanate

4.3.4. The nanobiocatalyst was able to biotransform industrial wastewaters as
resin intermediate BPA or textile dye MG

The oxidative potential of the free and immobilized enzyme for environmental
purposes was evaluated for target pollutants such as BPA, an endocrine disrupting
compound, and MG, as a triphenyl methane dye. When BPA was considered, higher
BPA transformation was achieved using free laccase (>96%) after 2 h, whereas BPA
conversion was around 88% for immobilized laccase (Figure 4.6). Other authors
also observed slower BPA transformation rates for immobilized laccase (Arca-
Ramos et al. 2016b). This lower reaction rate was related to the accessibility of the
substrate to the enzyme active site (Sun et al. 2015). The activity remained
constant in both free and immobilized enzymes. When considering the
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biotransformation of MG by free and immobilized enzyme, the results showed that
alike BPA, free enzyme has a high rate (Figure 4.7). However, the biotransformation
rate of the nanobiocatalyst is 1.4 times higher than that observed by Kunamneni et
al. (2008) when the MG was decolorized by Myceliophtora thermophile laccase
immobilized on epoxy-activated carriers. The higher efficiency implies higher flow
of pollutants treated and consequently to a reduction in the treatment cost. The
immobilized enzyme maintained activity throughout the oxidation experiment,
while for the free enzyme there is a slight decay of up to 25% of its initial activity. In
both cases, controls with BPA and MG lacking laccase and with functionalized
nanoparticles were performed, with no decrease in BPA or MG concentration
(Figure 4.6 and 4.7).
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Figure 4.4. Biotransformation rate of 10 mg L BPA (=), BPA control (o) and enzymatic
residual activity (x) by free (green) and laccase-sMNP conjugates (orange)
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Figure 4.5. Biotransformation rate of 20 mg L™ MG (), BPA control (0) and enzymatic
residual activity (x) by free (green) and laccase-sMNP conjugates (orange)

4.3.5. Reusable and no toxic superparamagnetic nanobiocatalyst for industrial
wastewater applications

The reuse of the immobilized enzyme is essential for its practical application
in real processes. The potential application was evaluated for 6 oxidation reaction
cycles of BPA and MG. When the nanobiocatalayst was considered for the
biotransformation of BPA in repeated batch operation of 6 h, above 95% of BPA
biotransformation was attain in each cycle, 10% more than in previous studies with
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Trametes versicolor laccase (Moldes-Diz et al. 2018) (Figure 4.8). MG
biotransformation in 4 h-oxidation cycles (Figure 4.8) showed that the
decolorization was maintained throughout the six cycles (>85%). Moreover, the
nanobiocatalyst activity in both cases was maintained constant after 6 cycles. The

above results imply that the nanobiocatalyst is expected to be meaningful in large-
scale applications.
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Figure 4.8. Biotransformation (%, solid bars) and residual activity (open circles) of BPA
(blue) and MG (yellow) in subsequent cycles of enzymatic treatment with laccase-sMNP
conjugates

The determination of the toxicity of nanobiocatalysts appears to be an
important parameter, as unlike traditional catalysts, there has been no systematic
risk characterization of nanomaterials (Jiang et al. 2014). The results obtained from
the E. coli culture in the presence of the different samples and concentrations of
nanoparticles showed that the current nanobiocatalyst is not toxic to gram-
negative bacteria because no inhibitory effect on growth was detected in all
scenarios (data not shown). Therefore, the nanobiocatalyst can be used for
environmental applications without risk of damage.

4.3.6. Successful detoxification of the treated wastewater

The detoxification of model compounds by the nanobiocatalyst is an
important parameter to consider, since, as previously reported, transformation
products can lead to more toxic metabolites (Champagne et al. 2010, Donner et al.
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2013). Microtox® was carried out to evaluate the toxicity of the laccase-catalyzed
transformation products from BPA and MG. Control (untreated solution) and 24-h
treated samples showed ECsoy(15 min) Values of 5 and 15% for MG, respectively. In
the case of BPA, a ECsoy (15 mn) Value of 28% was obtained for the untreated
solution, but no toxicity was detected after enzymatic treatment. Similar results
were observed by Dudziak et al. (2015). Therefore, these results suggest the
generation of biotransformation products less toxic than the parent ones.

4.4.Conclusions

In the present work, an agricultural residue was used for the production of
Pycnoporus sanguineus laccase and successfully immobilized onto silica-coated
superparamagnetic nanoparticles. The behavior of the immobilized system was
compared with that of free laccase. The results obtained showed that the stability
of the laccase increased due to the immobilization in terms of pH, deactivating
agents and storage. In addition, the immobilized laccase was successfully reused in
6 consecutive biotransformation cycles of BPA and MG and retained approximately
90% of the initial activity. The easy recovery of the nanobiocatalyst from the
reaction media is a remarkable advantage from an operational prospecting.
Regarding the toxicity impacts associated with the nanobiocatalyst and the
biotransformation products, no-toxicity was observed for the nanobiocatalyst and
the biotransformation products were less toxic that the parent ones. Therefore,
Pycnoporus sanguineus laccase produced for agro-industrial wastes and
immobilized onto sSMNP could be a promising alternative for improving its stability,
cost and large-scale reuse.
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Superparamagnetic nanobiocatalyst in
oxidation technologies for added value
bio-based products
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Galactose oxidase (GAO) and Aryl alcohol oxidase (AAQO) has been shown to be
promising biocatalysts for the oxidation of primary and secondary alcohols to their
corresponding aldehydes and ketones, respectively. However, the possibility of
applying these enzymes on an industrial scale depends on the stability of the
biocatalyst and its potential reuse. Superparamagnetic silica coated nanoparticles
seems to be a promising support with enzyme loadings of 1.19+0.02 U mg'1 smNP
and 1.08+0.03 U mg'1 smNP for GAO and AAO, respectively. Envisaging the use of
these nanobiocatalysts as first stage in enzyme cascade synthesis, the
biotransformation of 5-HMF was performed and compared even better that of free
enzyme, which needs an additional step in its future application as an industrial
biocatalyst. Moreover, the genotoxicity of the nanobiocatalyst was studied, and no
DNA damage was found when applying the nanobiocatalyst.
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Chapter 5

5.1.Introduction

In Chapter 3 and 4, silica coated superparamagnetic nanoparticles
demonstrated to be a good support for immobilization of two different laccases
(Trametes versicolor and Pycnoporus sanguineus) and the nanobiocatalysts
performed high transformation rates of different compounds present in
wastewater treatment plants. However, the versatility and robustness of the
nanobiocatalyst for different technologies was no clarified. For many years, fossil
fuels have been the main source for plastic building blocks. However, due to the
growing environmental concerns, there is an enormous interest to gradually move
from traditional fossil fuel derived feedstocks towards a more sustainable and
renewable biomass. In this context, 5-hydroxymethylfurfural (HMF) has emerged as
one of the 14 top biomass platform molecules for the sustainable future (Wrigsted
et al. 2017, Cherubini 2010). In fact, recently new catalytic routes have been
developed to transform HMF into building blocks for plastics such as dimethylfuran
(DFF) or 5-formyl-2-furancarboxylic acid (FFCA).

New unexploited enzymes as Galactose oxidase (GAO) and Aryl alcohol
oxidase (AAO) reported to oxidize of primary alcohols to corresponding aldehydes
while reducing molecular oxygen to hydrogen peroxide (Ito et al. 1994, Parikka et
al. 2010) It presents a broad substrate tolerance for alcohols, but strict
stereospecificity (Pickl et al. 2015). Oxidation of alcohols to carbonyl compounds is
one of the most important reactions in synthetic chemistry; thus, enzymatic
biocatalysts requiring only molecular oxygen as an oxidant is a valuable alternative
to chemicals. It has recently been claimed that some variants of galactose oxidase
and aryl alcohol oxidase transform 5-HMF in DFF and FFCA (Karich et al. 2018)
(Figure 5.1).
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Figure 5.1. Pathway of 5-HMF oxidation by enzymatic treatment

104



Superparamagnetic nanobiocatalyst to biotransform micropollutants from wastewater

Nevertheless, to scale-up the process, the reusability of the biocatalyst is a
crucial point and therefore, an immobilization strategy should be selected. This
study aims to produce a robust biocatalyst for the transformation of HMF to DFF
and FFCA with GAO and AAO, respectively. For this purpose, enzymes were
immobilized on silica-coated superparamagnetic nanoparticles that permits an easy
recovery of the biocatalyst while maintaining an acceptable degree of enzymatic
activity.

5.2.Materials and methods

5.2.1. Chemicals, nanoparticles and enzymes

3-(aminopropyl)triethoxysilane (APTES) (>298%), glutaraldehyde (25%). Silica-
coated magnetic nanoparticles (smNP) were supplied by Nanogap (Ames, Spain).
Galactose oxidase (GAO) from Aspergillus oryzae and recombinant Aryl alcohol
oxidase from Pleurotus ostreatus were provided by Novozymes and Environmental
Biotechnology Laboratory (IHI Zittau, Technical Dresden University, Germany),
respectively.

5.2.2. Immobilization of GAO and AAO on superparamagnetic silica coated
nanoparticles

Prior to immobilization smNP were aminofunctionalized under the reaction of
APTES (0.8 mmol APTES g'1 fsNP/smNP) for 24 h at room temperature. When the
reaction was completed APTES excess was removed from aminofuctionalized
nanoparticles by 4 washed cycles with phosphate buffer (100 mM, ph 7). The
support (5 g L) was incubated with GAO and AAO enzyme (1.88 U mg™ smNP) at
4°C for 2h and 100 rpm in an orbital shaker (C24 Icubator shaker, New Brunswick
Scientific, NJ). Thereafter, 8 mmol glutaradehyde per gram of nanoparticles was
added and the reaction was completed at 4°C for at least 12 h. Once formed, the
nanoparticles were washed 5 times with phosphate buffer (100 mM, pH 7).
Immobilization efficiency was calculated as previously described in Chapter 2.

5.2.3. HMF biotransformation with GAO and AAO

A screening of the different enzymes (1000 U L™), at variable pH values (6-8),
was investigated for the transformation of 5-HMF (2 mM), in order to evaluate the
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selection of the enzyme to immobilized and use in different cycle, in 10-mL flasks
for 24 h. Thereafter, the oxidation of 5-HMF was conducted by GAO and AAO
immobilized on smNP at phosphate buffer (100 mM, pH 6) for 24 h and 1000 U L™
of initial activity. In parallel, controls lacking enzyme but supports were also carried
out to verify that oxidation took place only by enzymatic treatment.

5.2.4. Consecutive cycles of batch biotransformation of 5-HMF by AAO
immobilized on smNP

The operation of the enzymatic system was conducted in a tank reactor (100
mL) under stirring at room temperature for several consecutive cycles. The reaction
medium consisted of 5-HMF (2 mM), phosphate buffer (100 mM, pH 6), and a
single initial pulse of AAO (1000 U L™) immobilized onto smNP. The effluent of the
reactor was withdrawn at the end of the cycle and the nanobiocatalyst was
recovered by an external magnetic field before a new cycle started. Samples were
withdrawn at the beginning and at the end of each cycle to measure laccase
activity and 5-HMF oxidation.

5.2.5. Analysis of 5-HMF transformation products

The oxidation products from HMF were determined by high-performance
liquid chromatography (HPLC). The analysis was performed on a Jasco XLC HPLC
(Jasco Analitica) equipped with a 3110 MD diode array detector (detection at 280
nm) and an Aminex HPX-87H column maintained at 60°C. Gradient elution (flow
rate of 0.6 mL min™), with 5 mM of H, SO,.

