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Resumo

Durante a ultima década, o interese arredor do dtopemedioambiental dos
estroxenos presentes en augas residuais urbamas cebido & sua capacidade
de modificacion do sistema endécrino de animaisumamos. Asi mesmo, a
descarga ao medioambiente de compostos antiinfeimsitsupon tamén un foco
de interese a causa do impacto negativo destes osbosp por exemplo,
citotoxicidade para o figado e o ril de certas eigse A degradacion destes tipos
de compostos supén un reto medioambiental debidaas complexas estruturas
e limitada biodispofibilidade. De feito, estes cosips foron detectados nos
efluentes de plantas de tratamento de augas emliésrconcentracions que varian
de nanogramos a microgramos por litro, xa que sdrédamentos convencionais
s6 proporcionan eficacias parciais de transfornmadfor tanto, investigaronse
métodos alternativos coa fin de superar ese retboambiental, como métodos
fisicos (por exemplo sorcidon e separacidbn con mands), a eliminacion con
bacterias e algas e os procesos de oxidacion al@Qa@®Ps, polas slas siglas en
inglés) (por exemplo ozonizaciéon, UVABL, Fenton, etc). En xeral, os AOPs
proporcionan altas taxas de eliminacién pero ba&actividade; non obstante,
estes meétodos implican nalglns casos consideratideges asociados aos
reactivos e/ou investimento, a formacion de subpt$ nocivos ou incluso a
xeracion de compostos con estroxenicidade maioragie substrato inicial e/ou
non biodegradables.

Unha alternativa avanzada poderia basearse noeusalttvos de fungos de
podredume branca. Demostrouse que estes microsngagi son capaces de
eliminar unha ampla gama de xenobidticos pola acdés suas enzimas
oxidativas funxicas , como manganeso peroxidagainia peroxidasa e lacasa; asi
pois, proponse neste traballo o0 uso de enzimasi@arna cabo a eliminacién de
estroxenos e antiinflamatorios. O uso de enzimaprenesos industriais esta
comunmente ligado a reducion de consumo de enerrgactivos e ademais, as
enzimas poden normalmente reaccionar en condicideradas. No caso das
lacasas (oxidasas con contido en cobre, EC 1.)08.8s0 de osixeno como
aceptor de electrons representaria unha vantageai para a aplicacion destas
enzimas en comparacion con peroxidasas. En coname&stigouse neste traballo
0 uso de lacasas ddycdiophthora thermophila e Trametes versicolor para a
oxidacion dos estroxenos estrona (E1)3-&3tradiol (E2) e lo-etinilestradiol
(EE2) e dos antiinflamatorios naproxeno (NPX) elafémaco (DCF). O
obxectivo principal desta investigacion € o deskmroento de tecnoloxia para
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levar a cabo a oxidacién catalizada por lacasascdospostos anteriomente
mencionados.

Nunha primeira etapa do traballo investigouse odéstacasas asi como dos
sistemas lacasa-mediador en reactores operado®dm discontinuo (Capitulo
2). Avalidronse duas lacasas e estudaronse osefdatpH (que afecta non s6 &
actividade e & estabilidade da enzima, sendén tamgrsubstratos obxectivo e &
accién do mediador) e mediador (tipo e concentrgdi@nto sobre a eficacia de
eliminacién como na estabilidade da enzima, co cbs®de establecer as bases
para a Optima transformacion deste tipo de compasitalizada por lacasas. No
caso dos estréxenos, estes compostos eliminarensewdkeira eficiente mediante
lacasa deviyceliophthora thermophila incluso en ausencia de mediador e a pH
neutro, o cal facilitar4 a aplicacion do tratamesri@gimatico na descontaminacion
das augas residuais. Os antiinflamatorios foronstamados por lacasas de
Myceliophthora thermophila e Trametes versicolor con rendementos variables.
Ademais, avaliouse a toxicidade dos produtos de&drisformacion xerados a
partir das reaccions enziméticas: demostrouse gueaccions catalizadas por
lacasa permiten a reducién da estroxenicidade dionggie contén os compostos
estroxénicos mediante analise LYES; demostrousértajue os subproductos de
DCF presentan unha considerable maior biodegradatdd aerdbica e a
eliminacién de toxicidade comprobouse tamén mediansaios Microtdk

En vista dos resultados prometedores obtidos, §&vawcabo a operacion en
continuo de diferentes configuracions de biorreapira a transformacion dos
compostos de interese: para este propdsito, é carimmobilizacién das enzimas
para asi permitir a separacion do biocatalizaddoeyuas enzimas son separadas
do efluente mediante sistemas de membrana. Nesallb de investigacion
ambalas duas alternativas foron evaluadas, deseamdn tecnoloxias factibles
para tal fin.

Lacasa deMyceliophthora thermophila foi inmobilizada mediante diferentes
procedementos para a aplicacion dos biocatalizadaraeactores de leito fixo e
de leito fluidizado (PBRs e FBRs, polas suas siglagglés) para a eliminacion
de El1l, E2 e E2 (Capitulo 3). A enzima inmobilizousediante a sua
encapsulacion en matricesol-gel mediante reaccibns de hidrolise e
polimerizacion de compostos silanos o que deu casoltado a formacién dun
hidroxel contendo a lacasa no seu interior; levaasen a cabo a inmobilizacién
mediante unién covalente a soportes comerciaidicasrique contefien grupos
epoxido activados: Eupergit C e Eupergit C 250Ltivéibonse altas eficacias de
inmobilizacion da proteina de 44-99 e 59-83% evalztdes entre 1-80 e 5-17 U/g
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para a enzima inmobilizada covalentemente e entzajzsurespectivamente. A
menor eficacia catalitica da enzima inmobilizada@iagte &mbolos dous métodos
en comparacion coa enzima libre compensouse cordanta estabilidade e
capacidade catalitica nun maior rango de tempexapd e en presenza de
axentes inactivantes. Avaliouse a operabilidade B&8Rs mediante a suUa
aplicacion na eliminacion dun tinte sintético usammno composto modelo e
ademais, os biorreactores foron operados en citiniinuos consecutivos para
verificar o potencial redso dos biocatalizadores. RBRs foron aplicados nun
seguinte paso da investigacion na eliminacién artimoo de E1, E2 e EEZ2,
obtendo rendementos de 55-75 e 65-80% para a laemsapsulada e
inmobilizada covalentemente, respectivamente; amadamente un 6-14 e 11-
12% da eliminacion atribuiuse & adsorcion dos safiost Non obstante,
propofieuse un FBR debido &s desvantaxes relac®nedlauso dos PBRs
(aireacion pobre ou pasiva, deficiente transfeeedei materia e a formacion de
camifios preferenciais, etc.). Este sistema resgikodactible na eliminaciéon de
substratos estroxénicos a concentracions no itede 10-100 pg/L, e tanto o
biorreactor como o biocatalizador foron establesaie mais de 10 dias de
operacion; logrouse ademais unha reducion da estiwdade do 90%.
Posteriormente, desenvolveuse e avaliouse o usedator enzimatico de
membrana (EMR, polas sUas siglas en inglés) pataminacion en continuo de
estroxenos mediante lacasa libre Mgceliophthora thermophila (Capitulo 4).
Nunha primeira etapa, levaronse a cabo experimemaperacion semi-continua
(fed-batch) co obxectivo de investigar o efecto da aireac$imenacion, a
velocidade de adicion dos substratos e a actividiad&acasa, para a posterior
realizacion de ensaios preliminares en continucEMR de 370 mL. Con todo, o
método convencional baseado no estudo individuakatta variable para a
optimizacién do proceso non € o0 procedemento maetaglo, e ademais
consume moito tempo e € laborioso e incompletoo Rawito, a metodoloxia de
superficie de resposta (RSM, polas suas siglasgés) Usase como alternativa
adecuada. A aplicacién de RSM permitiu a avaliadoés efectos individuais e
cruzados das variables estudadas: osixenacionotefapresidencia hidraulico
(TRH) e a actividade enzimatica, na transforma&@nrcontinuo dos substratos;
por outra banda, investigaronse e optimizaronsralites variables de resposta:
i) velocidade de eliminacion, ii) velocidade denetiacion por unidades de
enzima utilizadas (co obxectivo de minimizar ostesisla tecnoloxia), e iii) a
porcentaxe de reducion da actividade estroxéniza fio de optimizar non s6 a
eliminacién dos compostos sendn tamén da reduaotoxicidade). Atopouse
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unha actividade 6ptima de tan so 100 U/L para mizgina eficacia da enzima:
E1l oxidouse a una taxa de 0,06 mg/(L-h-U), ainda gueliminacion de
estroxenicidade foi do 60%. Asi mesmo, os valoress nelevados ensaiados
(1000 U/L, TRH 4 h e 60 mg AL-h)) permitiron unha completa
descontaminacion. Para rematar, operouse un EMRIdedurante 100 h e con
100 U/L de enzima, para corroborar a aplicabilida#al da tecnoloxia
desenvolvida: o biorreactor foi probado para atregnto enzimatico de efluentes
secundarios, recollidos nunha planta municipalra@emento de augas, contendo
El, E2 e EE2 a unha concentracion de 100 pug/Lamba@ niveis ambientais
(0,29-1,52 ng/L). Acadaronse rendementos altodiaénacion (80-100 %) malia
a inactivacion parcial da enzima (ao redor de 2fe¥#iro das primeiras horas).

Por outro lado, existe en bibliografia unha faigmigicativa de cofiecemento
con respecto & identificacion dos produtos de réaatos compostos de interese
porén da crecente investigacion sobre a aplicade&m®nzimas funxicas para a
oxidacion de farmacos e compostos disruptores eimd&c Asi pois, traballouse
nesta investigacion para levar a cabo a identificados produtos de reaccion de
El, E2 e EE2, asi como os de DCF, resultantes alaraasformacion mediante
lacasas, como un primeiro paso para dilucidar iasipais vias de reaccion; con
esta fin, aplicaronse diferentes técnicas anadititceno GC-MS, LC-APCI e LC-
ESI-TOF (Capitulo 5). Demostrouse a formacién dmedds e trimeros de
estroxenos a partir da reaccion catalizada porséacde Myceliophthora
thermophila, asi como a transformacion de E2 en E1, mediaraeédise dos
espectros obtidos e os posibles patrons de fragiént e foi corroborada pola
determinacion de masas exactas. ldentificAronsenaidevarios produtos de
transformacion de DCF como resultado de reaccioasddscarboxilacion
catalizadas por lacasa @eametes versicolor.

Na ultima etapa da investigacion explorouse unltaclexia emerxente:
desenvolvéronse, caracterizaronse e aplicAronseomgiactores con lacasa
inmobilizada co obxectivo de mellorar a eficiendis procesos catalizados por
lacasas e ampliar o campo de aplicacion destasmaszi(Capitulo 6).
Demostraronse con anterioridade as vantaxes asgciads microrreactores:
diminucion dos volumes de reaccion, alta eficaci@petibilidade, aumento da
eficacia de intercambio de calor e transferenciandeeria, o control estrito das
condicions de reaccion grazas ao seu caracterfiixom laminar, etc. Con todo,
tan s uns poucos estudos previos consideraros sistemas para a aplicacion
de lacasas. Nesta investigacion desenvolveuse uaodméovedoso, sinxelo,
versatil e de baixo custo para a fabricacion deromieactores enzimaticos,
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baseados na formacion dunha membrana de lacas@ratastes versicolor
inmobilizada nas paredes internas de microtuboa@sultado de reacciéns de
cross-linking e polimerizacién. Estes microrreactores empreg&opara a
oxidacion dos compostos de interese, obtendo edsviamhdementos para tempos
de residencia reducidos. Ademais, desefiouse @msisie microrreactor en duas
etapas para a prevencion da inactivacion do biliradar cando se opera baixo
condicions adversas para a enzima.
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Resumen

Durante la ultima década, el interés acerca de dtopaedioambiental de los
estrégenos presentes en aguas residuales urbanasetido debido a su
capacidad de modificacion del sistema endocrinoadamales y humanos.
Asimismo, la descarga al ambiente de compuestoinfarhatorios supone
también un foco de interés a causa del impactotivegde estos compuestos, por
ejemplo, citotoxicidad para el higado y rifion derteis especies. La degradacion
de estos tipos de compuestos supone un reto meomatal debido a sus
complejas estructuras y limitada biodisponibilid&& hecho, estos compuestos
han sido detectados en los efluentes de plantatratiemiento de aguas a
diferentes concentraciones que varian de nhanogramusrogramos por litro, ya
que ciertos tratamientos convencionales solo poiguan eficacias parciales de
transformacién. Por tanto, se han investigado no&t@dternativos con el fin de
superar ese reto medioambiental, tales como métfidans (por ejemplo
mediante sorcién y separacion con membranas),rf@nakion con bacterias y
algas y los procesos de oxidacién avanzada (AGRPssys siglas en inglés) (por
ejemplo ozonizacién, UV/HD,, Fenton, etc). En general, los AOPs proporcionan
altas tasas de eliminacion pero baja selectividad;embargo, estos métodos
implican en algunos casos considerables costesadssca los reactivos y/o
inversion, la formacion de subproductos nocivosnéuso la generacion de
compuestos con estrogenicidad mas alta que el atusinicial y/o no
biodegradables.