5.2.6. Genotoxicity of the nanobiocatalyst

The genotoxicity of the nanobiocatalyst was assessed. For this purpose, nine
different concentrations of enzyme-sMNPs conjugates (12.5, 25, 50, 100, 200, 400,
600, 800 and 1000 mg L'l) were dispersed in a final volume of 1 mL, containing 200
ug mL™" of DNA in 100 mM of PBS. A control was run in parallel containing only DNA
in PBS. The mixtures were incubated for 1 h at 37°C. After incubation, the testing
solutions were subjected to electrophoresis in 0.75% (w/v) agarose gels, prepared
with 40 mM Tris buffer (pH 7.6) containing 20 mM acetic acid and 1 mM EDTA. Gels
were run in the above buffer, at 2.5 A for 1.25 h and the DNA bands were visualized
using a molecular imager GELDOC XR+ (BioRad, Hercules, California, USA) and the
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resulting image was processed using Image Lab Software v5.1 (BioRad, Hercules,
California, USA). The band area for DNA positive control was manually defined (to
measure the band intensity) and then copied into each sample lane, with the
decrease in band intensity being considered as a result of a reduction of the
amount of DNA present. The results were expressed as the percentage of DNA
degradation calculated as the difference of the intensity of each sample and
intensity of the background divided by the intensity of the intact DNA solution. All
incubations were made in triplicate and loaded twice into the gel.

5.3.Results and discussion

5.3.1. HMF biotransformation transformation by GAO and AAO

Due to the remarkable effect of pH on 5-HMF conversion reported in previous
works (Karich et al. 2018), the biotransformation was assessed at different pH
levels (6, 7 and 8) for free enzymes. The conversion efficiencies are shown in Table
5.1. An improvement of 5-HMF conversion was observed when pH decreased to 7
or 6, which lead to an increase of 10%. Furthermore, the enzymatic activity was
maintained constant in all the experiments. Therefore, in subsequent experiments,
pH 6 was selected as the optimal for 5-HMF transformation.

Table 5.1. 5-HMF transformation rates for GAO and AAO at different pH.

Biotransformation rate

PH (mmoles L*h?)

GAO AAO
0.044+0.05 2.52+0.36
0.035+0.05 2.10+0.22

8 0.042+0.03 1.74+0.08

GAO and AAO was successfully immobilized, as related in Chapter 2, with
enzyme loadings of 1.19+0.02 U mg'1 smNP and 1.08+0.03 U mg'1 smNP,
respectively. In Figure 5.3 and 5.4 show the time-dependent formation of HMF
oxidation products catalyzed by the nanobiocatalysts. The reaction was chosen
based on the previous results presented above for free enzymes. Complete
biotransformation of HMF on FFCA was observed by AAO in less than 4 hours
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(Figure 5.2), whereas GAO biotransform up to 48% of HMF into DFF after 18 h
(Figure 5.3). These results are in concordance with previous works where it was
found that free GAO did not oxidize DFF into FFCA, but produced other unknown
products (Karich et al. 2018). However, and enhance on biotransformation rates
was observed in comparison with free enzyme.
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Figure 5.2. HMF concentration (¢ ), HMF control lacking laccase (), DFF concentration ()
and FFCA concentration ( ) by AAO immobilized on smNP( = ).
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Figure 5.3. HMF concentration (¢), HMF control lacking laccase (0), DFF concentration ()
and FFCA concentration () by GAO immobilized on smNP( ).
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5.3.2. Biotransformation of 5-HMF by AAO immobilized on silica-coated
superparamagnetic nanoparticles in sequential batch reaction

The reusability of the nanobiocatalyst was assessed in consecutive cycles of 4
h. It was observed that HMF transformation was higher than 90% and was
maintained constant after 6 cycles (Figure 5.4). Moreover, the immobilized enzyme
retained 97% of its initial activity after the consecutive batch treatments of 5-HMF
with magnetic separation.
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Figure 5.4. HMF transformation () in consecutive cycles by AAO immobilized on smNP (¢).

5.3.3. Evaluation of genotoxicity

This study contributes to an understanding of the potential effects that the
catalysis based on iron-based nanoparticles may have on the environment and
human health. To guarantee its safety, nanobiocatalyst must not be toxic to the
cells at concentrations suitable for the biotransformation of products. In previous
studies was reported that silica-coated magnetic nanoparticles exhibit genotoxicity
activity when the concentrations of the nanoparticles remaining below 100 pg L?
(Fernandez-Bertdlez et al. 2018, Laurent et al. 2014). The genotoxicity results in this
case indicate that no DNA damage was found when applying the smNP-based
nanobiocatalyst (Figure 5.5) in the range of 12.5-1000 mg L™, This result is
contradictory to findings stated in the study published by Kralovec et al. (2019)
where silica-coated iron oxide nanoparticles strongly increased the levels of DNA
damage. However, the DNA damage is directly related to iron release which is not

109



Chapter 5

detected in our nanobiocatalyst, suggesting that surface engineering of the silica
coated superparamagnetic nanoparticles created a safe nanosystem for diverse

applications.
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Figure 5.5. Schematic representation of the processing of the electrophoretic results and
DNA damage for the nanobiocatalyst for different concentrations (12.5-1000 mg L) at pH 7

5.4.Conclusions

The study demonstrated that it is possible to use the silica-coated
superparamagnetic nanoparticles as support of different enzymes, such as GAO
and AAQ, and used as precursor for enzyme cascade reactions to produce added
value bio-based products (DFF and FFCA) with high efficiency rates. One of the
main results of this study is that the nanobiocatalyst is magnetically recoverable
and can be reused in repeated HMF biotransformation cycles. The easy recovery of
the nanobiocatalyst from the reaction media is a significant advantage from an
operational perspective. Moreover, the nanobiocatalyst does not present effect on
DNA damage, suggesting that it is a safe nanosystem to be use in different
applications. Further research should focus on the development of an enzymatic
magnetic reactor to demonstrate the scalability of the process.
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Development of an enzymatic reactor with
internal magnetic separation for
biotechnological appllcatlons
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A new sequential batch reactor (SBR) coupled to an internal magnetic separator
was developed. The separator consists of a set of axially magnetized permanent
toroidal magnets, distributed along a non-magnetic steel rod, uniformly spaced
with alternate polarity, which provide an external magnetic field of up to 1.2 T. The
feasibility of magnetic separation was assessed for the retention of the
nanobiocatalyst based on laccase immobilized on silica-coated mNPs. The proof of
concept was evaluated for the enzymatic decolorization of the MG dye and the
transformation of HMF, with complete recovery of the nanobiocatalyst (99%) and
high biotransformation efficiency of both compounds. The characterization of the
reaction products of MG by laccase was conducted HPLC-DAD-ESI-MS. Moreover,
the biotransformation products showed less microtoxicity than the parent
compound and increased biodegradability. Beyond laboratory scale experiments,
the reactor proposed here was scaled-up to a volume of 100 L and the
environmental performance and cost analysis were estimated.
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6.1.Introduction

In Chapters 3 to 5 different enzymes were immobilized onto silica-coated
magnetic nanoparticles and were successfully used as nanobiocatalysts for
different biotransformation reactions such as CEC removal. One of the main
advantages of using mNPs is that they can facilitate the recovery of the biocatalyst
from the reaction medium by applying a magnetic field. The efficient magnetic
separation of the enzyme would imply very low mechanical stress on the
nanoparticle compared to centrifugation or filtration (Kalkan et al. 2012).

Despite the huge number of papers dealing with mNPs for a wide range of
applications: biosensors, electronics, biomedical sciences, chemical industries and
other use (Lee et al. 2006, Kaushik et al. 2006, Mahdavi et al. 2013), the number of
magnetic reactor alternatives is very limited so far. Crossing the line towards a
more effective application of mMNPs means to develop a reactor configuration that
ensure the separation of the nanoparticles when the reaction medium needs to be
withdrawn, while being environmentally friendly and cost effective. Wang et al.
(2012) applied a magnetically stabilized fluidized bed reactor (MSFB) with laccase
immobilized on mNPs for the removal of phenols present in coking wastewater.
The MSFB reactor consisted of a glass column and four copper wire coils connected
to a power supply, operated with temperature control by means of a water jacket.
Ardao et al. (2013) designed a stirred tank reactor with a magnet placed in the
outlet stream of the reactor to facilitate the separation of the magnetic biocatalyst.
A system of valves allowed the flow to be reversed at regular intervals to return the
enzyme back to the reactor. One of the challenges of this configuration is to avoid
the aggregation of the nanoparticles caused by magnetic retention. Another type
of reactor corresponds to a dynamic magnetic trap reactor configuration based on
two sets of electromagnets (Duan et al. 2014). Not only the requirement of energy,
but also the remarkable increase in temperature were the major drawbacks
associated with its operation. Taking into account the potentiality of oxidative
enzymes as biocatalysts, from biotransformation of pollutants to enzymatic
synthesis (Chebil et al. 2015, Majeau et al. 2010, Mufiiz-Mouro et al. 2017), the
primary objective of this study was to develop a novel enzyme sequential batch
reactor (SBR) based on Tv laccase and AAO immobilized onto silica-coated mNPs
(Fe30,@Si0,) for the biotransformation of a dye: methyl green (MG) dye and a
multifunctional molecule: 5-Hydroxymethylfurfural (HMF). The selection of both
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types of substrates for enzymatic oxidation is justified by the fact that they
represent two different fields of application. On the one hand, MG is a synthetic
colorant used to dye wool, leather, silk or as an antiseptic and can pose acute
toxicity to fish (Kusvuran et al. 2011). In this context, the enzymatic system may
represent an alternative to advanced oxidation treatment. Secondly, HMF was
chosen as model compound for biotransformation on high value-added chemicals.
Therefore, the enzymatic system can be considered in this case as a synthesis
alternative due to the transformation process of the compound.

The SBR consisted in a tank coupled with an internal magnet module
consisting of a non-magnetic rod with aligned permanent magnets in an alternating
polarity, covered by a glass sheath. This reactor configuration does not require
energy consumption for magnetic separation. The modelling of the magnetic field
aims to demonstrate the performance of the magnetic separation system in
comparison with the conventional layout of passive magnets. In the pursuit of a
real scale development, the design of a pilot-scale reactor (100 L) will provide
inventory data to conduct its environmental assessment and cost analysis.

6.2.Materials and methods

6.2.1. Chemicals, enzymes and nanoparticles

3-aminopropyl-triethoxy-silane (APTES) (298%), 2-2"-azinobis-3-
ethylbenzothiazoline-6-sulfonate (ABTS) (298%), glutaraldehyde (25%) commercial
laccase from Trametes versicolor (activity> 0.5 U mg™') were purchased from Sigma-
Aldrich. Silica-coated mNPS were prepared and characterized as in Chapter 3.

6.2.2. Decolorization of MG by laccase immobilized onto silica-coated MNPs

Laccase was immobilized onto silica-coated mNPs by sorption-assisted surface
conjugation, based on the aminofunctionalization of the mNPs and glutaraldehyde
cross-linking with laccase (Moldes-Diz et al. 2018). Prior to testing in the magnetic
reactor, an initial objective was to assess the capacity of the immobilized laccase
for the decolorization of the dye. For this purpose, an initial activity of 1000 U L™*
was tested to decolorize MG (20 mg L) in 10-mL flasks at variable pH between 3
and 7, using Mcllvaine buffer (80 mM citric acid, 40 mM Na,HPQ,), sodium acetate
and phosphate buffer solutions (100 mM). Samples were withdrawn periodically
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and analyzed to assess the decrease in absorbance at 630 nm. In parallel, controls
lacking laccase but with functionalized silica-coated mNPs were also carried out
with the objective of verifying that the decolorization was due exclusively to
enzymatic catalysis. In order to determine the effect of pH on the nanobiocatalyst
activity and the biotransformation rates of MG, the point of zero charge (pHpzc) of
nanobiocatalyst was determined in a Zetasizer Nano ZS from pH 2 to 12.

6.2.3. Development and modelling of the magnetic sequential batch reactor
(SBR)

The configuration of the magnetic sequential batch reactor (SBR) included the
following elements: peristaltic pumps with adjustable flow rate, a stirred glass
reactor of 5 L and a pneumatic cylinder with air for the periodic movement of the
magnetic bar inside the reactor. The reactor cover, made of methacrylate, is closed
by means of methacrylate flanges that ensure the tightness of the assembly, with
ports for the inlet and outlet streams, connection of the stirring rod, hole for the
glass tube and a plug/stopper for manual/automatic loading of the magnetic
nanoparticles. The operation of the reactor is controlled by its corresponding PLC
control with an adjustable timing for sequential operation (Figure 6.1).

Figure 6.1. Configuration of the sequential batch reactor (SBR) laboratory (5 L) reactor
comprising: A) peristaltic feeding pump; B) inlet flow; C) stirring unit; D) internal magnetic
separator and pneumatic cylinder; E) peristaltic discharge pump; F) outlet flow and G)
programmable logic controller (PLC)
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The internal magnetic separator was constructed using commercially available
permanent toroidal magnets with axial magnetization (14 NdFeB magnets of
6x15x6 mm, Superparamagnet, Germany) inserted in a non-magnetic steel rod,
with poles arranged with alternate polarity. A magnet array model was developed
to quantify the magnetic field under alternating polarity. The operation of the
reactor was carried out in 4 different phases (Figure 6.2): i) loading of the
nanobiocatalyst and feeding of the reaction medium (72 mL min™); ii) reaction
stage; iii) separation of the nanobiocatalyst after reaction (2 min); iv) discharge of
the effluent (72 mL min™). The retention of the silica-coated mNPs in the reactor
was monitored by measuring Fe’* concentration in the effluent of the different
cycles by flame atomic absorption spectroscopy (FAAS).
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Figure 6.2. Cycles of the sequential batch reactor (SBR) coupled to an internal
magnetic separator

The simulation of the magnetic field was performed using COMSOL
Multiphysics ® version 5.3 with AC/DC Module, using the model referred as
magnetic fields, no currents (mfnc). The grid was limited to one cylinder with the
following dimensions: 100 x 85 mm (diameter x length). As a boundary condition, a
zero-magnetic potential for the cylinder surface was considered. Neodymium
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magnets were simulated using the following physical data: relative magnetic
permeability (lr) of 1.05 and remnant field (B;) of 1.3 T.

6.2.4. Biotransformation of MG and HMF in the magnetic SBR by laccase
immobilized onto silica-coated magnetic nanoparticles

The influent containing MG (20 mg L™ in 100 mM phosphate buffer, pH 6) was
fed to the magnetic reactor with immobilized laccase added in a single initial pulse
of 200 U L™. The reactor was operated in cycles of 6 h and at the beginning of each
cycle, laccase activity was measured. In parallel, a control experiment with
functionalized magnetic nanoparticles lacking laccase was also performed. The
effluent was freeze-dried to evaluate the effect of the different biotransformation
products (BP) at concentrations between 0.5-5 g L™ on laccase activity after 24 h.
The percentage of dye decolorization was calculated from the decrease in the
characteristic absorbance of MG (630 nm).

Regarding the biotransformation of HMF, the influent (2 mM in 100 mM
phosphate buffer, pH 6) was transformed in consecutive cycles with 1000 U L™ of
AAO. The oxidation products from HMF were determined by High-Performance
Liquid Chromatography (HPLC). The analysis was performed on a Jasco XLC HPLC
(Jasco Analitica) equipped with a 3110 MD diode array detector (detection at 280
nm) and an Aminex HPX-87H column maintained at 60°C. Gradient elution (flow
rate of 0.6 mL min'l), with 5 mM of H, SO,.

6.2.5. Envisioning the biotransformation of MG present in a textile effluent

To evaluate the influence of the composition of a secondary effluent on
enzymatic stability and the rate of MG biotransformation, experiments were
carried out with the secondary effluent of a WWTP with an initial TOC and COD of
6.97 mg L' and 15.36 mg L™, respectively. The secondary effluent was spiked with
the dye (20 mg L™), simulating the composition expected in a real textile effluent.
The reactor operated for 6 cycles with immobilized laccase added in a single initial
pulse of 100 U L™, The percentage of dye decolorization was calculated from the
decrease in the characteristic absorbance of MG (630 nm). Moreover, the
monitoring of the total organic carbon (TOC) concentration using a Shimadzu TOC-L
equipment made it possible to determine the degree of dye removal due to
enzymatic treatment.
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6.2.6. Identification of laccase-catalyzed reaction products from MG
decolorization

The identification of MG oxidation products by laccase was conducted in a
batch experiment. Each reactor (20 mL) contained 20 mg L of MG in an
ammonium acetate buffer (pH 6) with an initial laccase activity of 1000 U L™
Samples were periodically withdrawn and analysed by High Performance Liquid
Chromatography (HPLC) with a diode array detector (DAD) coupled to Mass
Spectrometry (MS) using the Electrospray lonization Source (ESI) (HPLC-DAD-ESI-
MS) to follow the appearance of the different metabolites obtained from the
transformation of the parent compound. The analysis of MG intermediates was
performed according to the methodology developed and described by Mai et al
(2008). Two different kinds of solvents were prepared in this study. Solvent A was
25mM aqueous ammonium acetate buffer (pH 6) while solvent B was methanol
instead of ammonium acetate. LC was caried out on an Zorbax_ Eclipse XDB-C18
column (250 mm x 4.6 mm i.d., dp=5um). The flow rate of the mobile phase was set
at 1.0 mL min™. A linear gradient was set as follows: t=0, A=95, B=5; t=20, A=50,
B=50; t=60, A=10,B=90; t=65, A=95, B=5. Mass spectrometric detection was
performed on a G6410B triple quadrupole mass spectrometer (Agilent, USA)
equipped with an ESI. The ESI source was operated with heated nebulizer probe at
350°C. ESI was carried out with nitrogen as sheath (240 kPa, 10 L min™') with the
preliminary nebulization and to initiate the ionization process. Capillary voltage was
optimized for the maximum response during perfusion of the MG standard (4500
V).

6.2.7. Toxicity and biodegradability assays

In order to investigate the potential toxicity of the transformation products
obtained after enzyme treatment, a Microtox test based on the luminescent
marine bacterium Vibrium fischeri was performed using a Microtox model 500
Analyzer according to the protocol defined in the Standard Methods, 1999. The
results were expressed as half of the maximum effective concentration at 15 min
(ECso, 15min), Which corresponds to the concentration of the pollutant that causes a
50% reduction in the light output of Vibrium fischeri after 15 min incubation.
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Aerobic biodegradability was determined by monitoring oxygen consumption
by aerobic sewage sludge in duplicate assays of treated and untreated effluents for
5 days. The concentration of total and volatile solids in aerobic sludge samples was
quantified according to Standard Methods (1999), at values ranging from 3.1 to 3.4
gL and 2.1 to 2.4 g L', respectively. After sampling, the sludge was washed with
phosphate buffer (200 mM, pH 7) and stored at 4°C. Oxygen consumption was
measured with an automated OxiTop device (WTW) according to the Standard
Methods (1999). The technique was based on the reduction of pressure inside the
closed flasks containing the inoculated sample, being proportional to oxygen
consumption.

Anaerobic biodegradability was determined by monitoring methane
production in triplicate assays of treated and untreated effluent for 17 days in 100
mL bottles. Anaerobic sewage sludge was used as inoculum, and the biomass
concentration was fixed at 2 g L of volatile suspended solids (VSS). Biogas
production was monitored using a pressure transducer (Centrepoint Electronics),
and its composition was analyzed by Gas Chromatography (HP, 5890 Series Il),
using helium as carrier gas.

6.2.8. Environmental performance and cost analysis

The design of the reactor was adapted to a scale of 100 L with a daily flow of
400-600 L d™* for a hydraulic retention time of 4-6 h, consisting on the elements
described in Section 2.4 coupled with four magnetic bars inside the reactor to
retain the nanobiocatalyst.

Environmental performance

The environmental performance of the enzymatic treatment was analyzed
according to the Life Cycle Analysis (LCA) methodology and compared with a more
widespread advanced oxidation process, such as ozonization. LCA has proven to be
a versatile methodology for quantitatively assessing the environmental impacts of
products and services (Baumann et al. 2004). To apply the LCA methodology,
inventory data from laboratory and pilot plant experiments was collected.
Background data (electricity and chemical production) were obtained from the
Ecoinvent® database (Doka, 2003, Althaus et al. 2007, Dones et al. 2007). To ensure
the validity of the comparison, the functional unit of the study was defined as the
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color removal (90%) from an effluent containing 20 mg L™ of the dye MG for a
treatment volume of 1 m>. The environmental assessment was conducted using
ReCiPe Midpoint characterization factors (Goedkoop et al. 2018) and the following
impact categories were considered in the analysis: climate change (CC), ozone layer
depletion (OD), terrestrial acidification (OT), freshwater eutrophication (EF), marine
eutrophication (MEs), human toxicity (HT), photochemical oxidant formation (POF),
freshwater ecotoxicity (FET), marine ecotoxicity (MET) and fossil depletion (FD).
SimaPro 8.02 (PréConsutants, 2018) was the software used for the computational
implementation of life cycle inventory data and the calculation of environmental
profiles.

Cost analysis

The estimation of capital costs included the reactor vessel, the magnetic
separation unit, pumps and PLC control, with a depreciation period of 10 years. The
operational costs included the production of the nanoparticles and enzyme,
processes that differed significantly in terms of production scheme, chemical and
energy requirements, performance and availability. Consequently, different
supports (silica-coated magnetic nanoparticles and magnetized silica nanoparticles)
and enzymes (Laccase and Manganese Peroxidase) were considered. For the
electricity cost, a tariff of 0.114 € kWh™ was considered (Eurostat, 2018)

6.3.Results and discussion

6.3.1. Characterization of the magnetic reactor and modelling of the magnetic
field

Figure 6.3 shows a simulation of axial slices of the magnet arrays (limited to 4
for better clarity) of both configurations, alternate and series polarity, showing
magnetic fields in the range of 50 mT to 1.2 T. In the case of series arrangement,
the magnetic field reaches high values but only at the interspaces between the
individual magnets and at the top and bottom of the bar.
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Figure 6.3. Modelling of magnetic fields (T) produced by both configurations of
magnets array: alternate and series polarity.

The magnetic field goes from the north pole of one magnet to the south pole
of the adjacent magnet and there is no effect on the outer volume bounded by the
glass sheath. For the alternate configuration, when placing face-to-face poles of the
same polarity, the magnetic field lines must extend to find the opposite pole, and
consequently, the high gradient area (that defines the intensity of the magnetic
field) is remarkably superior. It was found that for the alternate one, the magnetic
field at 8.5 mm from the axis (corresponding to the outer face of the sheath) has a
maximum of about 400 mT, whereas at 11 mm it is below 100 mT. The resulting
gradient is approximately 120 T mm™. According to the magnetic force equation:

F=(m-V)B (eq.1)

where the magnetic force depends on the magnetic moment (m) and
magnetic field (B), the mobility of individual particles of approximately 100 nm
would not exceed a few mm s”. However, due to agglomeration, the resulting
magnetic moment would increase more rapidly than the decrease in mobility,
allowing the separation and accumulation in the outside of the sheath (Mandel et
al. 2012). In order to demonstrate the retention capacity of the nanobiocatalyst by
the magnetic separation system, the concentration of ferrous ions in the effluent
was monitored and it was found that the recovery of the magnetic nanoparticles
after 2 min was greater than 99%, which was repeatedly maintained throughout
the operation (10 cycles).
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Recent research has also used magnetic enzyme reactors, such as Wang et al.
(2012) who applied a magnetically stabilized fluidized bed reactor for phenol
degradation in coking wastewater or Duan et al. (2014) who used a reactor with a
system of electromagnets and a microcontroller. These reactors require an energy
source for the operation of the electromagnet, with the drawbacks of power
consumption and temperature increase. In contrast, the use of an internal
magnetic separation unit is an alternative to these configurations, with a higher
magnetic field on the outside of the sheath, which leads to an efficient recovery of
the nanobiocatalyst without associated energy consumption.