Una alternativa avanzada podria estar basada amscelde hongos de
podredumbre blanca. Se ha demostrado que estosonganismos son capaces
de eliminar una amplia gama de xenobibticos poadaion de sus enzimas
oxidativas fungicas, como manganeso peroxidasanbgperoxidasa y lacasa; asi
pues, se propone en este trabajo el uso de enziaas llevar a cabo la
eliminaciéon de estrégenos y antiinflamatorios. Eb ule enzimas en procesos
industriales estd comunmente ligado a una reduasiéel consumo de energia y
reactivos y ademas, las enzimas puede reacciomaralmente en condiciones
moderadas. En el caso de las lacasas (oxidasasorwanido en cobre, EC
1.10.3.2), el uso de oxigeno como aceptor de eleesrrepresentaria una ventaja
adicional para la aplicacion de estas enzimas emparacion con peroxidasas.
Especificamente, en este trabajo se investigboetiadacasas ddyceliophthora
thermophila y Trametes versicolor para la oxidacion de los estrogenos estrona
(E1), 1B-estradiol (E2) y 1d-etinilestradiol (EE2) y los antiinflamatorios
naproxeno (NPX) y diclofenaco (DCF). El objetivangipal de esta investigacion
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es el desarrollo de tecnologia para llevar a calmxidacion catalizada por lacasa
de los compuestos mencionados anteriormente.

En la primera etapa del trabajo se investigé eldestas lacasas asi como de
los sistemas lacasa-mediador en reactores operadosnodo discontinuo
(Capitulo 2). Se evaluaron dos lacasas y se estndlas efectos del pH (que
afecta no solo la actividad y la estabilidad deraima, sino también los sustratos
objetivo y a la accién del mediador) y mediadgyqty concentracién) tanto sobre
la eficiencia de eliminacion como sobre la estdhdi de la enzima, con el
objetivo de establecer las bases para la 6ptinmsfoamacion de este tipo de
compuestos por lacasas. En el caso de los estgestos compuestos se
eliminaron de forma eficiente mediante lacasaMieeliophthora thermophila
incluso en ausencia de mediador y a pH neutrodb facilitard la aplicacion del
tratamiento enzimatico en la descontaminacion de alguas residuales. Los
antiinflamatorios fueron transformados por lacasde Myceliophthora
thermophila y Trametes versicolor con rendimientos variables. Ademas, se evalué
la toxicidad de los productos de biotransformacg@merados a partir de las
reacciones enzimaticas: se demostr6 que las reacatalizada por lacasa
permite la reduccion de la estrogenicidad del mgd® contiene los compuestos
estrogénicos mediante analisis LYES; se demostnbiéan que los subproductos
de DCF presentan una considerable mayor biodegtadab aerobica y la
eliminacién de toxicidad se comprobé también mediansayos Microtdk

En vista de los resultados prometedores obtenidesllevd a cabo la
operacion en continuo de diferentes configuraciodesbiorreactor para la
transformacién de los compuestos de interés: pstea groposito, es comudn la
inmovilizacion de las enzimas para asi permitsdparacion del biocatalizador, o
bien se separan del efluente mediante sistemasetebrana. En el presente
trabajo de investigacibn ambas alternativas fueevnluadas, desarrollando
tecnologias factibles para tal fin.

Lacasa déMyceliophthora thermophila fue inmovilizada mediante diferentes
procedimientos para la aplicacion de los biocadlizes en reactores de lecho
fijo y de lecho fluidizado (PBRs y FBRs, por suglas en inglés) para la
eliminacién de E1, E2 y EE2 (Capitulo 3). La enzeeainmoviliz6 mediante su
encapsulacion en matricesol-gel mediante reacciones de hidrolisis y
polimerizacion de compuestos silanos dando comdtae® la formacion de un
hidrogel conteniendo la lacasa en su interior; lsgdl también a cabo la
inmovilizacion mediante unién covalente a sopoxemerciales acrilicos que
contiene grupos epoxido activados: Eupergit C angbeEgit C 250L. Se
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obtuvieron eficacias de inmovilizacion de protedieahasta 44-99 y 59-83% y
actividades entre 1-80 y 5-17 U/g para la enzimaovwilizada covalentemente y
encapsulada, respectivamente. La menor eficacialitcz de la enzima
inmovilizada mediante ambos métodos en comparamdinla enzima libre se
compenso con el aumento de la estabilidad y capdaidtalitica en un mayor
rango de temperatura, pH y en presencia de agar@etvantes. Se evaluo la
operabilidad de los PBRs mediante su aplicaciofaegliminacion de un tinte
sintético usado como compuesto modelo y ademaspitwseactores fueron
operados en ciclos continuos consecutivos parfioarel potencial relso de los
biocatalizadores. Los PBRs fueron aplicados en igmiente paso de la
investigacion en la eliminaciébn en continuo de EPR, y EE2, obteniendo
rendimientos de 55-75 y 65-80% para la lacasa entaga e inmovilizada
covalentemente, respectivamente; aproximadament&-ivh y 11-12% de la
eliminacién se atribuy6 a adsorcion de los susirattm obstante, se propuso el
uso de un FBR debido a las desventajas relacionama®l uso de los PBRs
(aireacion pobre o pasiva, deficiente transferedeiamateria, la formacion de
caminos preferenciales, etc.). Este sistema reseitéactible en la eliminacion de
sustratos estrogénicos a concentraciones en elalael0-100 pg/L, y tanto el
biorreactor como el biocatalizador fueron estaldlesante mas de 10 dias de
operacion; se logré ademas una reduccion de esioidgd del 90%.
Posteriormente, se desarrollé y evalué el uso deeantor enzimético de
membrana (EMR, por sus siglas en inglés) paraifairelcion en continuo de
estrogenos mediante lacasa libreMigediophthora thermophila (Capitulo 4). En
una primera etapa, se llevaron a cabo experimemtagperacion semi-continua
(fed-batch) con el objetivo de investigar el efecto de l@aiion/oxigenacion, la
velocidad de adicion de los sustratos y la activida la lacasa, para la posterior
realizacion de ensayos preliminares en continuarerEMR de 370 mL. Sin
embargo, el método convencional basado en estndividual de cada variable
para la optimizacion del proceso no es el procetitoimas adecuado, y ademas
consume mucho tiempo y es laborioso e incomplaipldrtanto, la metodologia
de superficie de respuesta (RSM, por sus siglagnglés) se emplea como
alternativa adecuada. La aplicacion de RSM pernatiévaluacion de los efectos
individuales y cruzados de las variables estudiadagenacion, tiempo de
residencia hidraulica (TRH) y la actividad de lagasn la transformacion en
continuo de los sustratos; por otra parte, se figa®sn y optimizaron diferentes
variables de respuesta: i) velocidad de elimingdidrvelocidad de eliminacion
por unidades de enzima empleadas (con el objegvmidimizar los costes de la
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tecnologia), y iii) el porcentaje de reduccion @adtividad estrogénica (con el fin
de optimizar no sélo la eliminacién de los compogsino también la reduccién
de toxicidad). Se encontré una actividad Optimatale solo 100 U/L para
maximizar la eficacia de la enzima: E1 se oxidéha tasa de 0,06 mg/(L-h-U),
aunqgue la eliminacién de estrogenicidad fue del .688mismo, los valores mas
elevados ensayados (1000 U/L, TRH 4 h y 60 m{L&h)) permitieron una
completa descontaminacion. Por altimo, se operBMR de 2 L, durante 100 hy
con solo 100 U/L de enzima, para corroborar lacapilidad real de la tecnologia
desarrollada: el biorreactor fue probado para atamiento enzimatico de
efluentes secundarios, recogidos en una plantacipahide tratamiento de aguas,
conteniendo E1, E2 y EE2 a una concentracion deptd0 asi como a niveles
ambientales (0,29-1,52 ng/L). Se alcanzaron remglitos altos de eliminaciéon
(80-100%) a pesar de la inactivacién parcial deraima (alrededor de 20%
dentro de las primeras horas).

Por otro lado, existe en bibliografia una faltan#igativa de conocimiento
con respecto a la identificacion de los producmsedccion de los compuestos de
interés, a pesar de la creciente investigacionesddraplicacion de enzimas
fungicas para la oxidacion de farmacos y compuetisvaptores endocrinos. Asi
pues, se ha trabajado en esta investigacion maar la cabo la identificacion de
los productos de reaccion de E1, E2 y EE2, asi dosmde DCF, resultantes de la
transformacién mediante lacasas, como un primeo gaa dilucidar las
principales vias de reaccion; para este propG&sit@plicaron diferentes técnicas
analiticas como GC-MS, LC-APCI y LC-ESI-TOF (Capts). Se demostré la
formacion de dimeros y trimeros de estroégenos tir piarla reaccion catalizada
por Myceliophthora thermophila, asi como la transformacion de E2 en EL1,
mediante el andlisis de los espectros obtenido®sy plosibles patrones de
fragmentacion, y fue corroborada por la determivacie masas exactas. Se
identificaron ademas varios productos de transfoidmade DCF como resultado
de reacciones de descarboxilacion catalizadasapasé ddrametes versicolor.

En la dltima etapa de la investigacion se explora tecnologia emergente:
se desarrollaron, caracterizaron y aplicaron miesmtores con lacasa
inmovilizada con el objetivo de mejorar la eficiende los procesos catalizados
por lacasas y ampliar el campo de aplicacién dasemtzimas (Capitulo 6). Se
han demostrado con anterioridad las ventajas akxia los microrreactores:
disminucion de los volimenes de reaccion, alteaeiicy repetibilidad, aumento
de la eficacia de intercambio de calor y transfeeerde materia, el control
estricto de las condiciones de reaccion gracias eascteristico flujo laminar,
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etc. Sin embargo, tan sélo unos pocos estudiosigsresonsideraron estos
sistemas para la aplicacion de lacasas. En esestigacion se desarrollé un
método novedoso, sencillo, verséatil y de bajo cqstea la fabricacion de
microrreactores enzimaticos, basados en la formait@éuna membrana de lacasa
de Trametes versicolor inmovilizada en las paredes internas de microtuooso
resultado de reacciones dess-linking y polimerizacion. Estos microrreactores
se emplearon para la oxidacion de los compuestogarés, obteniendo elevados
rendimientos para tiempos de residencia reduciismas, se disefid un sistema
de microrreactor en dos etapas para la prevenc@énadinactivacion del
biocatalizador cuando se opera bajo condicionesrads para la enzima.
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Summary

Over the past decade, public concern about ther@maiental impact of steroid
estrogens present in municipal wastewaters hasrngohwe to their potential for
disturbing endocrine systems of animals and hunBesides, the release of anti-
inflammatory drugs to the environment also implegreat concern because of
their negative effects, e.g. potential cytotoxicity liver and kidney of some
species. The degradation of these types of commoumglies an important
ecological challenge as they have complex strustarel low bioavailability. In
fact, they have been detected in wastewater treatplant effluents at different
concentrations ranging from nanograms to micrograes liter, once certain
conventional processes can only render partialstoamation yields. Hence,
alternative treatment methods have been investigateder to overcome that
environmental issue, such as physical methods @agption and membrane
separation), microbial removal by bacteria and ellgad advanced oxidation
processes (AOPs) (e.g. ozonation, UMD Fenton, etc.). In general, AOPs
provide high removal rates but low selectivity; lewer, these methods imply in
some cases considerable high costs associatedgents and/or investment, the
formation of harmful byproducts and even the getm@maof compounds with
estrogenicity higher than that of the parent salbstand/or non-biodegradable.

An advanced treatment alternative may be baseteonge of white rot fungi
cultures. These microorganisms were reported toovema wide range of
xenobiotics by the action of fungal oxidative enmgmsuch as manganese
peroxidase, lignin peroxidise and laccase; therdiy,use of enzyme-catalyzed
transformation of estrogens and anti-inflammatowes proposed in the current
work. The use of enzymes in industrial processesiismonly linked to a reduce
consumption of energy and chemicals and moreoley, ¢an usually react under
moderate conditions. In the case of laccases (camp#aining oxidases, EC
1.10.3.2), the use of oxygen as electron acceptaidwepresent an additional
advantage for the application of these enzymemparison with peroxidases.
Specifically, the use of laccases fravtyceliophthora thermophila and Trametes
versicolor for the oxidation of the estrogens estrone (EI-dstradiol (E2) and
17a-ethinylestradiol (EE2) and the anti-inflammatorieaproxen (NPX) and
diclofenac (DCF) was investigated in this resealitte main goal of this work is
the development of technology to perform the swsfoéslaccase-catalyzed
oxidation of the compounds mentioned above.