6.3.2. Decolorization of MG by laccase immobilized onto silica-coated magnetic
nanoparticles

As presented in the description of the operational sequence of the enzymatic
magnetic reactor, it is mandatory to establish the reaction time required for the
biotransformation of the target compound, in this case, to accomplish extensive
decolorization of the dye. Moreover, other basic variables such as pH and enzyme
activity must be selected prior to reactor operation and will be application-specific.

The influence of pH on MG decolorization (20 mg L™) and enzyme stability was
investigated in batch experiments in a range of 3-7 for free and immobilized
enzymes (Table 6.1). An improvement in MG transformation was observed when
pH was increased from acidic to neutral conditions. However, MG decolorization
was also found in the control with silica-coated mNPs lacking laccase at pH 3 and 7.
After 6 h of incubation, 40% and 80% of MG were decolorized at pH 3 and 7,
respectively. The coloured cation of triphenylmethyl dyes in basic and acidic
medium becomes a carbinol (non-resonant) base (Mohammed et al. 2010). Hassan
et al. (2011) found that after 4 h of MG incubation at pH 4.5 and 9.6, the
concentration decreased by about 10% and 30% respectively. Moreover, a higher
MG decolorization was achieved by free laccase for the entire pH range (Table 6.1).
The lower oxidation of the immobilized laccase to phenolic compounds was also
observed by other authors. Arca-Ramos et al. (2016) found that this lower
oxidation capacity was related to the aggregation of the nanobiocatalyst, which
could reduce the accessibility of the substrate.
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Table 6.1. MG biotransformation and enzyme stability at variable pH by free laccase and
laccase immobilized onto mNP for 24 h

Biotransformation rate a b
Control decolorization (%)° Residual activity (%)

(uM h*)
pH Free Immobilized Free Immobilized Free Immobilized
3 2.27 1.96 42.0 35.0 0.67 66.2
5 5.08 2.83 6.0 4.0 53.9 83.8
6 4.67 4.46 8.0 5.0 78.1 89.5
7 5.89 3.50 93.0 85.0 99.5 99.8

The stability of the nanobiocatalyst and consequently its potential for
aggregation is associated with attractive and repulsive forces determined by the
zeta potential. Figure 6.4 shows the zeta potential profile of the nanobiocatalyst for
a pH range between 2 and 12. Thus, the point of zero charge (pHzc) is around pH
5.3. Above this pH, the nanobiocatalyst is negatively charged, which is consistent
with previous results where higher biotransformation rates were observed from pH
5-7 (Table 6.1), since the dye is positively charged and there are no repulsive forces
between the dye and the nanobiocatalyst. However, the zeta potential values are
less than -30 mV (Figure 6.4), which indicates that the nanobiocatalyst is not
completely stable and may present some aggregation and therefore the
accessibility of the substrate is reduced in this case.
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Figure 6.4. Zeta potential curve obtained for laccase immobilized onto Fe;0,@SiO,

suspended in distilled water environment.

Enzymatic stability, similar to biotransformation, was significantly improved in
a pH range of 3 to 7. However, a slight difference was observed between the free
and immobilized enzyme in acidic conditions. After 24 h, the free enzyme retained
only 0.7% of its initial activity at pH 3 while the immobilized enzyme maintained
66.2% of its activity at the beginning of the experiment (Table 6.1). Therefore, in
subsequent experiments, pH 6 was selected as the optimal for MG decolorization.

6.3.3. Sequential batch reactor for the biotransformation of methyl green and
HMF by laccase immobilized onto magnetic nanoparticles

The designed reactor was used to assess the ability of immobilized laccase to
biotransform MG and HMF in repeated 6-h cycles. Immobilized laccase reached a
percentage of MG decolorization higher than 95% in the first cycle, decreasing
slightly to 87% after the tenth cycle which implies that 90 U L™ is sufficient to
achieve high decolourization values (Figure 6.5).

Kunamneni et al. (2008) studied the decolorization of MG by laccase
immobilized on epoxy-activated carriers, but decolorization was 67% lower. The
slight decay on biotransformation after 10 cycles may be due to the accumulation
of biotransformation products that influence the oxidation capacity of the
nanobiocatalyst.
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Figure 6.5. MG decolorization (%, yellow bars) and enzyme activity (0) in subsequent
cycles of enzymatic treatment with laccase immobilized onto mNP.

Different concentrations of biotransformation products between 0.5-5 g L™
were tested with 200 U L™ of immobilized enzyme at acetate buffer pH 5 after
incubation for 24 h. The results show that higher values of biotransformation
products led to a decline in enzyme activity (Figure 6.6).
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Figure 6.6. Biotransformation products effect on enzyme activity at different
concentrations
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The reactor was also operated for the biotransformation of HMF. Immobilized
laccase achieved the complete transformation of HMF (2 mM) into FFCA the two
first cycles and it was almost 60% in the all other cycles (Figure 6.7). On the other
hand, after the second cycle, activity dropped 20% but remained constant
thereafter.
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Figure 6.6. Biotransformation rates of HMF to FFCA

6.3.4. Envisioning the biotransformation of MG present in a textile effluent

The capacity of the nanobiocatalyst to biotransform MG present in a textile
effluent was evaluated. The immobilized laccase reached a percentage of MG
decolorization higher than 95% (Figure 6.8), and was maintained after 6 cycles
(Figure 6.9). The immobilized laccase retained 95% of its initial activity after
consecutive batches of MG decolorization with magnetic separation. Although the
decolorization of MG was almost complete after 6 h, the removal of TOC was
determined to be 38%. These findings imply that mineralization by enzymatic
treatment is not successful and that biotransformation products of MG can be
obtained.
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Figure 6.9. MG decolorization (%, grey bars) and enzyme activity (0) in subsequent
cycles of enzymatic treatment with laccase immobilized onto mNP in a secondary effluent
from a WWTP.

6.3.5. Evaluation of MG biotransformation products

With the goal of characterizing the reaction products of MG, an additional
study was conducted using an HPLC-DAD-ESI-MS. The time course evolution of the
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initial dye concentration and the transformation products were followed (Figure
6.10). The dye and its related intermediates are marked as A-G species in the total
ion chromatogram at the beginning of the reaction, after 4 h and after 24 h of
enzymatic treatment. Besides, the transformation products were also followed for
28 days. Seven components with a retention time shorter than 35 min were
identified (Table 6.2) and a biotransformation mechanism was proposed (Figure
6.11). Other unidentified products with retention times higher than 40 min
accumulated over time. The molecular ion peaks appeared in the acidic forms of
the intermediates. The results of the HPLC-ESI mass spectra are summarized in
Table 3.

Table 6.2. Molecular ions peaks from HPLC-ESI mass spectra

Molecular  Retention +  ESI-MS spectrum Abso.rptlon
Peaks . . [M+H] . maximum
formula time (min) ions [m/z]
(nm)
A,MG Cy;H3;N30 28.75 418.0 372;269 259.5
B Cy6H34N30 33.91 404.0 358;254.8 254.8
D Cy4Hy9N30 18.34 376.0 432 246.8
E Cy3H,7N30 20.38 362.0 351.8;322.8;212.8 242.8
F C19Hy5N,0 16.54 297.0 310.8;281.8;267.8 372.4
G C1gH»3N,0 9.51 283.0 268;253.8;147.8 362.5

The substrate MG was detected as the carbinol base (A), as confirmed by
mass spectral analysis (m/z= 418) and absorption spectra (Amax=259.5 nm) (Mai et
al. 2008, Chen et al. 2007). The cationic molecules of the MG dye become the
colorless carbinol base, which is a tertiary alcohol [4-(N-ethyl-N,N-
dimethylamino)][4’-(N’,N’-dimethylamino)][4"'-(N",N* dimethylamino)] tripehyl
methanol, by hydroxide anion. The intensity of A decreased over the reaction time
and disappeared after 6 h of enzymatic treatment (data not shown), similar to what
was observed for MG by spectrophotometry in section 6.3.4. Compound A was
then attacked by the enzyme, producing demethylated intermediates in a stepwise
process. Compound B, m/z= 404, resulted from the mono-N-demethylation of A,
and reached its maximum concentration after 2 h. Other N-demethylated
intermediates were observed: C (m/z=390) after 4 h and D (m/z= 376) and E
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(m/z=362) after 24 h (Table 6.3). On the other hand, the attack to the central
carbon portion of A produced compound F (m/z=297), which corresponds to 4-(N-
ethyl-N,N-dimethylamino)-4’-(N’,N" dimethylamino) benzophenone with a higher
concentration after 15 days, and its demethylated compound G (m/z=283) after 28
days of enzymatic transformation (Table 6.3). These intermediates have also been
identified during photodegradation of MG by TiO, and ZnO (Mai et al. 2008, Chen
et al. 2007).
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Figure 6.10. Total ion chromatogram of the biotransformation products, recorded at 0
h (a), 4 h (b) and 24 h (c).
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Table 6.3. Area distribution of MG biotransformation products

Peaks Area

Time A B C D E F G

0 27037619 405569 2438520 - - - -
2h 10814996 6872707 2986889 - - - -
4h 1253914 272119 3268634 22063 901657 68025 -

8h - - - 50141 1173370 90165 23928
1day - - - 138962 3185730 246805  2-10°
2 days - - - 122304 316424 186460  2-10°
8 days - - - 199010 88750 260637  5-10°

15 days - - - 415598 - 475234  6:10°
28 days - - - 460591 - 451844  5.10°

6.3.6. Toxicity and biodegradability of the biotransformation products

Detoxification of dyes by free or immobilized laccases is an important target
to consider, since, as previously reported, dye transformation products may lead to
more toxic metabolites (Champagne et al. 2010). The toxicity of the laccase-
catalyzed transformation products from MG was evaluated by the Microtox assay.
Control and 24-h treated samples showed ECsqy (15 min) values of 7 and 12%,
respectively. The low ECsgy, 15min Value of MG reflects the high toxicity of the dye to
Microtox® test bacteria (Gabarrel et al. 2012, Gasser et al. 2014). After laccase
treatment, toxicity decreased, suggesting the generation of biotransformation
products less toxic than the parent substrate.

Aerobic biodegradability of the treated effluent was evaluated by measuring
the cumulative oxygen consumption over 5 days (Figure 6.12). Untreated MG
resulted in low oxygen consumption values, confirming the recalcitrant character of
this dye. Moreover, laccase treatment increased effluent biodegradability with
values of oxygen consumption significantly higher than those found for the control.

Anaerobic  biodegradability enhanced considerably after enzymatic
transformation (Figure 6.13). In this sense, after 100 h of anaerobic treatment, the
methane accumulated for laccase catalysed transformation products of MG was
87.5% higher than the control.
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Figure 6.12. Cumulative oxygen consumption during aerobic biotransformation
experiments with samples taken after 24 h of laccase-catalyzed transformation of MG (¢)
and corresponding controls lacking enzyme ( ).
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Figure 6.13. Cumulative methane production during anaerobic biotransformation
experiments with samples taken after 24 h of laccase-catalyzed transformation of MG (¢)
and corresponding controls lacking enzyme ().

The superior biodegradability of the enzymatic treatment effluent suggests
the generation of more biodegradable products and would therefore favour the
applicability of laccase-catalysed removal system as an environmentally-friendly
technology for the removal of synthetic dyes from aquatic environments.
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6.3.7. Environmental performance and cost analysis

The magnetic reactor was scaled-up to a volume of 100 L, which can be used
as a demonstration example to be applied in different enzymatic processes.
Regarding wastewater treatment, this magnetic reaction is not foreseen as an
alternative for the treatment of primary streams, but as an advanced oxidation
alternative in concentrated streams to treat reject water from membrane
separation systems. Thus, wastewater with high concentrations of recalcitrant
contaminants such as dyes, pharmaceuticals or endocrine disrupting chemicals. For
this type of compounds, there are previous works that demonstrate the high
potential of laccase and other oxidative enzymes for the degradation of these
compounds in short periods of time (4-6 h). However, the real application requires
systems that enable the recovery of the enzyme and prevent its inactivation.