In the first stage of the research the use of EExaas well as laccase-
mediator systems was investigated in batch rea¢@napter 2). Two different
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laccases were evaluated and effects of pH (affgatiot only the activity and
stability of the enzyme but also the target sulbstrand the mediator action) and
mediator (type and concentration) on both removékiency and enzyme
stability were investigated aiming to establish greundwork for the optimum
laccase-catalyzed transformation of this type ofmpounds. In the case of
estrogens, these compounds were successfully rembyeMyceliophthora
thermophila laccase even in the absence of mediator and &tahpti, which was
expected to facilitate the application of the enaym treatment on the
detoxification of wastewaters. The target antianiimatories were transformed
by Myceliophthora thermophila and Trametes versicolor laccase with variable
yields. Furthermore, the toxicity of the biotransh@ation products generated from
the enzymatic reactions was evaluated: laccaséyzath transformation was
proved to be effective in reducing the estrogencftyhe medium containing the
estrogenic compounds by the application of LYESyens; also, DCF byproducts
presented considerable higher aerobic biodegraahihd detoxification was
also proved by Microtdkassays.

In view of the promising obtained results, continsiobioreactors were
operated for the successful transformation of @wget compounds: for this
purpose, enzymes need to be immobilized to enalfe recovery of the
biocatalyst, or separated from the effluent by membé modules. Here, both
routes were applied and potential technologies Weened to be feasible.

Laccase fromMyceliophthora thermophila was immobilized by different
procedures for the application of the biocatalystsacked bed and fluidized bed
reactors (PBRs and FBRs) for the removal of E1,aB&@ E2 (Chapter 3). The
enzyme was immobilized by its encapsulation inlegebmatrix based on silane
compounds which hydrolyze and polymerize in thesgnee of the enzyme,
resulting in a hydrogel with the laccase encapsdlainside; also, laccase
immobilization was conducted by covalent bondingcéanmercial solid epoxy-
activated acrylic supports, Eupergit C and Eupef@it250L. Laccase was
successfully immobilized by both procedures yieldbound protein percentages
of up to 44-99 and 59-83% and activities 1-80 anrti75U/g for covalently
immobilized and encapsulated laccase, respectivélye somewhat lower
catalytic efficiency of laccase immobilized by botttudied methods in
comparison to that of free form was balanced byintgeased stability and
broader operational window related to temperatpke,and chemical inhibitors.
The PBRs were evaluated by their application onréimeoval of a synthetic dye
used as model compound; moreover, the bioreactns aperated in consecutive
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continuous cycles aiming to verify the reusabildy the biocatalysts. The

proposed PBRs were applied in a next step of teeareh for the continuous

removal of E1, E2 and EE2, providing removal yietd$55-75 and 65-80% for

the encapsulated and the covalently immobilizeddse, respectively; 6-14 and
11-22% of elimination was attributed to adsorptifrthe substrates. Nonetheless,
a FBR was developed due to the drawbacks relatéoetase of PBRs (poor or

passive aeration, slow mass transfer and formadfopreferential paths, etc.).

This system was proved to be feasible on the e#ittun of estrogenic substrates
at concentrations in the range of 10-100 pg/L, twedbioreactor and biocatalyst
were stable for more than 10 days of operation;eagr, an estrogenicity

reduction of 90% was achieved.

Afterwards, an enzymatic membrane reactor (EMR) esuated for the
continuous removal of estrogens by free laccasan frblyceliophthora
thermophila (Chapter 4). In a first step, fed-batch experiraemére carried out
with the goal of investigating the effect of aevatbxygenation, addition rate of
the substrates and laccase activity, for condugimejminary continuous assays
in a 370-mL EMR. Nonetheless, the conventional methased on “one factor at
a time” approach for the optimization of the praceés not the most adequate
procedure and moreover, it is time-consuming, lmosrand incomplete. Hence,
response surface methodology (RSM) is used as prafternative. The
application of RSM allowed the evaluation of indival and interrelated effects
of oxygenation rate, hydraulic residence time (HRMmY laccase activity on the
continuous transformation of the substrates; magowifferent response
variables were investigated and optimized: i) reahoate, ii) removal rate per
units of enzyme used (aiming to minimize the cadtthe technology), and iii)
the percentage of estrogenic activity reductionofider to optimize not only the
elimination of the parent compounds but also dexdfitation of the effluent).
Only 100 U/L were found as optimal to maximize #fficacy of the enzyme: E1
was oxidized by 0.06 mg/(L-h-U), although the reatoof estrogenicity was
60%. On the other hand, the highest values asgay@@0 U/L, HRT 4 h and 60
mg O)/(L-h)) provided nearly complete detoxificationn&ily, a 2-L EMR was
operated, for 100 h and with minimal enzyme requéets (100 U/L), to
corroborate the real applicability of the developechnology: the bioreactor was
proved for the enzymatic treatment of secondaryteveester effluents, collected
in a municipal wastewater treatment plant, contgjritl, E2 and EE2 at only100
Hg/L as well as at real environmental levels (AWZ2 ng/L). High removal yields
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(80-100%) were attained despite partial inactivatid the enzyme (about 20%
within the first hours).

On the other hand, there is a significant lack nbwledge in literature
regarding the identification of reaction productghe target compounds despite
the increasing research on the application of fuegaymes for the oxidation of
pharmaceuticals and endocrine disrupting compoukéfert was paid in this
work to perform the identification of the reactiproducts of E1, E2 and EE2 as
well as those of DCF resulted from laccase-catayzansformation, as a first
step to elucidate the main reaction pathways;Hr purpose, different analytical
techniques such as GC-MS, LC-APCI and LC-ESI-TOFewapplied (Chapter
5). The formation of dimers and trimers of estray&om the reaction catalyzed
by Myceliophthora thermophila laccase, as well as the transformation of E2 into
E1l, was proved by analyzing the obtained spectdatia® possible fragmentation
patters, and corroborated by the determinationcotilmte masses. Furthermore,
DCF transformation products resulted from decarkaiign reactions catalyzed
by Trametes versicolor laccase were assessed.

In the last stage of the research an emerging téatm was explored:
laccase-immobilized microreactors were developdwracterized and applied
with the objective of improving the efficiency @dcase-catalyzed processes and
to broaden the range of application of these engyf@hapter 6). Microreactor
systems have been demonstrated to present numadwasitages: the use of
drastically reduced volumes of reactant solutiofsgh efficiency and
repeatability, increased heat exchange and massféra strict control of the
reaction conditions by means of the characteriatiunar flow, etc. Nonetheless,
only few previous studies considered these syst@ansthe application of
laccases. In the current research, a simple, versad inexpensive method was
developed for the fabrication of enzymatic micratess, based on the formation
of a Trametes versicolor laccase-immobilized membrane on the inner wall of
microtubes as a result of cross-linking polymeitrat reactions. These
microreactors were used for the oxidation of thegdha compounds, obtaining
great transformation yields with reduced resideticees. Furthermore, it was
designed a two-stage microreactor system for teeemtion of the biocatalyst
inactivation when operating under adverse condition the enzyme.
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General Introduction

1. General Introduction

1.1. Target pollutants

The contamination of water by recalcitrant orgasigbstances significantly
affects the viability of water reuse of treated moipal or industrial water
effluents. Historically, compounds such as subigtttyphenols, non-biodegradable
chlorinated solvents, pesticides and surfactantse weonsidered the main
examples of relevant compounds difficult to be reetbfrom wastewater. During
the last years, pharmaceuticals and personal cadeigts (PPCPs) and especially
endocrine disrupting chemicals (EDCs) have beensidered as emerging
contaminants and have received much attention lakie incomplete elimination
by conventional wastewater treatment processeglaid consequent release to
the environment (Esplugas et al. 2007, Nakada. &X0816, Rodriguez-Rodriguez
et al. 2010, Suérez et al. 2008, Zhang et al. 2007)

1.1.1. Endocrine disrupting compounds

Over the last decades there has been a growingegombout the exposure to
substances which are suspected to interfere wigh ethdocrine system and
therefore, they may cause health effect such asavimtal changes and
reproductive abnormalities in human beings andlifigld

Indeed, according to an European Union study, ldBstances were
classified as potential EDCs; priority was assigriedcarbon disulfide, o-
phenylphenol, tetrabrominated diphenyl ether, 4hB-methylphenol, 2,4-
dichlorophenol, 2,20-bis(4-(2,3-epoxypropoxy)phépsdpane, resorcinol, 4-
nitrotoluene and 4-octylphenol, as well as to théural hormones estrone (E1)
and 1PB-estradiol (E2), and the synthetic estrogem-&thinylestradiol (EE2)
(CEE 2001).

EDCs can disperse quickly in the environment: s@re released to the
atmosphere as a result of combustion and incieraictivities (e.g. dioxins)
(Ying et al. 2002), but the principal sinks for E®@ the environment are
sewage treatment systems, before reaching recdbadges (Liu et al. 2009). In
fact, this type of compounds has been detected astewaters, sediments,
groundwater and even drinking water (Esperanzé 2084, Liu et al. 2009). The
main distribution of EDCs in the environment isnegented in Figure 1.1:
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EDCs released from
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industries

Sewage system }

Sewage treatment plant

[ Sediment }H[ Surface water H Soil }H[ Groundwater

Figure 1.1. Scheme of the EDCs distribution in the environment.

The main classes of EDCs (natural steroidal estrogens, synthetic estrogens,
phytoestrogens and various industrial chemicals) are generally represented with
respect to their estrogenic potency (Servos et al. 1999). In this way, although the
concentrations of phyto- and xenoestrogens in the aquatic environment are
usually higher, natural and synthetic estrogens generally display much stronger
estrogenic effects (Spengler et al. 2001).

1.1.1.1. Natural and synthetic estrogenic compounds

The list of contaminants EDCs resulting from human activities and found in
wastewater is long; nonetheless, the current research is paying attention on the
synthetic estrogen EE2 and the natural ones E1 and E2, once these compounds
have been demonstrated to be the major contributors to the estrogenic activity
detected in sewage effluents (Aerni et al. 2004, Desbrow et al. 1998, Ridgers-
Gray et al. 2000). Moreover, different studies based on in vitro bioassay-directed
chemical fractionation involved E2 and EE2 as the most potent estrogens in
complex mixtures (Desbrow et al. 1998, Synder et al. 2001).

The structures of these selected estrogenic compounds are represented in
Figure 1.2.
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Figure 1.2. Structures of the target estrogenic compoundsuated in this work.

El

E1, also known as 3-hydroxyestra-1,3,5(10)- trigAeane, is one of the naturally
occurring estrogens, the others being E2 and E3. cBidcentrations in
premenopausal mammals fluctuate according to thexsmel cycle. In
premenopausal women, more than 50% of El is sectefethe ovaries. In
prepubertal children, men and non-supplementednmgipausal women the
major portion of E1l is derived from the periphettidsue conversion of
androstenedione.

E2

Like other steroids, E2 is derived from cholestebeling androstenedione the key
intermediary. Androstenedione is converted to tstone and then to E2 by the
enzyme aromatase. In premenopausal women, E2 daiged by granulose cells

of the ovaries, smaller amounts of E2 are alsoywed by the adrenal cortex, by
the testes (in men) and fat cells are active pseearto E2 and continue even after
menopause.

EE2

EE2, a synthetic estrogen used in birth controls pg mainly used in oral
contraceptives and thus, it is also primarily reézhinto the environment through
human excretion (Kolpin et al. 2002, Sun et al.g)01

1-5



Chapter 1

1.1.1.2. Environmental risks of estrogens. occurrence and effects

All humans as well animals excrete hormones froeirthodies which end up in
the environment through the sewage discharge anthbwaste disposal. Based
on the daily excretion of estrogens from humansbi@d.l) and the dilution
effect, estrogens concentration levels in the raofgag/L are expected in the
aqueous environmental samples (Johnson et al. 200@) occurrence of these
compounds in the aquatic environment is a resutheir discharge in effluents
from wastewater treatment plants (WWTPSs) once sewagtment facilities have
shown very variable elimination efficiency of thisnd of EDCs (Cabana et al
2007h, Fernandez et al. 2007), with the conseguegative effect of potential
endocrine disruption.

Table 1.1. Human daily excretion (ug) of estrogens (Johngai. €000).

El E2 EE2
Males 3.9 1.6 -
Menstruating females 8.0 3.5 -
Menopausal females 4.0 2.3 -
Pregnant women 600 259 -
Women - - 35

The main mechanisms through which they interferéh whe endocrine
system are: i) the simulation of the activitiespblysiological hormones, thereby
participating in the same reactions and causing shme effects; ii) the
inactivation, with competitive action, of hormorexeptors and, consequently, the
neutralization of their activity; iii) the interfence with the synthesis, transport,
metabolism and secretion of natural hormones, iaffetheir physiological
concentrations and therefore their correspondirdperne functions (Diano and
Mita 2011).

In this way, effects of estrogenicity in the envineent on animals have been
widely investigated and demonstrated few years ddee deleterious effects
observed in aquatic life and wildlife that may @used by endocrine-disrupting
mechanisms include the following: abnormal thyr@idction in birds and fish
(Moccia et al. 1981, 1986; Leatherland 1992), desd fertility in birds, fish,
shellfish, and mammals (Shugart 1980, Leatherla®@?2 1 Gibbs et al. 1988),
decreased hatching success in fish, birds, ande®(ubiak et al. 1989, Bishop
et al. 1991), demasculinization and feminization figh, birds, reptiles, and
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mammals (Munkittrick et al. 1991, Guillette et 4P94), defeminization and
masculinization of fish and gastropods (Davis arart@he 1992, Ellis and
Pattisina 1990) and alteration of immune functietirds and mammals (Erdman
1988, Martineau et al. 1988).

With regard to the target estrogens evaluated ig rdsearch (E1, E2 and
EE2), previous works reported that several WWTHRsieits and rivers contain
significant amounts of these substances that patigrinduce harmful effects on
various species. Some examples of the presenteesé estrogens in WWTP
effluents as well as in river water are summaripetiables 1.2 and 1.3.

Table 1.2. Examples of the natural and synthetic estrogeNg\WMTPs effluents.
Concentration (ng/L)

Sample site References
E2 EE2
France 6.2-7.2 4.5-8.6 2.7-45 Cargouet et al. 2004
Canada 3 6 9 Ternes et al. 1999a,b

Netherlands <0.4-47 <0.6-12 <0.2-7.5 Belfroid et al. 1999
England 1.4-76 2.7-48  bdl (0:3) Xiao et al. 2001
Italy 3 1.4 0.6 Baronti et al. 2000
Spain <2.5-8.1 <5-14.5 <5 Petrovic et al. 2002
"bdl: Below detection limits, value in parenthesis.

Table 1.3. Concentrations of natural and synthetic estrofemsd in river water.
Concentration (ng/L)
E2 EE2
France 1.1-3.0 1.4-3.2 1.1-2.9 Cargouet et al. 2004
Netherlands <0.1-3.4 <0.3-5.5 <0.1-4.3 Belfroid et al. 1999
England bdl (0.5) bdl (0.5) bdl (0.5) Xiao et al. 2001
Italy 15 0.11 0.04 Baronti et al. 2000
Spain 4.3 6.3 - Petrovic et al. 2002
“bdl: Below detection limits, value in parenthesis.

References

Sample site

Field studies using caged tro@ncorhynchus mykiss), wild cyprinid roach
(Rutilus rutilus) (Jobling et al. 1998) and estuarine flound@iaijchthys flessus)
(Allen 1999, Lye et al. 1997) showed that the emtricity associated to E1, E2
and EE2 persists in receiving water and that thaceotration of these
compounds present in rivers and estuaries aredngligh to induce deleterious
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reproductive consequences. Indeed, several stushesved that even low
concentrations (ng/L) of E2 can induce vitellogeimmmale species and rainbow
trout experimentally exposed to these substancestigtige et al. 1998, Sumpter
et al . 1996); indeed, Tanaka et al. (2001) repattat the disrupting activity of
E2 is 1000-10,000 times greater than that of ndrepl. Purdom et al. (1994)
and Hansen et al. (1998) noticed that concentrstmnE2 as low as 1 ng/L
induces vitellogenin in male trout. In addition, Redge et al. (1998) and
Larsson et al. (1999) noted that EE2 can be a patatanger to fish and other
aquatic organisms, even present at concentratfdhd-d.0 ng/L.

Also, the effects on reproduction of environmemtatlevant mixtures of
estrogens on Japanese medaka were recently refyrt@éakosky et al. (2008).
The effects of EE2 on hormonal responses and xetiobbiotransformation
system of Atlantic salmon were studied by Mortensemd Arukwe (2007).
Estrogenic exposure affected metamorphosis angkdlgex ratios in the northern
leopard frog and the identification of criticalluimerable periods of development
was studied by Hogan et al. (2008). In that wotkwas shown that tadpoles
exposed to EE2 during midmetamorphosis were delayeddevelopment
immediately following exposure and took 2 weeksgkmto reach metamorphic
climax.

The unexpected impacts of trace concentrationsstobgens on wildlife
raised concerns about the potential effects ofett@demicals on humans, but
these impacts are still quite controversial. Soasearchers attributed decreases
in human sperm quality to EDCs in the environmetiafpe et al. 1993, Stone
1994, Carlsen et al. 1995). Likewise, it has begggssted that sharp increases in
breast, testicular and prostate cancers are retatd&fDCs in the environment
(Carlsen et al. 1995, Gillesby et al. 1998). Bineotscientists have produced data
refuting these arguments. Estrogenic hormones temnare less likely to cause
adverse effects in humans than they are in fishtdudifferences in exposures.
Fish may be constantly exposed to EDCs presenhenaguatic environment,
while humans are exposed mainly through ingestfidimited quantities of water
(Snyder et al. 2003).
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1.1.2. Pharmaceutical compounds

In recent years pharmaceutical drugs, which bel@ntghe emerging pollutant
group namely PPCPs, have emerged as a novel dlagster contaminants for
which public and scientific concern is steadily @asing due to the potential
impact on human health and the environment evdrae¢ levels (Vogna et al.
2004). This type of compounds may be excreted lstlparent forms and as
active metabolites not only after use, but alsangumanufacturing and disposal
of unused or expired drugs, and thus entering npadicsewage treatment
systems (Hofmann et al. 2007). The incomplete dkgien in the WWTPs
considerably contributes to their presence in therenment (Carballa et al.
2004, Hofmann et al. 2007, Vogna et al. 2004). Addally, they may get
adsorbed on sewage sludge, where they bioaccunardtesach the environment
when the sludge is used as agricultural fertilireeed, several studies about the
occurrence of pharmaceuticals in the aquatic médiee detected numerous
compounds belonging to different therapeutic faasil{e.g. antibiotic, analgesic,
anti-inflammatory, antiepileptic, etc.) in aquatnedia (Heberer 2002a, b, Soufan
et al. 2012). Specifically, their presence in thgimnment has been confirmed in
various countries such as Germany (Ternes 1998)ilB{Stumpf et al. 1999),
Italy (Andreozzi et al. 2003b), Spain (Carballaakt2004, Suarez et al. 2009),
Finland (Lindqvist et al. 2005), India and Pakis{@arsson et al. 2007), and
several other countries such as Australia, Aust@egpatia, France, Greece,
Netherlands, Sweden, Switzerland, United Kingdonhere more than 80
pharmaceuticals have been detected at levelgghf in sewage, surface and
groundwaters (Heberer 2002a, b, Castiglioni e2@06).

The regulation about pharmaceuticals started rigcehtguide book for the
assessment of human drugs in the environment leasflished in 1998 by the
Food and Drug Administration (FDA), which statesattran environmental
assessment report has to be provided if the exgphectecentration in the aquatic
environment is higher than [g/L (Fent et al. 2006). On the other hand, the
European Union began to consider human drugs asattoxic agents with the
Directive 92/18 ECC, where an ecotoxicity testregistration of pharmaceutical
was claimed. Finally, according to Directive 20@{EBC, an application to
register new medicinal product for human treatnrmanst be accompanied by an
environmental risk assessment (EMEA 2005, Fent.e2@06, Nikolaou et al.,
2007).

This type of compounds are considered as emergiogpollutants due to
several reasons: (i) their extensive and stilleasing use, providing continuous
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release of pharmaceuticals into the environmeninlgnaiia human or animal
excretions; (ii) their low persistence (they mayntgpseudo persistent when the
replacement rate overcome the transformation/remoate, resulting in a
constant environmental level of the compounds)) (heir potentially toxic
effects on aquatic and terrestrial organisms, stheg are deliberately designed
to cause a biological effect even at very low com@gions; (iv) some of them
may bioaccumulate in biota (Daughton and Ternes9,1%Qummerer 2007,
Nikolaou et al. 2007, Reif et al. 2008).

1.1.2.1. Anti-inflammatory compounds

A large consumption of pharmaceuticals by the paanh is evidenced,
contributing with the continuous release of theeparcompound and/or their
metabolites. Although the quantity of pharmacelgicansumed depends on their
therapeutic group, anti-inflammatory drugs alonghvantibiotics are the groups
of medicines most commonly used, the non-steroatdi-inflammatory drugs
(NSAIDs), such as diclofenac (DCF) and naproxen XNPare the type of
pharmaceuticals most commonly found within the #&quaenvironment
(Schwaigera et al. 2004).

Therefore, these compounds have been used as eegaibge of that
therapeutic class to be evaluated in the curresgareh. The consumption per
year of DCF and NPX reported for different courdtri® summarized in Table 1.4.

Table 1.4. Consumption of the selected anti-inflammatoriedifferent countries.

Consumption per

Compound Country year (1) References

DCF Austria 6.7 Clara et al. 2005b
Germany 81.7 Fent et al. 2006
Switzerland 4.5 Fent et al. 2006

Finland 9.6 Lindgvist et al. 2005

England 26 Ziylan and Ince 2011

Australia 4.4 Ziiylan and Ince 2011
NPX Switzerland 1.7 Fent et al. 2006

Finland 6.7 Lindgvist et al. 2005

England 35 Ziylan and Ince 2011

Australia 22.8 Ziylan and Ince 2011
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DCF

This compound, namely (2-(2-(2,6-
dichlorophenylamino)phenyl)acetic
acid), is commonly used in the
treatment of arthritis, ankylosing
spondylitis and acute muscle pain. HN

This compound has been recently cl cl
designated as a devastating

environmental pollutant because of

its bioaccumulation in the food Figure1.3. Structure of the target compound
chain (llic et al. 2011). DCF.

DCF

NPX NPX

NPX, (2-(6-methoxynaphthalen-2-
OH yhpropionic acid), is an arylpropionic
acid widely used for mild to moderate
~o OO o] pain relief and in the treatment of
osteoporosis and rheumatoid arthritis,
Figure 1.4. Structure of the target mer?s.truation and .headaches; this d_”?g Is
compound NPX. additionally used in veterinary medicine

in appreciable quantities (Ziylan and Ince
2011).

1.1.2.2. Environmental risks of anti-inflammatories; occurrence and effects

A significant contribution of pharmaceuticals irethquatic ecosystem is expected
to be caused by manufacturing plants and efflufrota hospitals. For instance,
levels of 840ug/L were found in WWTP influents close to drug miauture
plants in India (Fent et al. 2006, Ternes et al0620Larsson et al. 2007).
However, municipal wastewater is considered asldhgest emission source of
anti-inflammatory compounds once the main pathwiathese chemicals is the
human ingestion, excretion and disposal and duetht inefficiency of
conventional treatment systems in WWTPs for themaval. In fact, several
works dealing with the occurrence of NPX and DCFRhia environment reported
concentration of these compounds ranging from nggih. in WWTPs effluents
and even in surface waters; some examples are sumachén Tables 1.5 and 1.6.
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Table 1.5. Examples of anti-inflammatory compounds in WWTRkients.

Compound Concentration References
DCF 1-49.1 ng/L Esplugas et al. 2007,
Gagnon et al. 2008
0.17-2.5 pg/L Daughton and Ternes 1999,

Esplugas et al. 2007,
Fent et al. 2006
NPX bdl-12.5 pg/L Carballa et al. 2004,
Daughton and Ternes 1999,
Fent et al. 2006

"bdl. Below detection limits.

Table 1.6. Concentrations of anti-inflammatory compounds fbimsurface waters.

Compound Concentration References
DCF ng/L Vogna et al. 2004
0.002-33.9 pg/L Daughton and Ternes 1999,
Ikehata et al. 2006,
Jjemba 2006,
Ziylan and Ince 2011
NPX 135.2 ng/L Zhang et al. 2007
0.002-33.9 pg/L Daughton and Ternes 1999,

Ziylan and Ince 2011

The ineffective elimination of pharmaceuticals, ¢toned with the
continuous input of such compounds, may lead torgbrlow levels exposure
and accumulation, resulting negative effects oe l#nd environment, plus
undesired collateral generation of microbial resises (Martinez et al. 2011).