Environmental performance

The development of new processes must meet sustainability criteria.
According to the methodology applied in the comparative evaluation of the
enzymatic treatment and the ozonization process, the latter taken as a
representative example of an advanced oxidation system implemented at the
commercial level, the enzymatic treatment system has less environmental impact
in all the categories evaluated (Figure 6.14).
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Figure 6.14. Comparative environmental profiles (%) for enzymatic treatment (orange bars)
and ozonization process (blue bars) to each impact category.
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The enzymatic treatment represents 83% of the ozonation score in FET,

almost half of the ozonation in OD and less than 10% of those for ozonation in CC,
TA, FE, ME, HT, POF and FD. Gabarrell et al. (2012) found similar results in the
comparison between enzymatic treatment and granular activated carbon (GAC). As

in this case, GAC had a greater environmental impact than the enzymatic treatment

with values in six categories.

Cost analysis
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Table 6.4. Operational cost associated pilot plant application of 100-L

Cost estimation

References

Capital costs
PLC

Investment

Capital cost
Reactor

Volume
Investment
Capital cost
Separation unit
Investment
Capital cost

Total capital costs
Operational costs
Energy consumption
Pumps

Pneumatic system
Nanobiocatalyst
Enzyme

Support material
Chemicals

Energy consumption

Total operational costs
Total costs

7,158 €
0.003€m>

100 L
19,225.27 €
0.008 €m™

586 €
0.0003 €m™
0.0113€m™

0.072 kWh (0.4 h)
0.009 €m™

0.18 kWh (0.08 h)
0.09€m>

0.06-1.48 €m™
0.036-2.08€m™
0.037€m>
0.003€m™

0.239-3.69 €m™
0.25-3.7€m>

Adepro, (2018)

Adepro, (2018)

Adepro, (2018)

Dinko, (2018)
Eurostat, (2018)
Namerah, (2018)
Eurostat, (2018)

Gasser et al. (2014); Lopez
etal. (2011) ; Osma et al.

(2011)
Feijoo et al. (2017)

Moldes-Diz et al. (2018);

Hommes et al. (2012)
Estimated from
consumption data
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The scale-up of the reactor made it possible to estimate the capital and
operation costs associated with a pilot-scale application (Table 6.4). According to
the estimation provided by the equipment manufacturer (ADEPRO Ingenieria,
Spain), the total capital investment, including cost of the equipment,
instrumentation, freight, taxes, direct and indirect installation costs, should be
about 26,969.27 €. However, it is necessary to add operating costs to the initial
investment, including annual costs related to the use of enzymes (3,285-81,030 €),
nanoparticles (1.88-457,189.87 €), chemicals (2,041.29 €) etc. The values of capital
and operational costs are referred to the flow of wastewater (in m® per year).
Considering a useful lifetime of the reactor of 10 years, the capital costs account for
a minor contribution: 0.011 € m™ whereas the operational costs vary depending on
the support and enzyme from 0.239 € m™ to 3.69 € m™. The costs of other
processes such as ozonation, powder-activated carbon or laccase immobilized on
silica nanoparticles were estimated to be 0.078, 0.114 and 0.130 € m”, respectively
(Gasser et al. 2014) The estimated costs for the treatment with the magnetic
nanobiocatalyst are slightly higher, but the cost could be reduced if more cost-
effective production of the biocatalyst was possible. In fact, the main factors with a
remarkable cost are the chemicals and energy required. For instance, 70% of total
costs of silica-coated mNPs comes from cyclohexane, Igepal CO-520 and IPA (0.67 €
m>, 0.26 € m>and 0.56 € m”, respectively). Once the costs have been estimated,
the scale-up of the novel magnetic enzymatic treatment technology to a pilot scale
demonstrated potential technical and economic feasibility.
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6.4.Conclusions

In the present work, we have developed an innovative, simple and efficient
system for biotransformation processes based on the use of laccase immobilized in
magnetic nanoparticles. The reactor configuration described in this paper offers a
novel magnetic separation system with proved technical feasibility and low energy
consumption. The internal separation unit, composed of a set of toroidal magnets
aligned in alternate polarity, provided a magnetic field that guaranteed the almost
complete recovery of the nanobiocatalyst (99%). The magnetic SBR was
successfully operated for 10 cycles of MG decolorization and 6 cycles of HMF
biotransformation. The scale-up of the reactor and the estimation of capital and
operational costs demonstrate the potential of this system for other
biotransformation reactions, provided that the biocatalyst can be immobilized onto
a magnetic support.
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Comparative life cycle assessment of different
synthesis routes of magnetic nanoparticles
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supports for immobilization of enzymes was considered by using Life cycle
assessment (LCA) perspective in the manufacturing stage of the mNPs production,
especially for silica-coated superparamagnetic nanoparticles. Among the different
environmental impacts and indicators, the values of Carbon Footprint vary
between 26.5 kg CO, eq and 1.61 kg eq per gram of mNP. However, the diverse
types of nanoparticles perform differently as support for immobilization of laccase,
an oxidative enzyme with high oxidation potential. Accordingly, the balance
between the environmental impacts associated to mNP production and the
efficiency of enzyme immobilization was reached for polyethylemine-coated mNPs,
which provided satisfactory levels in both indicators. Despite the great interest in
the production of nanoparticles, there are a number of issues encountered in the
application of LCA methodology to nanoproducts: lack of comparable reports and
data availability, both imply uncertainties associated with the estimation of
environmental impacts of NPs.
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7.1.Introduction

In Chapter 2 different nanoparticles were used for the immobilization of
different enzymes with the aim to achieve high enzyme loadings. Once the
nanobiocatalysts were formulated, they were used for different applications,
ranging from the oxidation of pollutants (Chapters 3-4) to production of value
added bio-based products (Chapter 5). However, due to the early stages of
development of nanoscience, new materials are being synthesized on small scales
and no impacts of nanotechnology in environment are available in terms of
environmental indicators associated to their production.

Given the early stages of development of nanoscience, new materials are
being synthesized on small scales (hundreds of milligrams or less) for testing
specific physical properties. As a result, the examination of any unintended
properties of the material or concerns about efficiencies of the production process
is often deferred. In view of that possibility, we need to address the impacts of
nanotechnology from a prospective perspective, not only from the technological
complexity of a production system but also from the potential health and
environmental risks associated. The assessment of the environmental impacts of
nanoscale materials before they are accepted as mature technologies presents an
opportunity to minimize presumed negative consequences from the very beginning
of the concept design stage and ultimately lead to the implementation of green
chemistry processes.

The methodology that can be applied for the holistic assessment of
nanotechnologies can be based on a life cycle perspective (Grieger et al., 2012).
The application of Life Cycle Assessment (LCA) to nanotechnology would include all
aspects of activities during the life of a product, such as extraction of raw materials
and resources, production processes, use of products, recovery, recycling of some
fractions and final disposal at the end-of-life stage. However, there are inherent
difficulties when striving a comprehensive analysis of nanomaterials. The major
obstacles include the uncertainty arising from the immature nature of the
technology, the availability of extensive information on processes subjected to
patent protection and the lack of characterization factors for LCA impact
assessment (Tsuzuki, 2013). Although these drawbacks can be a major obstacle to
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overcome, the development of new nanomaterials can be carried out with
sustainability in mind.

The available LCA studies on ENMs are focused on nanomaterials such as
CdTe, carbon nanofibres and nanotubes, nanoclay, nanoscale Pt-group metals,
Nanocrystaline-Si, Ag, titanium and titanium oxide. Hischier and Walser (2012) and
Gavankar et al. (2012) reviewed all studies applying LCA to ENMs, whilst
Upadhyayula et al. (2012) specifically focused on carbon nanotubes (CNTs) and
carbon nanofibres (CNFs). The main outcomes from these studies report that
energy and chemicals use during ENM synthesis contributes a dominant share of
total life cycle environmental impacts (Walser et al., 2011; Eckelman et al., 2012).
However, the LCls cannot be classified as comprehensive as they often lack ENM
specific data related to the outputs of the processes (Hischier and Walser, 2012).

In this chapter, we aim to examine how the application of LCA principles to
nanoscience can be helpful in the decision-making process to guide technological
progress within this emerging field. Different approaches of mNPs synthesis were
evaluated; from the production of oleic-acid stabilized magnetite to production
schemes where the coating of a shell on the preformed nanoparticles is developed:
polyacrylic acid, polyethylenimine and silica-coated magnetic nanoparticles.
Moreover, an additional criterion for selection would also identify the performance
of the different mNPs for the immobilization of the target enzyme.

7.2.Materials and methods

7.2.1. Goal and scope definition

The aim of this study is to assess the environmental profiles of different mNPs
production routes. To do so, the comparative analysis is based on primary data
from the production scenarios of mNPs developed by the NanoMag group at the
University of Santiago de Compostela. Figure 7.1 displays the production
sequences under environmental evaluation. The detailed description of the four
scenarios is reported below.

The LCA functional unit must be selected carefully to allow comparisons
between the production systems. Therefore, all the environmental results will be
reported and discussed per gram of mNP.
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Figure 7.1. Block Flow Diagrams depicting the different production routes of mNPs
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7.2.2. Description of the mNPs production scenarios
Preparation of Polyacrylic acid-coated magnetic nanoparticles (Scenario A)

Polyacrylic acid-coated Fe3;0, nanoparticles have been prepared by co-
precipitation of Fe’* and Fe®" salts, following the Massart method (1981). In a
typical synthesis, 24.3 g of FeCl;.6H,0 and 16.7 g of FeS0,.7H,0 (molar ratio
Fe**/Fe™ of 1.5) are placed in a 500-mL round-bottom flask and dissolved in 200 mL
of 0.01 M HClI solution with mechanical stirring. Temperature is increased to 60°C
and 60 mL of ammonia solution (28%) is added to the mixture, observing the
immediate formation of black magnetite nanoparticles. Secondly, 3.9 g of
polyacrylic acid is added 30 s after the addition of the ammonia solution and the
reaction is allowed to continue for 1 h. After cooling down to room temperature,
pH is acidified to 4 by the addition of HCl (9% wt). Finally, the magnetic
nanoparticles are magnetically separated and washed four times with deionized
water and finally re-dispersed in water.

Preparation of Polyethylenimine-coated mNPs (Scenario B): Octahedral PEI-
coated mNPs (Scenario B1) and Spherical PEI-coated mNPs (Scenario B2)

Polyethylenimine (PEl) is a branched polymer with a high-density amine
group, (CH,CH,NH),. Due to the different pKa values of the primary, secondary and
tertiary amino groups, PEl has the ability to capture protons at different pH
conditions, which is known as the ‘proton sponge’ mechanism. PEI molecules
bounded to particles by electrostatic interaction and the negative charges on the
surface of the particles were converted to positive charges. Due to its unique
properties, PEl appears to be one of the most appropriate molecules for the
surface modification of mNPs for biological applications.

The production process of the polyethylenimine (PEl)-coated mNPs by
oxidative precipitation is carried out following the method described by Goon et al.
(2010). Nitrogen gas is bubbled in deionized water in order to remove dissolved
oxygen. Solutions of FeSO,-7H,0, NaOH and KNO; prepared in deionized and des-
oxygenated water are mixed and after 5 min, temperature is increased up to 90°C
to complete the reaction after 2 h. Next, the magnetic nanoparticles are
magnetically separated and washed three times with deionized water and
immediately re-dispersed in water. Finally, 10 mL of PEI solution (20 g-L™") is added
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to the magnetite nanoparticles obtained previously. The magnetic nanoparticles
are magnetically shaken (500 rpm, 1 h) and dried for 12 h at 75°C in order to
improve the polymer absorption on the nanoparticles.