Oaks et al. (2004) published a significant workargipg that DCF has been
identified as the cause of massive decline of valfpopulation in Pakistan and
India making this species critically endangeredngarable to the disappearance
of peregrine falcons and other predatory birdshimn 1960s due to the pesticide
DDT (dichlorodiphenyltrichloroethane) (Fent et @006). Oaks et al. (2004)
demonstrated that DCF was responsible of the higtatity (>95%) of the
scavenging birds. Their death was mainly assochattitvisceral gout, caused by
renal failure and subsequent deposition of uric as and within the internal
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organs. The phenomenon is based on alimental habite vultures, which are
fed on dead domestic livestock. In fact, in 199@FDwas widely used in these
regions as veterinary drug for its analgesic, enflsmmatory and antipyretic
properties.

Besides, cytological alterations in liver, kidnegsd gills were observed in
rainbow trout following exposure to 1 pg/L for 28yd (Triebskorn et al. 2004).
Renal lesions and alterations of the gills were alsserved at 5 pug/L, as well as
accumulation of DCF in the kidneys, gills, and fiy&chwaiger et al. 2004).
Also, the potential adverse effects of NPX on bisteh as reducing the lipid
peroxidation system of bivalves were reported bygrigaet al. (2006). The
ecotoxicity of NPX and its photoproducts was asdaysn some aquatic
organisms, such as bacteria, microcrustaceanslgael @sidori et al. 2005, Della
Greca et al. 2004); the reported results indicéttechigh ecotoxicity of NPX and
that some photoderivatives are even more harméul MPX.

Cleuvers (2004) investigated the impact of a mixtof several NSAIDs on
Daphnia magna finding a considerable toxicity effect, even at cemtrations at
which the single substances showed no or only velight effects.
Bioaccumulation of this type of compounds alongwgemfibrozil (a blood lipid
regulating agent) into fish blood plasma (juvenitainbow trout) was
demonstrated by Brown et al. (2007).

1.1.3. Physicochemical properties of the selected estrogenic and anti-
inflammatory compounds

The main physicochemical properties of the seleesdtbgens: E1, E2 and EE2,
and anti-inflammatory compounds: NPX and DCF, &@s in Table 1.7.

Among the indicated parameters, water solubility) @ well as the octanol-
water partition coefficient (k) are key values which determine the fate of the
pollutants in the environment. In general, substangith logk,,, lower than 2.5
may be considered relatively hydrophilic, and thasth values higher than 4 are
expected to present high sorption potential. A# 8selected estrogens could be
considered to yield medium sorption potential otiey present 2.5< log<4,
approximately (Jones-Lepp et al. 2007).
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Table 1.7. Physicochemical properties of the selected estiogad anti-
inflammatory compounds (Lai et al. 2000, Scheytale2005, Suarez et al. 2008,
Ziylan and Ince 2011).

MW Sw P

Compound (@mol)  (mg/L) (Pa) pKa logKow
Estrogens
El 270.4 30 3-10° 10.4 3.1-3.4
E2 272.4 36  3-10° 10.4 3.9-4.0
EE2 296.4 11.3 6-10° 10.5-10.7 2.84.2
Anti-inflammatoies
NPX 230.3 16 2-10* 4.2-45 3233
DCF 296.2 24  810° 4.0-45 4548

MW — Molecular weight
Sy — Solubility in water

P, — Vapor pressure

pKa — Dissociation constant
Kow — Octanol-water partition coefficient

The elimination of anti-inflammatories in the emnment is not clear,
although there is a consensus on process suchrpisosp sedimentation and
biotransformation. Sorption occurs via hydrophobicelectrostatic interactions
between the drugs and the particulate matter andss (Carballa et al. 2005,
Ziylan and Ince 2011). Nikolaou et al. (2007) repdrineffective adsorption
process for acid drugs, such as DCF and NPX (pBa&l4); for such chemicals,
biodegradation is expected to be a more potenireditmon pathway in aerobic or
anaerobic mechanisms. However, sorption on soikegiment could be an
important factor in the case of DCF once it preseatatively high logk,, (4.5-
4.8), a measure of hydrophobicity as well as loltsibty; this would contribute
to reduce its aqueous phase concentrations. Mareallethe compounds have
low vapor pressure (P which suggests that negligible volatilizatiorostd be
expected.

1.1.4. Removal of the selected estrogenic and anti-inflammatory compounds
from wastewater

A number of researchers have reported the varian®val efficiencies attained
by conventional processes in WWTPs, as those suiredan Table 1.8.
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Table 1.8. Removal efficiencies of the target pollutants iNWVPs.

Comp. Influent Effluent Re(r(;o(;val References
Estrogens
El 44 ng/L 17 ng/L 61 D’Ascenzo et al. 2003
31 ng/L 24 ng/L 23 Johnson et al. 2000
43.1 ng/L 12.3 ng/L 69 Onda et al. 2003
- - 83 Ternes et al. 1999a,b
E2 5 ng/L <1 ng/L 80 Behnish et al. 2001
11 ng/L 1.6 ng/L 86 D’Ascenzo et al. 2003
9.69 ng/L 4 ng/L 59 Johnson et al. 2000
28.1 ng/L 1.2 ng/L 96 Onda et al. 2003
35-125 ng/L bd+30 44-100 Clara et al. 20052
EE2 4.84 ng/L 1.40 ng/L 71 Johnson et al. 2000
- - 78 Ternes et al. 1999a,b
0.40-13 ng/L  bdI-1.7 ng/L  52-100 Baronti et al0R0
4.9-7.1 2.7-4.5 ng/L 33-45 Cargouet et al. 2004
3-70 ng/L bdl-5ng/L  33.3-100 Clara et al. 20052
Anti-infl.
NPX - - 55-98 Lindqvist et al. 2005
0.4-0.6 pg/L  0.01-0.2 pg/L 78 Stumof et al. 1999
- - 50-80 Joss et al. 2005
DCF 3.02 pug/L 2.51 pg/L 17 Heverer et al. 2004
0.6-0.8 pg/L  0.01-0.2 pg/L 75 Stumof et al. 1999
- - 23-60 Lindgvist et al. 2005

"bdl: Below detection limits.

Those processes in the WWTPs include: i) Pre-treatmconsisting of
various physical and mechanical operations, suclscasening, sieving, blast
cleaning and grease separation; ii) Primary treatmeonstituted by physical
(sedimentation and flotation) and chemical (coatpha and flocculation)
processes used to remove matter in suspensiorginge solids, oils, grease and
foam); sedimentation and flotation are the most mom physical processes
adopted; iii) Secondary treatment, in which biobtadireactors carry out the
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decomposition of organic matter and removal of ieats; among secondary
treatments there are various techniques, suclgasiing, aerobic and anaerobic
treatments and biofiltration processes; and iv}idr treatment, designed for the
removal of remaining unwanted nutrients (mainlyragen and phosphorous)
through high performance biological or chemical gesses as well as for
disinfection by techniques such as chlorinationUaf treatment. During these
processes, the main removal mechanisms are basedsobd sorption,
volatilization, photo-oxidation and/or biologicalegradation. Among them,
biodegradation and sorption were reported to mvagit for the elimination of the
pollutants (Joss et al. 2005, Suarez et al. 2008).

Due to the ineffectiveness of these conventioredtinents to completely
remove these compounds, alternative post-treatmemé¢hods have been
investigated:

- Physical methods such as sorption or membrane at@parFor instance,
Serrano et al. (2011) reported an elimination oXN to 64%, although
DCF transformation was negligible, when using ausatjal membrane
bioreactor with the addition of powdered activataatbon. Also, novel
sorbent materials were developed for the removalthi§ type of
compounds, such as those based on carbon blacksd@Gorrea et al.
2010) or mesoporous silicates (Rivera-Jiménez. 20818). Neira Ruiz et
al. (2012) proposed the use of nanofiltration tebbay for the removal
of conventional and emerging micropollutants.

- Microbial removal by bacteria, fungi and algae (Gainl et al. 2009a, b).
For example, Novophingobium tardaugens bacteria isolated from
activated sludge was reported to degrade E2 (Ftjial. 2002), the
removal of this compound and EE2 was assayed Wéimetes versicolor
fungus (Blanquez and Guieysse 2008), and variousroalgae
(Selenastrum capricornutum, Scenedesmus quadricauda, Scenedesmus
vacuolatus, and Ankistrodesmus braunii) were utilized for the
transformation of EE2 (Della Greca et al. 2008).

- Advanced treatments, which are receiving signifiGgtention during the
last years: i) chemical treatments, such as th@sed on oxidative
catalysis, ozonation and other advanced oxidatiomcgsses (AOPS)
(Ikehata et al. 2006, Ziylan and Ince 2011) andeiizyme-catalyzed
transformation.
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1.1.4.1. Elimination of thetarget pollutants by AOPs

AOPs have recently emerged as an important clastedafnologies for the
oxidation and destruction of a wide range of orgamollutants in water and
wastewater (Alvares et al. 2001, Zhou and Smithl20Dhese methods have been
proposed as an alternative to the physical remofgollutants by membrane
filtration or adsorption, once these methods armghlisi energy and material
intensive and only suitable for the treatment dftieely clean wastewater
(Larsen et al. 2004, Ikehata et al. 2006). The A@fscharacterized by a variety
of radical reactions that involves combination bémical agents: e.g. ozones{O
hydrogen peroxide (#D,), transition metals and metal oxides, and auxiliar
energy sources: e.g. ultraviolet-visible (UV-Vigidration, electronic current;
radiation and ultrasound (lkehata et al. 2006).

The most common AOPs and examples of their apmicain the removal of
the target pollutants evaluated in the currentareteare detailed below.

Ozonation

The reactivity of the substrates with ozone wasntbio be related to the
functional groups in their structures as well tperating conditions. Ziylan and
Ince (2011) reported 68-99% of NPX removal by lahls treatment with 3 mg/L
Os. Also, Nakada et al. (2007) proved the efficienfyzonation in an operating
WWTP: ozonation and sand filtration combined withiiaated sludge provided
removal yields up to 80% of all the EDCs and phaenéicals assayed. Many
other researchers reported the effective deconipogt estrogens by ozonation;
for example, Huber et al. (2005) reported the ss&feé elimination of 0.5 pg/L

of E2, although a dose of ozone of 2 mg/L was megui The same authors
showed that E1 is the least reactive towards oimmmamong the three target
estrogens.

The degradation of certain pharmaceuticals and BReshighly variable or
poor, mainly because of the low concentration ef dhugs and the unfavorable
structural properties that lowered their reactivitith ozone (Ziylan and Ince
2011). Moreover, some authors reported that ozomais not effective for
toxicity reduction and mineralization, except witie presence of J@,, which
may slightly increase total organic carbon elimio@t although not toxicity
(Andreozzi et al. 2003a, Ziylan and Ince 2011).
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Combined process UV/H,0,

The combined process UV48, is one of the most viable AOP technique by its
potential for photolytic cleavage of all,8, to OH at a stoichiometric ratio of
1:2, provided that the light source has sufficiemission at 190-200 nm. Kim et
al. (2009) reported removal of 90% of a large numbg pharmaceuticals,
including NPX and DCF, in lab-scale operations g32 kJ/ri UV (medium
pressure lamp), 7.8 mg/L,8, and drug concentration range of 3.0%1®
120x10° mg/L. However, the use of low pressure halogehtligpurces at the
same light intensity was found to be less efficidoie to lower absorption
capacity of HO, (Pereira et al. 2007).

Fenton and UV/Fenton

The process is based on the production of feitth Fenton’s reagent (FéH,0,)

at acidic pH, F& acting as the homogeneous catalyst. Combined tiperaf
Fenton oxidation with UV irradiation, namely phdtenton process, inherently
produces more Otand is therefore more effective than the dark nuktAdnis
technique was proved to properly eliminate E1, E# &E2 under acidic
conditions (Feng et al. 2005). A photo-Fenton pssceas also employed in a
parabolic collector solar pilot plant (30 Wirand was found to provide partial
degradation, mineralization and precipitation of P@pon a considerable
decrease in pH (Benitez et al. 2009). On the oltzrd, Ravina et al. (2002)
reported the need of using a 400 W low pressureaddgp (254 nm) and an
activation energy of 16 kJ/mol, which signifies tlede of the energy-requiring
reaction in the overall degradation process.