The production process of spherical PEl-coated mNPs started with the
formation of the black magnetite nanoparticles obtained as aforementioned in
Scenario A (Massart, 1981). PEIl (2 g) was added to the magnetite nanoparticles.
After the reaction and cooling down to room temperature, pH was acidified to 4
with HCl. Then, the magnetic nanoparticles were magnetically separated and
washed four times with deionized water and finally re-dispersed in water.

Preparation of oleic-acid mNPs (Scenario C)

Oleic acid is a surfactant used to stabilize the mNPs synthesized by the
traditional co-precipitation method. Oleic acid forms a waterproof shell around the
mNPs. The procedure to produce oleic-acid-coated Fe;0, mNPs starts with the
incubation of black magnetite nanoparticles (as indicated in Scenario A) with oleic
acid. The reaction is allowed to continue for 1 h before being heated on a hot plate
until flocculation occurred. The mNPs are washed twice with deionized water to
remove residual concentration of the surfactant molecules and finally re-dispersed
in cyclohexane.

Preparation of Fe;0,@Si0, coated mNPs (Scenario D)

The Fe;0,@Si0, coated mNPs were prepared through a water-in-cyclohexane
reverse micro-emulsion starting from the oleic-acid mNPs previously obtained in
Scenario C (Fang et al., 2011; Han et al., 2008). The reverse micro-emulsion method
considered to coat magnetic nanoparticles with silica requires neither the use of
silane coupling agents as surface primers nor a polymer stabilizer.

Fe;0,@Si0, coated mNPs (Scenario D1)

In a typical synthesis, polyoxyethylene(5)nonylphenyl ether (Igepal CO-520)
and cyclohexane are mechanically stirred for 15 min before the addition of oleic-
acid magnetite nanoparticles (2.5% wt in cyclohexane). Finally, ammonium
hydroxide solution and tetraethyl orthosilicate (TEOS) are added consecutively
under stirring to form a transparent red solution of reverse micro-emulsion until
complete reaction after 18 h. The core-shell nanoparticles are precipitated with
isopropanol (IPA) to disrupt the reverse microemulsion and washed four times with
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IPA and deionized water. Finally, they are subjected to several cycles of
centrifugation (9000 rpm, 120 min) and washed with deionized water until no foam
is observed. Then, the core-shell nanoparticles were re-dispersed in deionized
water to a concentration ca. 0.5% wt (determined by thermogravimetric analysis).

Fe;0,@Si0, coated mNPs (silica thin shell) (Scenario D2)

The production of magnetic nanoparticles with a thin silica-coating were
produced following the procedure previously mentioned in Scenario D1. In this
case, the concentration of cyclohexane added was 0.5% wt and the core-shell
nanoparticles were re-dispersed in deionized water to a concentration ca. 0.75% wt
(determined by thermogravimetric analysis).

7.2.3. Inventory data

A reliable environmental assessment requires the collection of high value Life
Cycle Inventory (LCI) data. In this study, inventory data for the foreground systems
(direct inputs and outputs for each scenario) such as electricity requirements
(estimated with power and operational data from the different units: reactors,
dryers, heaters) as well as use of chemicals and water were average data from lab-
scale experiments. Concerning the background system, the inventory data
corresponding to several inputs (production of electricity, chemicals and water) as
well as the wastewater treatment process were taken from Ecoinvent database® v3
(Dones et al., 2007; Althaus et al., 2007; Doka, 2007). A summary of the primary
data is displayed in Tables 7.1 to 7.7 for the different scenarios. It is important to
remark that regarding electricity production, the process defined in the database
has been updated managing data for the average electricity generation and
import/export data from Spain in 2014 (Red Eléctrica de Espafia, 2014).

Table 7.1. Size distribution of the different magnetic nanoparticles

Magnetic nanoparticles Size (nm)
Fe;0,@PAA 10.1
Octahedral Fe;0,@PEI 50-100
Spherical Fe;0,@PEI 10
Fe;0,@0A 8-10
Fe;0,@SiO, 21.5
Fe;0,@Si0, (thin layer) 17
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Table 7.2. Global inventory of the production of PAA-coated Fe;0, mNPs (Scenario A)

Inventory Amount Unit
Inputs from Technosphere
Formation of magnetite nanoparticles

FeCl3-6H,0 (99% wt) 24.3 g

FeS0,-7H,0 (99% wt) 16.7 g

NH,OH (28% wt) 60 mL

HCl (37% wt) 98.5 mg

Electricity for agitation 441 kJ

Electricity for heating (60°C) 1134 kJ
PAA coating of mNPs

Polyacrylic acid 3.9 g

Electricity for heating (200°C) 648 kJ

Electricity for ultrasonic bath 192 kJ

Deionized water 0.50 L
Outputs to Technosphere

Polyacrylic acid - coated Fe;0,mNPs 5 g
Emissions to treatment facility

Wastewater 0.4 L

Table 7.3. Global inventory of the production of Octahedral PEI-coated mNPs (Scenario B1)

Inventory Amount Unit
Inputs from Technosphere
Formation of magnetite nanoparticles

FeS0,4-7H,0 (99% wt) 14 g

NaOH 8 g

KNO3 40 g

Electricity from agitation 588 kJ

Electricity from heating (90°C) 1296 kJ

Electricity from ultrasonic bath 96 kJ

Deionized water 0.5 L
PE| coating mNPs

Polyethylenimine (PEl) 4 g

Electricity 4125 kJ
Outputs to Technosphere

PEIl coated nanoparticles 6.4 g
Emissions to treatment facility

Wastewater 0.35 L
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Table 7.4. Global inventory of the production of Spherical PEI-coated mNPs (Scenario B2)

Inventory Amount  Unit

Inputs from Technosphere
Formation of magnetite nanoparticles

FeCl3-6H,0 (99% wt) 12.2 g

FeS0,4-7H,0 (99% wt) 8.4 g

HCI (37% wt) 98.5 mg

NH,OH (28% wt) 30.0 mL

Electricity for agitation 441 kJ

Electricity for heating (60°C) 1134 kJ
PE| coating mNPs

Polyethylenimine (PEIl) 2 g

HCI (9% wt) 35 mL

Deionized water 0.5 L
Outputs to Technosphere

PEI coated nanoparticles 7-7.5 g
Emissions to treatment facility

Wastewater 0.5 L

Table 7.5. Global inventory of the production of Oleic acid coated mNPs (Scenario C)

Inventory Amount Unit

Inputs from Technosphere
Formation of magnetite nanoparticles

FeCl3-6H,0 (99% wt) 24.3 g

FeS0,4-7H,0 (99% wt) 16.3 g

HCI (37% wt) 197 mg

NH,OH (28% wt) 60 mL

Electricity for agitation 441 kJ

Electricity for heating (60°C) 1134 kJ
Oleic acid coating mNPs

Oleic acid 4.0 g

Electricity for heating (200°C) 648 kJ

Deionized water 0.5 L

Cyclohexane 120 mL
Outputs to Technosphere

Oleic acid coated nanoparticles 22.5 g
Emissions to treatment facility

Wastewater 0.4 L
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Table 7.6. Global inventory of the production of Fe;0,@SiO, coated mNPs (Scenario D1)

Inventory Amount Unit

Inputs from Technosphere
Silica coating of oleic acid mNPs

Oleic acid coated nanoparticles 1 g
Igepal CO-520 150 g
Cyclohexane 1.8 kg
NH,OH (28% wt) 21 mL
TEOS 24 mL
Electricity for agitation 189 kJ
Electricity for mechanical agitation 4032 kJ
Formation of silica coated mNPs
IPA 7.1 kg
Deionized water 0.5 L
Electricity for agitation 210 kJ
Electricity for ultrasonic bath 192 kJ
Outputs to Technosphere
Fe;0,@Si0, coated nanoparticles 7.5 g
Emissions to treatment facility
Wastewater 0.7 L

Table 7.7. Global inventory of the production of Fe;0,@SiO, coated mNPs-thin shell
(Scenario D2)

Inventory Amount Unit

Inputs from Technosphere
Silica coating of oleic acid mNPs

Oleic acid coated nanoparticles 1 g
Igepal CO-520 150 g
Cyclohexane 360 g
NH;OH (28% wt) 21 mL
TEOS 24 mL
Electricity for agitation 189 kJ
Electricity for mechanical agitation 4032 kJ
Formation of silica coated mNPs
IPA 7.1 kg
Deionized water 0.5 L
Electricity for agitation 210 kJ
Electricity for ultrasonic bath 192 kJ
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Table 7.7 (cont.). Global inventory of the production of Fe;0,@SiO, coated mNPs-thin
shell (Scenario D2)

Outputs to Technosphere

Fe;0,@Si0, coated nanoparticles 7.5 g
Emissions to treatment facility
Wastewater 0.7 L

7.2.4. Impact assessment methodology

Among the steps defined within the Life Cycle Impact Assessment of the LCA
methodology (ISO 14040, 2006), only classification and characterization were
undertaken. The mNPs production scenarios under assessment involve emissions
to the environment and consumption of resources throughout the global systems.
The environmental impacts of these emissions and resources consumption can be
computed in terms of different impact categories. In this study, the environmental
assessment was conducted using characterization factors from ReCipe Midpoint
methodology (Goedkopp et al., 2008) and the following impact categories have
considered in the analysis: climate change (CC), ozone depletion (OD), terrestrial
acidification (TA), freshwater eutrophication (FE), marine eutrophication (ME),
human toxicity (HT), photochemical oxidant formation (POF), terrestrial ecotoxicity
(TET), freshwater ecotoxicity (FET), marine ecotoxicity (MET) and fossil depletion
(FD). Moreover, special attention will be paid on the carbon footprint profiles
corresponding to the different production routes considering the results obtained
in CC. To do so, SimaPro 7.3.3 has been the software used for the computational
implementation of the life cycle inventory data (PRé Consultants, 2017).

7.3. Environmental results

The aim of this study is to analyze from an environmental perspective the
environmental profiles associated with four different mNPs production schemes in
order to identify the one with the best environmental perspective. The
performance of the different types of mNPs as support for immobilization of
enzymes was also investigated as additional criteria and a balance between the
environmental impacts associated to mNP production and the efficiency of enzyme
immobilization must determine which one is the most suitable support for the
intended use of laccase immobilization.
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The different production routes rendered into viable magnetic nanoparticles,
whose superparamagnetic characteristics were evidenced under a magnetic field.
Characterization of the nanoparticles was also performed following the standard
procedures of transmission electron microscopy to determine shape, size, and
uniformity of the particles under optimum conditions. The magnetite nanoparticles
were predominantly spherical with variable size as depicted in Table 7.1. Once that
the different routes provided different types of mNPs, these processes were
environmental assessed according to stages and processes depicted in Figure 7.1.

Considering that detailed inventory data directly from industrial production
are unavailable, the evaluation of the environmental impacts associated to NPs
production was based on data from laboratory-scale and process modeling. The
characterization results for the different production schemes are shown in Table
7.8.

The worst profile obtained corresponded with Scenario D1 performing the
production of Fe;0,@SiO, coated mNPs. Although all scenarios include one
production stage in common, that is, the reaction leading to the formation of
magnetite nanoparticles, remarkable differences were identified on the basis of the
requirements of chemicals for the formulation of the final NPs.