Sonolysis

Generation of hydroxyl radicals in water by ultnaisgpressure waves is based on
the formation, growth and violent implosion of dation bubbles to release very
extreme local conditions (5000 K, 2000 atm) thadléo high energy chemistry.
Hartman et al. (2008) found that irradiation ofGarig/L synthetic DCF solution
successively by 216, 617 and 850 kHz at 90W formptavides at least 87%, 90%
and 24% degradation of the drug, respectively. Madet al. (2009) proved the
feasibility of this technology to remove that NSAMhen is combined with
ozonation.
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Heter ogeneous photocatalysis

This technique relies on the capacity of semicotidgcmaterials to act as
sensitizers for light-reduced redox processes @duéhe¢ir electronic structure.
Photocatalysts include titanium dioxide (E)QOzinc oxide, zinc sulfide, cadmium
sulfide, among others. TiOhas been the most widely applied due to its
considerable stability and activity (Augugliario @t 2006). Ohko et al. (2002)
demonstrated complete mineralization of 0.727 ngflE2 by using 1 g/L of
TiO, and a 200 W Hg-Xe lamp, but an operation time ¢f ®as needed. The
process was also found highly effective for elintio of DCF; however, Rizzo
et al. (2009) found that 20-min and 40-min treatachples were more toxic than
untreated ones under certain conditions of,Tgadings and DCF concentrations,
as also observed by Méndez-Arriaga et al. (2008nduhe treatment of DCF
and NPX among other anti-inflammatories.

In general, AOPs provide high removal rates but $electivity and, in some
cases, imply considerable high costs associatdteteeagents and/or investment.
Furthermore, it should be highlighted that undertaie conditions these
processes may render harmful byproducts; evensfoanation products might
present higher estrogenicity in comparison to tlaept compounds when
eliminating estrogenic substrates and/or be noddgoadable (Esplugas et al.
2002, Gogate et al. 2004, Kim et al. 2007, Kragrieal. 2006, Nakamura et al.
2006, Plewa et al. 2004, Shappell et al. 2008).

1.1.4.2. Laccases. an alternative for the oxidation of the tar get pollutants

In the current research, the use of oxidative em®yrapecifically laccases from
different sources, is proposed as an alternativeéhi® advanced oxidation of the
selected estrogenic and anti-inflammatory compounds

The use of enzymes in industrial processes is lysliaked to a reduced
consumption of energy as well as chemicals thugfimal for the environment
(Demarche et al. 2012). Moreover, the enzyme wordgtket grew at a double-
digit rate in the last years and was about $5lbbilin 2009 (Sanchez and
Demain 2010). Enzymes catalyze specific reactiond eostly act under
moderate conditions (temperature, pH, solvents iamit strength). Enzyme
specificity also precludes undesired side-reactiombich would otherwise
increase reactant consumption and correspondiraide rthe cost of treatment,
being a great advantage over conventional chertriealment processes. Hence,
enzymes represent a promising tool for the seleatdmoval of pollutants from
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waste streams. Oxidative enzymes and their poterg&gare deeper introduced in
the following section of this chapter.

1.2. Oxidative enzymes
1.2.1. Whiterot fungi

Wood and other lignocellulosic materials are conegosof three main
constituents: cellulose, lignin and hemicelluloseyhich are strongly
interconnected and chemically linked by non coviaferces and covalent bonds.
Lignin is known to be highly recalcitrant due te itomplex structure derived
from the coupling of monolignols and three alcohpisoumaryl, coniferyl and
sinapyl (Figure 1.5) (Kaneda et al. 2008).
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Figue 1.5. Chemical structure of lignin.

White-rot fungi (WRF) belong to the class of basidycetes and certain
ascomycetes; they constitute the most importatingofungi, since they are the
only known organisms able to mineralize lignin proithg carbon dioxide and
water. The term white-rot has been used to deséoilmes of wood decay where
lignin is preferably degraded and thus leavingghtli white and rather fibrous
residue due to the cellulose and hemicellulose raatation, different from the
brown powder observed after brown rot fungi actitue to the color of lignin,
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which remains intact (Figure 1.6) (Eriksson et 190, Schwarze et al. 2000,
Carlile et al. 2001). Within this groupPhanerochaete chrysosporium,
Bjerkandera adusta, Trametes versicolor, Pleurotus ostreatus are the most
extensively studied species (Schwarze et al. 2000).

Figure 1.6. Material resulting from wood attacking by brown (@)d white (B) rot fungi.

e

The ability of fungi to degrade a compound as @taht as lignin lead to
consider the potential capability of this type afn@i to remove different
recalcitrant and xenobiotic substances. Indeedpwarfungal species has been
successfully applied for the degradation of a widiege of pollutants, such as
polycyclic aromatic hydrocarbons (PAHS), textileedy pesticides, and even
pharmaceuticals and EDCs. Some examples are smolable 1.9.

However, low removal rates of the target compouwese reported when
using these fungi; moreover, further research isded aiming to establish a
feasible technology for the application of WRF fioremediation purpose once,
for example, most works dealing with this treatmeperated under sterile
conditions, completely different to those which Wbe found in WWTP
effluents.
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Table 1.9. Examples of removal of different pollutants bydiin

Pollutants Fungal species References
Dibenzothiophene . .
" Bjerkandera sp. Valentin et al.
PAHs fluoranthene, BOS55 2007
pyrene
Egen and
Benzo[a]pyrene  Pleurotus ostreatus Majcherczyk
1998
Benzo[a]pyrene, Trametes versicolor Borras et al. 2010
pyrene, etc. andlrpex lacteus
Remagzol Brilliant Irpex lacteus and Novotny et al
Dyes Blue R and Poly R- b y '
478 Pleurotus ostreatus 2001
Orange G,
Amaranth, Remazol Eichlerova et al
Brilliant Blue R,  Bjerkandera adusta '
. 2007
Cu-phthalocyanine
and Poly R-478
Indido carmine Phanerochaete Podgornik et al.,
9 chrysosporium 2001
Diuron, Bendi tal
Pesticides atrazine and Coriolus versicolor enzgléyze al
terbuthylazine
Pharmaceuticals Carbamazepine Pleorotus ostreatus Golgln -50012163 net
Diclofenac, Phanerochaete Rodarte-Morales
naproxen and :
i chrysosporium et al. 2012a,b
ibuprofen
Naproxen and . Rodriguez-
: Trametesversicolor  Rodriguez et al.
carbamazepine
2010
. Marco-Urrea et
Naproxen Trametes versicolor al. 20102

EDCs

E2 and EE2 Trametes versicolor

Phanerochaete
chrysosporium,
Nonylphenol Trametes
versicolor,
Pleorotus ostreatus

Blanquez and
Guieysse 2008

Soares et al. 2005
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1.2.2. The main oxidative enzymes

Delignification by WRF takes places thanks to thpacity of this type of fungi to
produce extracellular enzymes, namely ligninolgizymes. WRF produce these
enzymes during their secondary metabolism, sirgrnioxidation provides no
net energy to fungi (Wesenberg et al. 2003, Calgdra. 2007b). In particular,
the production of these enzymes has been repootduk tcaused by nitrogen
starvation (Carlile et al. 2001). In addition, WRIecrete mediators of low
molecular weight increasing the range of potentiaibdegradable compounds.

There are two main types of oxidative enzymes: xidases and laccases
(phenol oxidases). These enzymes act by generatgigy reactive and non
specific free radicals that randomly attack ligmlecule by breaking covalent
bonds (Kersten and Cullen 2007). These biocatalpaiee been successfully
applied during the last years for the removal efatetrant compounds including
pharmaceuticals and EDCs: some examples are shawmable 1.10 for
peroxidases, once the application of laccasesbailtleeper presented in a next
section of this chapter.

Table 1.10. Removal of recalcitrant compounds by peroxidases.

Pollutants References
PAHs Anthracene Karim et al. 2010
Anthracene,
dibenzothiophene and Eibes et al. 2006
pyrene
Dyes Lépez et al. 2004,

Orange Il Mielgo et al. 2003

Erichrome blue bl_ack R Pirillo et al. 2010
and fluorescein

Poly R-478 and crystal Moldes et al. 2003

violet
Pharmaceuticals Carbamazepine and Zhang and Geil3en
diclofenac 2010

Carbamazepine,
diclofenac, naproxen,
sulfamethoxazole,
fluoxetine, citalopram

EDCs El, E2 and EE2 Auriol et al. 2008

Bisphenol A, triclosan, .
E1, E2 and EE2 Zheng and Colosi 2011

Ebes et al. 2011
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1.2.2.1. Peroxidases

Peroxidases are a large group of heme-containing enzymes which require the
presence of H,O, as the electron acceptor to oxidize lignin and lignin-related
compounds (Mester and Tien 2000). Their mechanism of action entails mono-
electronic processes and transforms substrates in radicals, which subsequently
evolves through non-enzymatic reactions. Peroxidases have a typical enzymatic
cycle (depicted in Figure 1.7) where the native (ferric) enzyme is initially
oxidized by H,0,, generating a two-electron oxidation state of the enzyme
(compound I). During the oxidation of the ferric enzyme, one electron is
withdrawn from Fe’* and one from porphyrin, generating Fe*". Compound I is
then reduced back in two steps via a Fe' intermediate (compound II) in the
presence of appropriate reducing substrates. Another reduction, involving a
second molecule of specific substrate, takes place in the third step of the reaction.
The enzyme gets back to its resting state and one more radical product is formed.
High concentrations of H,O, can cause reversible inactivation of the enzyme by
forming compound III, a catalytically inactive intermediate that can be converted
to the native state, spontaneously or by oxidation with a substrate, releasing a
superoxide anion (O, ") (Mester and Tien 2000, Martinez 2002, Wong 2009).

[R-O0H]

. H,0, H,0
Native d
peroxidase \ Compound |
' mk
(o}
Fedt I
Fe?*
0,*
4
|4
g
’ " Substrate
7 LR:))H] ) _~=% (RHor Mn?*)
/ 2 p

Product, radical

(Re + H* or Mn3*) \

Product, radical

Substrate (Re + H* or Mn3*)

(RH or Mn2*)
B
¥ N
Compound lll H,0 H,0; Compound Il

Figure 1.7. Catalytic cycle of peroxidases (adapted from Wesenberg et al. 2003).
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Lignin peroxidase (LiP, EC 1.11.1.14)

It was the first ligninolytic enzyme isolated in8®s decade from the fungus

Pycnoporous chrysosporium (Glenn and Gold 1983, Tien and Kirk 1983). It is a
glycoprotein able to catalyze the oxidation of phlenand aromatic compounds

with a similar structure to lignin. LiP shows asdi&cal peroxidase mechanism,
but it is unique in its ability to oxidize substatof high redox potential (up to 1.4

V) (Wesenberg et al. 2003, Wong et al. 2009).

Manganese peroxidase (MnP, EC 1.11.1.13)

MnP is considered as the most common ligninolygécogidase produced by
almost all white-rot basidiomycetes (Wesenbergl.e2@03). This enzyme has a
similar specificity and catalytic cycle to otherpeidases; however, MnP is also
able to oxidize Mf, resulting in the formation of diffusible oxidan(®n®"
capable of penetrating the cell wall matrix andd@ing phenolic substrates
(Pérez et al. 2002, Wong et al. 2009). Like off@oxidases, MnP is sensitive to
high concentrations of 4@,, but it can be rescued by Knlons of Mri*are quite
unstable in aqueous media; to overcome this drakylthey form complexes with
organic acids naturally secreted by the fungush sag malonic or oxalic acid
(Hofrichter 2002, Wong et al 2009).

Versatile peroxidase (VP, EC 1.11.1.16)

The enzyme VP is considered a hybrid between MriPL#R (Wesenberg et al.
2003). It can oxidize not only Mhbut also veratryl alcohol and phenolic
aromatic compounds with high molecular weight bynganese-independent
reactions (Wong et al. 2009). VP has been founduitures of several fungal
strains such aBleurotus andBjerkandera species (Wesenberg et al. 2003, Asher
et al. 2008).

1.2.2.2. Phenoloxidases

Laccases (EC 1.10.3.2)

Laccases are widely distributed multicopper oxidasith phenoloxidase activity
that have been subject of increasing research #ieaediscovery in 19 century,
due to their high biotechnological applicability aftas and Camarero 2010).
Yoshida first described laccase in 1883 from thedexes of the Japanese lacquer
tree, Rhus vernicifera. However in 1896, for the first time, both Bertraadd
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Laborde demonstrated laccase to be a fungal en£yimarston 1994, Levine
1965).

These enzymes catalyze the oxidation of a wideewarof organic and
inorganic substrates, including polyphenols, meyhsbstituted phenols and
aromatic amines, with the concomitant four-electrealuction of oxygen to
water. Laccases have broad substrate specificit)arls aromatic compounds
containing hydroxyl and amine groups, and as stiehability to react with the
phenolic hydroxyl groups found in lignin (Kunamnextial. 2007, Sinsabaug and
Liptak 1997, Thurston et al. 2004, Wesenberg e2@03). The oxidation reaction
of phenolic moieties is usually accompanied by dégiation, decarboxylation
and can also result in ring cleavage (Wesenbeaf) 2003). Substrates oxidation
by laccases occurs via a mechanism involving régligghich can undergo further
laccase-catalyzed reactions and/or nonenzymatitioea such as hydration or
hydrogen abstraction, and polymerization like ia ttase of phenolic substrates
oxidation (Majeau et al. 2010). Other authors rggbdecarboxylation reactions
of phenolic and methoxyphenolic acids (Agematu |etl893), as well as the
attack to methoxyl groups through demethylation ofiavicz et al. 1984).
Dehalogenation of substituents locateditho andpara position may also take
place in the case of substituted compounds (Schulk 2001).

Laccases catalyzed-oxidation depends on the redtential of the type-I
copper, typically ranging between 500-800 mV. Hoerevin presence of
mediators, laccases are able to oxidize a widegerari substrates (Wong 2008);
this fact will be further evaluated and discusse@hapter 2.

The use of atmospheric oxygen as final electroneptoc represents a
considerable advantage for the application of lsesaompared with peroxidases
and would facilitate the implementation of laccas¢alyzed processes
(Wesenberg et al. 2003). Other advantage of usicepkes is the fact reported by
Auriol et al. (2008): these authors observed thatdses did not seem to be
affected by the wastewater constituents whereas @atabfficiency of
horseradish peroxidase on the removal of estrogemigpounds was significantly
affected by those components. Hence, these benefiislielsethe nonspecific
nature and the extraordinary potential of theseg/mes make them attractive for
the development of advanced treatment for the ¢tiwidaf the target pollutants.
Thereby, attention was paid in this Thesis reseancthe use of laccases.
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Occurrence of laccases

Although laccases used in this work were produgefiibgal species, this type of
enzymes has been demonstrated to be also preggants and bacteria (Benfield
et al. 1964, Diamantidis et al. 2000). Laccaseplamts have been identified in
trees, cabbages, turnips, beets, apples, asparnpgiatoes, pears and various
other vegetables, as well as in various plant sgedncluding lacquer, mango,
mung bean, peach, pine, prune, sycamore, etc.r(keld65). Laccase activity has
been reported only in few bacteria, includingzospirillum lipoferum,
Marinomonas mediterranea, Sreptomyces griseus, and Bacillus subtilis.

Most of the laccases described in literature weotated from fungi, being
the most common laccase producers the wood rditingi Trametes versicolor,
Trametes hirsuta, Trametes ochracea, Trametes villosa, Trametes gallica, Cerena
maxima, Coriolopsis polyzona, Lentinus tigrinus andPleurotus eryngii (Madhavi
and Lele 2009). Nonetheless, laccases are alsal foursaprophytic compost-
inhabiting ascomycetes such Ecediophthora thermophila and Chaetomium
thermophilum (Morozova et al. 2007a). Fungal laccases are weeblin the
degradation of lignin and/or in the removal of puialy toxic phenols arising
during lignin degradation; in addition, fungal lases are hypothesized to take
part in the synthesis of dihydroxynaphthalene matndarkly pigmented
polymers that organisms produce against envirorahestress or in fungal
morphogenesis by catalyzing the formation of exdilatar pigments (Kunamneni
et al. 2007).

In the current research, fungal laccases frérametes versicolor and
Myceliophthora thermophila were assayed, as it will be detailed in the follagyv
chapters.

Molecular structure and catalytic mechanism

Laccases are glycoproteins with four copper atdype-I (T1, one Cu atom), that
acts as the primary electron acceptor site wheee g@hzyme catalyzes the
oxidation of the substrate and which imparts theldolor to the enzyme; type-Ii
(T2, one Cu atom) which forms a trinuclear copgaster with the type-lli
copper (T3, two Cu atoms), where the reduction pfaRes place (Majeau et al.
2010, Martinez et al. 2005, Wong 2008). The catalgycle of laccases is
represented in Figure 1.8.
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Figure 1.8. Catalytic cycle of laccases (adapted from Wong et al. 2009).

O=—=

In the resting state the enzyme is completely oxidized; then, a total reduction
of the metallic centers (Cu** to Cu") by the substrate occurred in T1 site. The
electrons extracted from the reducing substrate are transferred to the T2/T3
trinuclear site, resulting in the conversion of the resting form of the enzyme to a
fully reduced state. Successive substrate oxidation is required to fully reduce the
enzyme (Huang et al. 1999, Zoppellaro et al. 2001).

Reduction of dioxygen takes place in two steps via the formation of bound
oxygen intermediates. The dioxygen molecule first binds to the T2/T3 site, and
two electrons are rapidly transferred from the T3 coppers, resulting in the
formation of a peroxide intermediate. The peroxide bridges between the oxidized
T3 and the reduced T2 copper sites, although the configuration of the oxygen has
not been fully established, followed by a rapid 1€” transfer from T1. The peroxide
intermediate decays to an oxy radical and undergoes a 2e” reductive cleavage of
the O-O bond with the release of a water molecule (Lee et al. 2002, Palmer et al.
2001). The slow decay of the intermediate is facilitated by the final electron
transfer from the T2 copper. In the last step, all four copper centers are oxidized,
and O™ is released as a second water molecule. The reoxidation of the T2 copper
correlates with the decay of the intermediate in which the first water is released

1-28



General Introduction

and the second water molecule remains bound amdyskxchanged with the
bulk solution (Wong et al. 2008).

The capture of four electrons by the substratemstthe enzyme to its native
state; thus, the stoichiometric ratio correspondiiog the molar ratio of
substrate/dioxygen transformation is generally #4€1, four electrons withdrawn
from four substrate molecules per one dioxygen cedulf substrate molecules
donate more than one electron, a lower ratio (omai& values) may be observed.
Kurniawati and Nicell (2007a) reported that phecamhcentrations higher than 10
mM caused the ratio to approach the limit of 4/g@véttheless, this ratio can vary
between 4/1 and 1/1 depending on the nature anckotmation of the substrate,
and may even be lower in the case of polyphenojédaet al. 2010). Anyhow,
uncertainties remain about the electron transfethvpay and reduction of
dioxygen to water and thus, there is no clear singkechanism for laccase-
mediated reactions.

Other aspects related to laccases and non mentiometthis General
Introduction will be addressed throughout the défeé chapters of this Thesis
dissertation.

1.2.3. Applications of laccases

Two of the most intensively studied areas in theepital industrial application of

fungal laccases are the delignification and pulpabhing as well as the
bioremediation of contaminating environmental pwalhis (Kunamneni et al.

2007). However, many other applications have beeestigated; some examples
are listed below.

1.2.3.1. Laccasesin thetextileindustry

The use of laccases in the textile industry is gngwery fast since, apart from
decolorizing textile effluents, laccases are usedleach textiles, modify the
surface of fabrics and synthetize dyes. Thereflaexase-based processes might
replace the traditionally high chemical, energy amdter-consuming textile
operations (Rodriguez-Couto and Toca-Herrera 200&).instance, Campos et
al. (2001) reported the degradation of indigo bnteffluents and on fabrics using
purified laccases fronTrametes hirsuta and Sclerotium rolfsii in combination
with redox-mediators; they reported that bleachifigfabrics by the laccases
correlated with the release of indigo degradatiandpcts. More recently,
Pazarlogliu et al. (2005) showed that a phenol-¢edulaccase fronTrametes
versicolor was an effective agent for stone washing effedtslanim fabric.
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Tzanov et al. (2003) reported for the first time #nhancement of the bleaching
effect achieved on cotton using laccases in lowcentrations. As an alternative
to the chemical scouring of rove, Ossola and Gal@@04) studied the effects of
several enzymes including laccases under modematelitons for the flax
processing into yarn. Zille (2005) proved the &pibtf laccases for wool dyeing,
and Yoon (1998) patented the application of lacdase Trametes versicolor
plus a mediator to increase the shrink resistaheaol.

1.2.3.2. Medical and personal care application of laccases

Laccase can be used in the synthesis of complexicaeledompounds as
anesthetics, antibiotics, sedatives, etc., inclyditiazolo(benzo)cycloalkyl

thiadiazines, vinblastine, mitomycin, penicillin Himer, cephalosporins and
dimerized vindoline. Also, a novel application fidlor laccases is in cosmetics.
For example, laccase based hair dyes could berlgassit and easier to handle
than current hair dyes; cosmetic and dermatologpraparations containing
proteins for skin lightening have also been devetbfiKunamneni et al. 2008c).

1.2.3.3. Laccasesin thefood industry

Laccases have been used for the treatment of pahgih in beer factory
wastewater (Yague et al 2000), color in distillemastewater (Gonzalez et al
2000) and aromatic compounds in olive mill wast@wvdgaouani et al. 2005).
Moreover, the use of laccases was proposed fooxition and polymerization
of polyphenolic substances for wine clarificatidvifussi et al. 2002) as well as
for the stabilization of fruit juices (Piacquadioad. 1997).

1.2.3.4. Biosensor and diagnostic application of laccases

A number of biosensors containing laccase have bdemeloped for

immunoassays and for determination of glucose, atisnamines and phenolic
compounds (Kunamneni et al. 2008c). Laccase cothpleconjugated to

biobinding molecules (antibody, antigen, DNA, RNW#iptin, and streptavidin)

can be used as a marker enzyme for immunochemigstochemical,

cytochemical or nucleic acid detection assay (Sdranid Urlacher 2007). Bauer
et al. (1999) developed an enzymatic method basethacase to distinguish
morphine from codeine simultaneously in drug sasiglgected into a flow

detection system. Sabela et al. (2012) reportedudee of a glassy carbon
electrode modified with laccase for the detectibptenolic compounds in herbal
teas.
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1.2.3.5. Laccasesfor organic synthesis

Recently, increasing interest has been focused®empplication of laccase as a
new biocatalyst in organic synthesis. For examplxase-catalyzed cross-linking
reaction of new urushiol analogues for the pref@mabf “artificial urushi”
polymeric films (Japanese traditional coating) wiasnonstrated by lkeda et al.
(2001). It was also mentioned that laccase indueelical polymerization of
acrylamide with or without mediator (lkeda et @398). Laccase can also be used
to synthetize various functional organic compoumusuding polymers with
specific mechanicall/electrical/optical propertigsstile dyes, cosmetic pigments,
flavor agents and pesticides (Kunamneni et al. 2008

1.2.3.6. Laccasesin the pulp and paper industry

In the industrial preparation of paper the sepamnatind degradation of lignin in
wood pulp are conventionally obtained using chieriar oxygen-based chemical
oxidants; it was proved that the pretreatment obavgulp with laccase can
provide milder and cleaner strategies of deligaiitn (Barreca et al. 2003,
Gamelas et al. 2005). Most of the studies whickeHzeen patented in this field
are related to the use of laccase-mediator systentke pulp-kraft bleaching
processes (Kunamneni et al. 2008c). For exampldd@doand Vidal (2011)
investigated the use of laccase and various sud#dnanediators in laccase-
assisted bleaching of eucalypt kraft pulp. Moreengly, the potential of laccases
for functionalizing lignocellulosic fibers has beetudied. The laccase-based
biografting of phenolic compounds for improvingestgth properties of kraft
paper made from high-kappa pulps was evaluatedhandra et al. (2002, 2004).
Widsten et al. (2009) reported that laccase treatroembined with tannic acid
enhances the adhesion of fibers in the environigrfi@endly production of
fiberboard. Also, the internal bond of particle tmsis significantly enhanced by
laccase-catalyzed functionalization  with  4-hydr@«methoxybenzylurea
(Fackler et al. 2008). Recently, some researchave focused on using laccase
and some phenolic compounds for conferring antdsadt properties to
lignocellulosic materials (Fillat et al. 2012a).

1.2.3.7. Laccasesfor theremoval of pollutants

Laccases as well as laccase-mediator systems lemue duccessfully used to
oxidatively detoxify and remove a great number a@fytants, including dyes and
PAHs among others; some examples are summariZeabie 1.11.
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Chapter 1

Application of laccases for the removal of estrogens and anti-inflammatories

With respect to the target compounds assayed @ rdsearch, various works
previously reported the efficiency of laccase atase-mediator systems on the
removal of E1, E2 and EE2 (Table 1.11). Howevepdrtant challenges were
still pending once most of them were performed tbaise: the development of
technology for the continuous application of enzfimaemediation was still a
pending objective.