Differences are also evidenced in the second stage of production, focused on
the coating of the previously formed NPs. This stage also requires magnetic
separation, washing and re-dispersion, as can be seen in A, B1, B2 and C. However,
in Scenaria D1 and D2, the production of Fe;0,@SiO, coated mNPs and Fe;0,@SiO,
coated mNPs-thin shell is based on the use of oleic acid coated mNPs (from
Scenario C) as main raw material and they require isopropanol for formation of the
silica coated nanoparticles. Thus, activities such as precipitation, centrifugation,
washing and re-dispersion are also included in this stage.
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Table 7.8. Environmental impacts in the production of nanoparticles per functional unit

Scenario

Impact category Unit A B1 B2 C

cc kg CO, eq 7.94-10” 2.37-10™ 3.74-10°  2.65-10°
oD kg CFC-11eq  7.45-10° 1.25-10°  4.49-10°  2.19-10°
TA kg SO, eq 6.32:10" 1.45-10° 2.94-10*  1.70-10"
FE kg P eq 3.83-10° 6.76-10 1.99-10°  1.13-10°
ME kg N eq 3.52:10° 6.23-10 2.30-10°  9.00-10°
HT kg 1,4-DB eq 3.85:107 6.11-10°  2.34-10°  1.09-10
POF kg NMVOC 3.09-10™ 7.31-10" 1.45.10"  1.16-10"
TET kg 1,4-DB eq 3.56-10°° 6.94-10°  3.26:10°  1.09-10°
FET kg 1,4-DB eq 9.36:10™ 1.32-10° 5.11-10*  2.90-10™
MET kg1,4-DBeq  9.08-10" 1.35:10°  5.03-10*  2.80-10"
FD kg oil eq 2.25-107 5.03-10 1.08-10°  1.15-10°

Table 7.8 (cont.) Environmental impacts in the production of nanoparticles per functional

unit
Scenario

Impact category Unit D1 D2

cc kg CO, eq 1.61 1.15

oD kg CFC-11 eq 8.13-10°® 5.33-10°
TA kg SO, eq 6.29-10° 4.47-10°
FE kg P eq 3.78-10" 2.25:10"
ME kg N eq 2.15-10" 1.47-10"
HT kg 1,4-DB eq 3.73-10" 2.50-10™
POF kg NMVOC 7.53-10° 5.14-10°
TET kg 1,4-DB eq 5.11:10° 3.61:10”
FET kg 1,4-DB eq 1.34-10° 9.20-10°
MET kg 1,4-DB eq 1.26:10° 8.56-10°
FD kg oil eq 1.12 8.06:10"
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The effect of these production differences is reflected not only on the
environmental results but also on the mNPs production yields. According to the
inventory data displayed in Tables 7.2-7.7, a large range of production values is
obtained from 5 g of mNPs in scenario A to 22.5 g of mNPs in Scenario C. Global
results show that, across synthesis routes, impacts associated with the
consumption of energy are dominant but also chemicals used in the formulations
and for re-dispersion are relevant.
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Figure 7.2. Comparative environmental profiles of the different mNPs production
routes

In line with Figure 7.2 and Table 7.8, the production of 1 g of oleic acid coated
mNPs (Scenario C) should report the best profile regardless the impact category
with reduction of 97-99% with regard to the worst option (Scenario D1 in all
categories). According to these global comparative results, it is unquestionable that
increasing the complexity of the mNPs production route as it is performed in
Scenarios D1 and D2, would have to be discussed from an environmental
perspective due to the highest environmental burdens obtained per g of mNPs.
Moreover, and although it will be analyzed in more detail below, Scenario D2 does
not achieve the highest level of laccase immobilization despite the worse
environmental profile. In order to identify the main responsible input of these
negative results, the different production routes will be separately assessed.
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Scenario A: Polyacrylic acid - coated Fe;0, mNPs

The production of Polyacrylic acid-coated Fe;0, mNPs involves two stages
carried out in the pilot plant (formation of magnetite NPs and PAA coating) as well
as the treatment of the wastewater. Figure 7.3 displays the contributions to the
global environmental profile from the different stages involved.

100% -

80% -

60% -

40% -

Stages contributions (%)

20% -

0% -

cc oD TA FE ME HT POF TET FET MET FD
= WWTP B PAA coating of mNPs B Formation of black magnetite NPs

Figure 7.3. Contributions to the environmental impacts for the stages in Scenario A.

According to Figure 7.3, the formation of magnetite NPs is the most important
environmental stage and it reports contributions ranging from 38% to 79%
depending on the category. The large contribution from this subsystem can be
expected since in this step, 65% of total electricity requirements take place as well
as the largest consumption of chemicals. Contributions from the coating stage are
specifically remarkable in categories such as CC, TA, POF and FD. All these
categories are inherently related and highly dependent on electricity requirements,
which represent contributing ratios ranging from 80% to 97% depending on the
category. The treatment of the wastewater produced in the synthesis is only
outstanding in two categories: ME and HT (46% and 25% of total contributions). If
the environmental burdens derived from the formation of magnetite NPs are
assessed in more detail, Figure 7.4 displays the ratios from the responsible
processes of these results.
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Figure 7.4.Environmental impacts associated to the formation of magnetite NPs

According to Figure 4, electricity requirements in this stage can be considered
as the environmental hotspot. Production of electricity contributes to more than
63% of total life cycle impacts (except OD, TET, FET and MET) and heating at 60°C is
the most important contributor. Within the contributions from the chemical
requirements, special attention should be paid to the ammonia solution since the
use of this chemical is responsible of ratios ranging from 28% to 66% of impacts
derived from chemicals.

Scenario B1

This scenario is focused on the production of PEl-coated mNPs under an
oxidative precipitation scheme. Once again, two production stages are carried out
in the pilot plant: formation of magnetite NPs and PEl coating. In addition, the
wastewater stream has to be treated in a further stage. The ratios to the global
environmental profile from steps involved in the production systems are displayed
in Figure 7.5. In this scenario, the two steps performed within the pilot plant are
responsible of 82 to 100% of the environmental impacts. Thus, contributions from
the WWTP are minor. However, and in contrast to Scenario A, the largest electricity
requirement takes place in the coating stage: 68% of total electricity consumption,
due to the drying step at 75°C. Contribution from electricity consumption to PElI
coating of mNPs step represents ~98% (on average) of the total impacts. Regarding
the formation of magnetite NPs, the environmental profile derived from this
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subsystem is assigned to chemicals and electricity requirements. Thus, the
contribution from deionized water requirements is negligible as it is displayed in
Figure 7.6, regardless the impact category.
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Figure 7.5.Contributions to the environmental impacts for the stages in Scenario B1.
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Figure 7.6.Environmental impact distribution for the formation of magnetite NPs stage

As displayed in Figure 7.6, the required chemicals are also an environmental
hotspot and special attention should be paid to the consumption of potassium
nitrate since the impacts derived from this chemical add up to 76-97% of the
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burdens. Thus, further improvement activities should be focused on searching
alternative chemicals with better environmental profile or even, on reducing its
use. Electricity is also remarkable in this stage, being outstanding the heating
process at 90°C. In global, the environmental hotspots in this scenario are the large
electricity requirements (specifically in the drying process) as well as the
consumption of potassium nitrate.

Scenario B2

This scenario is focused on the production of spherical PEl-coated mNPS.
Some differences were identified in the production system regarding Octahedral
PEl-coated mNPs (Scenario B1). The main differences are linked to the chemicals
used in the formation of magnetite nanoparticles step since ammonium hydroxide
is used instead of potassium nitrate as well as in the PEIl coating mNPs step, where
no heating is required in contrast to Scenario B1l. Figure 7.7 displays the
contributions to the global environmental profile from the involving stages.
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Figure 7.7.Contributions to the environmental impacts for the stages in Scenario B2.

According to Figure 7.7, undoubtedly the production of magnetite NPs is the
environmental critical stage since in all the categories assessed, except in terms of
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ME and TET, contributing ratios higher than 50% are achieved. Beyond the analysis
of this critical step, Figure 7.8 displays the ratios from the responsible processes of
these environmental results.
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Figure 7.8. Environmental impact distribution regarding processes involved in the formation
of magnetite NPs stage

According to Figure 7.8, the electricity requirements can be once again
considered as environmental hotspot. This factor contributes to 61-92% of total
impacts derived from this stage (depending on the category), being the heating
process (at 60°C) the most important contributor. Regarding spherical PEI coating
of mNPs stage, 100% of impacts are linked to the chemicals required since
deionized water consumption reports negligible contributions. Within these
chemicals, 82-97% of the environmental burdens derive from HCl consumption.
Scenario C

In this route, oleic acid coated mNPs are produced considering oleic acid as a
surfactant used to stabilize the mNPs synthesized by the traditional co-
precipitation method as previously reported. Two production stages are carried out
in the pilot plant, all of them common to the other scenarios although under
specific conditions: formation of magnetite NPs and oleic acid coating of mNPs. In
addition, the wastewater stream is treated in a further stage. Figure 7.9 displays
the contributions to the global environmental profile from the involving stages.
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Figure 7.9. Contributions to the environmental impacts from the stages in Scenario C.

According to Figure 7.9, similar contributing ratios can be identified from the
stages performed at the pilot plant being contribution from the WWTP only
remarkable in terms of ME and HT. Both stages require chemicals and electricity,
although electricity requirements are higher in the first stage than the second one
(71% vs 29%). Beyond the analysis of the stage of reaction for the formation of

magnetite NPs, Figure 7.10 displays the ratios from the responsible processes of
these environmental results.
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Figure 7.10. Environmental impact distribution regarding processes involved in the
formation of magnetite NPs step.

According to Figure 7.10, the production of electricity requirements is once
again considered as environmental hotspot with remarkable contributions in
almost all the categories (41-85%). Once again, the heating activity (in this case at
60°C) is the main responsible of these results. Within the contributions from the
chemical requirements, special attention should be paid to the ammonium
hydroxide since reports impart ratios of environmental impacts in this stage.

Regarding the second step, oleic acid coating of mNPs, Figure 7.11 displays
the contributions from processes involved and according to it, the consumption of
chemicals is the environmental hotspot, being the cyclohexane required in the re-
dispersion the responsible of more than 97% of impacts from chemicals.
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Figure 7.11. Environmental impact distribution of the processes involved in the formation of
magnetite NPs step.

Scenario D1

This scenario aims to produce Fe;0,@SiO, coated mNPs considering oleic-acid
mNPs as raw material. The production scheme is completed with four addition
steps: silica coating of oleic acid mNPs and formation of silica coated mNPs. As
difference to previous routes, oleic acid coated mNPs are the core-shell NP,
previously re-dispersed with cyclohexane. Next, the core-shell NPs are precipitated
with IPA and re-dispersed in deionized water. Figure 7.12 displays the
environmental profile per impact categories in terms of contributions from steps or
activities involved in the production system.

According to the results displayed in Figure 7.12, the silica coating stage of
oleic acid mNPs is unquestionably an environmental hotspot since this stage is
responsible for more than 50% of contributions to almost all the different impact
categories (except in terms of CC, FET, MET and FD). In this step, the oleic-acid
mNPs are mixed in a reactor with chemicals (Igepal CO-520, cyclohexane, TEOS and
NH;OH) in order to produce the core-shell mNPs.
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Figure 7.12. Contributions to the environmental impacts from the stages of Scenario D1.

Figure 7.13 displays the distribution of environmental burdens from the
reactor step between the main factors involved: chemicals, oleic acid-coated mNPs
and electricity consumptions. contributions from chemicals are higher than 75%.
The cyclohexane required in the formulation is the environmental critical chemical
since it is responsible for more than 86% of burdens derived from chemicals
contributions regardless the impact category. However, in the majority of impact
categories assessed, contributions from electricity are higher than 50%.

Regarding electricity, it is consumed in this step in the agitation activities,
being remarkable the mechanical agitation required to obtain the transparent red
solution of reverse micro-emulsion until complete reaction (97% of total electrical
requirements). Regarding chemicals, the cyclohexane required in the formulation is
the environmental critical chemical since it is responsible for more than 85% of
burdens derived from chemicals contributions regardless the impact category.

169



Comparative life cycle assessment of different synthesis routes of magnetic nanoparticles

100% -+

Il I B O B Il B .
80% 1 i i i i i i i i
| e e N e | I B B
L E B E = = - = .
& 60% HE = = = . . . .
2 I B B B B I B
2 I BB B B =B I B =
3 | e e N e | H B B
2 40% 4 Il BB BB B =B Il B B
€ H BB B B B H B B
S | e e e e | H B B
I B B B B Il B W
H BB B =B =B H B =B
20% 1 i i i i i i i i
| e e N e | H B B
| e B e e | Il B B
0% || || || | | || | ||

cc oD TA FE ME HT POF TET FET MET FD
= Oleic acid-coated mNPs M Electricity B Chemicals

Figure 7.13. Environmental impacts distribution of the silica coating process of oleic acid-
mNPs

Regarding the stage related to the formation of the silica coated mNPs,
contributions range from 35% to 60% depending on the category. In this step, the
core-shell mNPs are precipitated with isopropanol in order to break the reverse
micro-emulsion prepared in the previous stage, and finally, washed and re-
dispersed with deionized water. Taking a look into the derived environmental
profile, the contributing actors are presented in Figure 7.14.
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Figure 7.14. Environmental impacts distribution of the formation of the silica coated mNPs

According to the profile reported in Figure 7.14, the consumption of
isopropanol can be considered as an environmental hotspot. Thus, special attention
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should be paid on the requirements of isopropanol and cyclohexane in this type of
mNP production system in order to improve its environmental profile.

Scenario D2

This scenario aims to produce Fe;0,@SiO, coated mNPs also considering
oleic-acid mNPs as raw material but with a lower consumption of cyclohexane in
order to produce mNPs with a thin silica-coating. The main remarkable difference
regarding Scenario D1 is the lowest requirement of cyclohexane that is five times
lower than in Scenario D1. Since cyclohexane is an environmental hotspot as
previously indicated, environmental improvements of around 28-40% are expected
for this type of mNPs since the same amount of mNPs is produced per batch (see
Table 7.8 and Figure 7.2). Figure 7.15 displays the environmental profile per impact
categories in terms of contributions from steps or activities involved in the

production system.
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Figure 7.15. Contributions to the environmental impacts from the stages of Scenario D2.

In this scenario and as different to Scenario D1, both stages carried out with
the pilot plant considerable change their behavior in the environmental profile.
Thus, the effect from the silica coating of oleic acid mNPs step is not as remarkable
as in Scenario D1, being the formation of silica coated mNPs the environmental
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critical stage. The reduction on cyclohexane requirements is the main responsible
of the environmental improvements. Assessing in more detail the contributions
from this step (silica coating of oleic acid mNPs), Figure 7.16 displays the
contributing ratios and as difference to Scenario D1, the environmental hotspot is
related with chemicals requirements and cyclohexane consumption is also the
most important chemical from an environmental perspective with contributing
ratios of 54% to 75% (depending on the category) of impacts derived from
chemicals. However, the electricity consumption is only responsible for less than of
40% of impacts derived from this stage.
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Figure 7.16. Environmental impacts distribution of the process of silica coated-mNPs

Since no differences have been identified in the second step (formation of the
silica coated mNPs) between Scenario D1 and Scenario D2, the same behavior and
profile (Figure 7.14) is expected.

Environmental analysis per unit immobilization yield

As previously indicated, the environmental profiles for the different mNPs
production routes are displayed considering as functional unit one gram of mNPs.
Nevertheless, and although these mNPs can be used for enzyme immobilization
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(the main purpose), they do not present the same immobilization yields and in line
with experimental assays, they are totally different (Table 7.9).

Table 7.9. Enzyme load per mg of mNP and per batch of production.

Scenario

Enzyme load
(U mg'mNPs)

Enzyme batch
(U batch mNPs)

A
B1
B2
C
D1
D2

0.107
0.811
1.54
0.2
2.66
1.14

535
5190
11165
4500
19950
8550

According to it, Scenario D1 (Fe;0,@SiO, coated mNPs) should be preferred in
terms of units of enzyme immobilized per batch and Scenario A (Polyacrylic acid-
coated Fe;0, mNPs) should be the worst option. If the production routes are
assessed from an environmental perspective, the consideration of the unit of
laccase immobilized as functional unit entirely change the environmental profiles
as reported in Figure 7.17. This alternative functional unit considers both the mNPs

production yield and the enzyme unit immobilization yield.
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Figure 7.17. Comparative environmental profiles for the different scenarios considering 1 U
of enzyme immobilized.

Taking into account the environmental profiles displayed in Figure 7.17,
Scenario A and Scenario D2 should be the worst options regardless the impact
category considered for assessment (as different to the results reported per gram
of mNP, where Scenario D1 is undoubtedly the undesirable route). However,
Scenario B2 (Spherical PEl-coated mNPs) should be preferred since reductions of
around ~97% could be obtained with respect to Scenario A and Scenario D2
(depending on the category). Thus, Spherical PEI-coated mNPs could be considered
as the best option not only from technical but also from environmental
perspective. Paying special attention to carbon footprint, that is, to greenhouse
gases (GHG) emissions, the sequence of preference of mNPs production routes to
be chosen entirely changes when the results are reported per unit of laccase
immobilized and gram of mNP produced.

In terms of Carbon Footprint, the preferred sequence should be the following
(Table 7.10):

Scenario C < Scenario B2 < Scenario A < Scenario B1 < Scenario D2 < Scenario
D1

Table 7.10. Carbon Footprint results per gram of mNP for the different production routes.

Production route Carbon Footprint
Scenario C 26.5 g CO, eq/g mNP
Scenario B2 37.4 g CO, eq/g mNP
Scenario A 79.4 g CO, eq/g mNP
Scenario B1 237 g CO, eq/g mNP
Scenario D2 1.15 kg CO, eq/g mNP
Scenario D1 1.61 kg CO, eq/g mNP

When expressed in terms of units of laccase immobilized, the sequence would
be (Table 7.11):

Scenario B2 < Scenario C < Scenario B1 < Scenario D1 < Scenario A <
Scenario D2
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Table 7.11. Carbon Footprint results per unit of Laccase immobilized (U) for the different

production routes.

Production route Carbon Footprint
Scenario B2 24.3 mg CO, eq/U
Scenario C 0.13 g CO, eq/U
Scenario B1 0.29 g CO, eq/U
Scenario D1 0.61 g CO, eq/U
Scenario A 0.74 g CO, eq/U
Scenario D2 1.01 g CO, eq/U

According to these results, differences on the selection of the best production
sequence are clear as well as on the magnitude of the environmental burden.
Regarding contributing processes, there is a clear factor of contributions to carbon
footprint regardless the scenario under assessment: the large electricity
requirements. However, it should be highlighted that the production systems have
been assessed at pilot scale and optimizations should be required at large scale.
Moreover, special attention should be paid on the functional unit selected to
report the environmental results since it could clearly affect decision making
strategies.

7.4.Conclusions

This work provides the first detailed life cycle inventory and environmental
assessment for the different alternatives of magnetic nanoparticles production. As
well as highlighting again the importance of energy and chemicals use, the
conducted assessment demonstrates the validity of the assumptions for the LCI.
Thus, changes in the analyzed key parameters result in limited variations of the
obtained environmental profile with respect to the baseline scenario.

Spherical PEl-coated mNPs are the most reliable option over the other
supports due to the highest amount of laccase units immobilized per production
batch. In addition, the environmental impacts associated to its production support
its selection as the most suitable synthesis route.
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General conclusions

This doctoral thesis aims to contribute to the development of a new
technology that explores the oxidative potential of oxidoreductases for the
treatment of pollutants in wastewater and in parallel, considers its application in
the field of biotechnology through the oxidative potential of enzymes as
biocatalysts for the synthesis of products.

The work developed in this thesis addressed the development of a biocatalyst
suitable for the enzymatic treatment of recalcitrant pollutants, more specifically
emerging contaminants, such as endocrine disrupting chemicals or active
pharmaceutical compounds, thanks to the oxidative action of the enzyme laccase.
These types of contaminants may be present in urban and industrial wastewater,
but existing treatment plants do not ensure their transformation into products with
less contaminating potential. On the other hand, the transformation of compounds
into valuable products for plastic building blocks such as DFF or FFCA emerges as a
biotechnological process of interest based on research oriented to the area of
bioplastics. From the proofs of concept, it is important to consider the design and
development of a new enzymatic magnetic reactor for an application closer to the
definite scale-up of the process.

The following conclusions are drawn from these two main topics of this thesis:

Development of a biocatalyst for the enzymatic treatment of contaminants

and the transformation of compounds into valuable building blocks:

1. Immobilization of two laccases, three oxidases and one peroxygenase. These
enzymes were immobilized by different methods of self-immobilization such as
cross-linked aggregates (CLEAs), non-covalent bonding on commercial supports
and superparamagnetic nanoparticles that lead to the highest enzymatic
immobilization yields by covalent magnetic nanoconjugates of silica-coated
magnetic nanoparticles in all cases, formed by the covalent attachment of
enzyme between the aldehyde groups of the enzymes.

2. The process of immobilization of the laccase Trametes versicolor (Tv)
immobilized onto silica-coated magnetic nanoparticles (smNP) was optimized
obtaining high enzyme loads. The resulting nanobiocatalyst exhibited higher
stability than free laccases in WWTP effluents, in addition to tolerating a higher
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pH range and even maintaining higher levels of activity in the presence of
inhibiting agents. On the other hand, the biotransformation of BPA, Phenol, E1,
E2, EE2 and MG was possible with transformation rates comparable to those of
the free enzyme.

Tv-smNP conjugates was reusable in different transformation cycles of BPA,
MG and E2 in wastewater matrices of secondary effluents with constant
transformation rates after 10 cycles. In addition, the enzyme stability was
minimally affected, which ensures that the enzyme can be used longer,
without the need to add fresh enzyme after each stage of batch treatment.

The transformation products of BPA, MG and E2 were analysed after
enzymatic treatment to determine potential toxicity. No toxicity was detected
in BPA and E2 and a decrease in toxicity was detected in MG transformation
products.

Laccase Pycnoporus sanguineus (Pyc) produced by agroindustrial wastes was
immobilized in smNP with high enzymatic loads and the conjugate exhibits
greater stability than free laccase at acid pH and in the presence of inhibiting
agents. The reuse of the nanobiocatalyst has been tested in 6 cycles of
transformation of BPA and MG with high rates of biotransformation.

The potential toxicity of the nanobiocatalyst (Pyc-smNP) and the resulting
enzymatic treatment medium of BPA and MG was evaluated and no toxicity
was detected.

Galactose oxidase (GAO) and Aryl alcohol oxidase (AAO) were successfully
immobilized in smNP. The nanobiocatalyst biotransforms 5-HMF into DFF and
FFCA with high transformation rates even better than those of the free
enzyme. AAO-smNP was tested in 6 5-HMF transformation cycles with high
biotransformation rates and enzymatic stability.

The genotoxicity of the nanobiocatalyst (AAO-smNP) was studied and no DNA
damage was found when applying the nanobiocatalyst suggesting that it is a
safe nanosystem to be used in different applications.

The environmental evaluation of the different nanomaterials used as supports
was carried out and spherical PEl-coated mNPs were the most reliable option
over the other supports as far as the environmental perspective is concerned.
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Development of a new enzymatic magnetic reactor for environmental

and biotechnological applications:

A sequential batch reactor (SBR) coupled to an internal magnetic separator
was developed. The separator consists of a set of axially magnetized permanet
toroidal magnets, distributed along a non-magnetic steel rod, uniformly spaced
with alternate polarity, which provide an external magnetic field of up to 1.2

The feasibility of magnetic separation for the retention of the nanobiocatalyst
based on enzyme immobilized on smMP was assessed. The reactor was tested
for enzymatic decolorization of MG dye and the transformation of HMF, with
complete recovery of the nanobiocatalyst and high biotransformation
efficiency of both compounds.

The toxicity of the medium after treatment in the SBR was assessed and the
biotransformation product of MG showed less microtoxicity that the parent
compound and higher biodegradability.

The reactor was scaled-up to a volume of 100 L and the environmental
performance and cost analysis were estimated, suggesting the potential of this
system for other biotransformation reactions.
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