Regarding the target anti-inflammatory compound®XNand DCF), only
few works dealing with the removal of these polhtsawere published up to that
the current research was initiated: Marco-Urrealet(2010a, b) performeth
vitro experiments witiframetes versicolor laccase aiming to corroborate the role
of this enzyme during thian vivo treatment. Nonetheless, the benefits of using
laccases for bioremediation had not been expldaethe detoxification of these
emerging contaminants and thus, further interestiwgstigation could be still
conducted.

1.3. Objectives

In the present Thesis, the oxidation of estroganit pharmaceuticals compounds
has been investigated, selecting the natural anthetjc hormones E1, E2 and
EEZ2 and the anti-inflammatories NPX and DCF, duth&x proved presence and
negative effects in the environment. The use otdaes is proposed as an
advanced treatment, which could be an alternativeonventional processes as
well as to emerging AOPs.

The specific objectives can be described as follows

i.  Study and evaluation of laccase and laccase-medigiems in batch
reactors for the oxidation of the target compoubds$ also for their
detoxification.

ii. Design and operation of continuous bioreactors &uilifate the
implementation of the enzymatic treatment; différastrategies were
evaluated: enzyme immobilization by different teigues and enzyme
retention by a membrane.

iii.  Optimization of the continuous treatment by evahgthe main factors
affecting the removal and detoxification efficieesi

iv.  Application of the enzymatic treatment under rewlisconditions:
pollutants at environmental concentrations aneal matrix.
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General Introduction

v. Identification of the transformation products andaim reaction
mechanisms.

vi.  Investigation of a novel technology based on enziynmaicroreactors and
evaluation of its potential application for laccase
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Chapter 2

Laccase and laccase-mediator systems:
suitable tools for the removal of estrogens and
anti-inflammatories in batch reactors*
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* Part of this Chapter has been published as:

L. Lloret, G. Eibes, M.T. Moreira, G. Feijoo and JM. Lema, On the use of a
high-redox potential laccase as an adternative for the transformation of non-
steroidal anti-inflammatory drugs (NSAIDs), Journal of Molecular Catalysis B:
Enzymatic 97 (2013) 233-242.

L. Lloret, G. Eibes, T.A. Lu-Chau, M.T. Moreira, G. Feijoo and J.M. Lemg
Laccase-catalyzed degradation of anti-inflammatories and estrogens, Biochemical
Engineering Journal 51 (2010) 124-131.
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2. Laccase and laccase-mediator systems: suitableols for the
removal of estrogens and anti-inflammatories in bath reactors

2.1. Introduction

In this research, the use of laccases is proposeth alternative to perform the
oxidation of estrogenic and anti-inflammmatory campds. In a first step, the
removal of the estrogens: estrone (E1),B-&3tradiol (E2) and L#
ethinylestradiol (EE2), and the anti-inflammatoriesaproxen (NPX) and
diclofenac (DCF), is evaluated in batch reactomsiraj to establish the basis for
further development of more complex bioremediasgstems.

Laccase from the ascomycebdyceliophthora thermophila was initially
selected as the biocatalyst of interest once thiyrae is produced at industrial
scale with a price of 0.03-F@& per Unit (U) of enzyme activity. Moreover, this
low redox potential laccase can be heterologousfyessed in industrial hosts
(such asAspergillus oryzae) with high yields, compared with the basidiomycete
laccases whose heterologous expression providesceddyields currently
limiting their large-scale commercialization (Babat al. 2011). Thus,
Myceliophthora thermophila laccase has the advantage of being a commercially
available cheap enzyme, which would enable theeagalof a potential enzyme-
based technology. Nevertheless, removal yieldeddlcitrant substrates, such as
NPX and DCF, could be limited due to the low regmtential of the enzyme
(0.47 V) (Xu et al. 1999). Enhanced kinetics wobkl expected when using a
high redox potential laccase, such as the one fiicametes versicolor (0.78 V)
(Reinhammar 1972), which was, indeed, successitilized on the removal of
pharmaceuticals, such as oxybenzone, from munipifadary effluent (Garcia et
al. 2011); this enzyme is also commercially avaéaut at a price of 3.8-f0
€/U.

On the other hand, besides from the oxidation agpat laccase towards
diphenols and aromatic amines the range of substgdtentially degraded may
be wider by means of the action of mediators tloaisbthe oxidation capacity of
the enzyme (Bourbonnais and Paice 1990). Theseatoesliare usually low
molecular weight compounds that act as an ‘electsbnttle’ between the
oxidized enzyme and the target compound (Fabbtiai. 2002).

In case the mediator is present, it can be oxidibgd laccase and
subsequently oxidize the target compound which itkee substrate or non-
substrate of the enzyme, resulting in the formatdroxidation products and
regeneration of the mediator (scheme in Figure. Zhgrefore, the prospect of

2-3



Chapter 2

using mediators offers important possibilities to either indirectly increase the
range of compounds that can be oxidized through the action of laccase or to offer
multiple modes of attack on a substrate, thereby leading to enhanced conversion
of the target compound (Kurniawati and Nicell 2007b).

Products
0, Laccase
Substrate
Laccase Mediator,
H,0 ox o Substrate or non-substrate
Mediator

Products

Figure 2.1. Scheme of the oxidation of compounds by laccase and laccase-mediator
systems.

The most commonly used mediators are 1-hydroxybenzotriazole (HBT),
2,27-azinobis-3-ethylbenzothiazoline-6-sulfonate (ABTS) and violuric acid (VA)
(Fabbrini et al. 2002, Kurniawati and Nicell 2007b). However, the use of these
synthetic substances could imply important costs, the potential generation of
radical species with suspected toxicity and also, they have been suggested to be
scarcely biodegradable (Camarero et al. 2004). In this way, transformation of
nonphenolic aromatic structures was found when degrading lignin even by white-
rot fungi that produce laccase as the sole ligninolytic oxidoreductase (Geng and
Li 2002). Evidences suggest that free radicals of some fungal metabolites and
lignin-derived products are involved in that phenomenon, acting as laccase
mediators (Camarero et al 2007, 2008, Canas et al. 2007). The use of these low
cost and naturally occurring compounds may facilitate the application of laccase-
catalyzed systems in biotechnological processes. Some of these compounds (e.g.
p-hydroxycinnamic acids) are present in herbaceous plants as extractives forming
lignin carbohydrates bridges; others (e.g. phenolic aldehydes, ketones and acids)
are originated during lignin degradation and subsequently incorporated into the
soil organic matter (Camarero et al. 2007).

Taking these considerations into account, different mediators were
investigated in this work: i) synthetic: HBT and VA, and ii) natural mediators:
syringaldehyde (SA), vanillin (V) and the p-hydroxycinnamic acids p-coumaric
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acid (p-CA) and ferulic acid (FA); correspondingustures are depicted in Figure
2.2.

HBT VA SA

o °
H
N _N
\ AN
| NH HO r‘\/'t
N
\ o7 N o ~o o
OH H
OH

p-CA FA

\Y
6]
= o) o)
O
/O/\/H\OH :©/\)‘\OH
v
o HO HO
OH

Figure 2.2 Structure of the laccase mediators used in #search.

Furthermore, the optimum pH for a certain laccaselgzed reaction is
highly dependent on the substrate and moreover,cptld also limit the
efficiency of the enzymatic treatment because efggH-dependence of reactivity
and stability of mediator radicals, redox potentiithe substrate, etc. Overall, it
IS important to explore the effect of pH on thensf@rmation of compounds of
interest: estrogens and anti-inflammatories in daise, prior to further research,
despite the pH influence on laccase activity aathikty was also evaluated with
the corresponding preliminary experiments, aslitha presented.

Summarizing, two different laccases were evaluated effects of pH and
synthetic and natural redox mediators on both reihedficiency and laccase
stability were studied in this chapter, aiming stablish the groundwork for the
successful laccase-catalyzed transformation obgstic and anti-inflammatory
compounds. Furthermore, effort was paid to evalutte toxicity of the
biotransformation products from the laccase-catlyzeactions, which could
limit the applicability of this technology.
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2.2. Materials and methods

2.2.1. Chemicals

The target compounds: estrogens (E1, E2, EE2) atidnlammatories (NPX
and DCF), were purchased from Sigma-Aldrich. Stealkitions were prepared in
methanol (J.T. Baker, HPLC grade, 99.8%). ABTS prawided from Fluka. The
mediators evaluated: HBT, SA, VA, V, p-CA and FAemn purchased from
Sigma-Aldrich. All other reagents used were of gticél grade.

The recombinant yeaSaccharomyces cerevisae was kindly provided by the
Laboratory of Microbial Ecology and Technology (lbat, Ghent University,
Belgium). All MicrotoxX® test reagents, includingibrium fischeri bacteria, were
purchased from SDIX.

2.2.2. Enzymes

Commercial laccase fromMyceliophthora thermophila (56 kDa), namely
Novozym 51003, was provided by Novozymes. This areywas produced by
submerged fermentation of genetically modifiédpergillus sp. Trametes
versicolor laccase was purchased by Sigma-Aldrich with aivigctof ~13.6
U/mg, as indicated by the supplier. Three-dimeraistructure of these enzymes
can be found in literature and are shown in Figuge

(A) A (B) P

Figure 2.3.Three-dimensional representationMceliophthora thermophila (A) and
Trametes versicolor (B) laccases (from Lopez Cruz 2007 and Bertrarad. 2002).
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2.2.2.1. Determination of laccase activity

The activity of laccase was measured using a cokiric assay with ABTS as a
color-generating substrate, where the rate of dolonation was proportional to
enzyme activity.

The oxidation of 5 mM ABTS to its cation radical BAS™ due to the
catalytic action of laccase was monitored at a \emgth of 436 nm in 100 mM
sodium acetate buffer, pH 5 and 30 8@4= 29,300M" cm*) using a Shimadzu
UV-1603 spectrophotometer. One Unit (U) of actiwitgs defined as the amount
of enzyme forming 1 pmol of ABTS per min, and laccase activity was
determined as U/L.

2.2.2.2. Evaluation of the catalytic activity andtability of the laccases
Effects of pH and temperature on laccase activity

The effect of pH on laccase activity was invesgegaby using ABTS as substrate
as described above, but in 100 mM of citrate-phasghorate buffer once it is an
effective buffer from pH 3 to 11 (Kurniawati andadgll 2008, Xu 1997); pH
values in the range 2-7 were assayed. Relativeitiesi were determined as the
ratio of the obtained activity at the correspondihtyjand the maximum attained.

The effect of temperature (20-70°C) on laccaseviaictivas determined by
measuring activity at the corresponding temperatarel under standard
conditions previously detailed. The relative adyivivas calculated as the ratio
between the activity at each temperature and thenmian attained.

Effects of pH and temperature on laccase stability

The effect of the pH on the enzyme stability wasligtd by incubating laccases in
100 mM citrate-phosphate-borate buffer (pH 2-7)oaim temperature during 24
h. Laccase activity was determined at differentibation times; for this purpose,
appropriate volume of samples were taken and eamrsf to standard reaction
conditions in order to measure laccase activithveitmM ABTS. The residual
activity was calculated considering the laccaseviaet determined at the
corresponding incubation time and pH and the thmadanitial value.

Thermal stability was determined by incubating eneg in 100 mM
phosphate buffer (pH 7) at selected temperaturésemange 20-70°C. Samples
were periodically withdrawn aiming to determineidesl laccase activity as the
ratio of measured value and the theoretical indrag.
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Estimation of laccase affinity

Laccase affinity for the substrate ABTS was meabwader the standard
conditions previously indicated for the determioatiof laccase activity and at
concentrations in the range 25-1500 uM. Experinledia was fitted to
determine the Michaelis-Menten parameters by mixiimgi the sum of squared
residuals

2.2.3. Removal of estrogens hylyceliophthora thermophila laccase

Laccase-catalyzed removal of E1, E2 and EE2 wasayeds by using
Myceliophthora thermophila laccase. The experiments were performed in 50-mL
Erlenmeyer flasks sealed with Teflon under contirumagnetic stirring (about
150 rpm) at room temperature (about 25-26°C). Baetion medium (20 mL)
consisted of 5 mg/L of E1, E2 and EE2 (each andirsg¢gly) and an initial
laccase activity of 2,000 U/L. The effect of pH thre removal efficiency and
laccase stability was evaluated at pH 4 (100 mMaaeebuffer) and pH 7 (100
mM phosphate buffer) in the absence of mediatorreéSponding controls lacking
laccase were run in parallel and demonstrated rérabval of the compounds
only occurs in the presence of enzyme.

Samples were withdrawn to measure laccase actiuitger standard
conditions. Afterwards, samples were acidified t p by addition of HCl in
order to stop the reaction by the enzyme inactivasind were frozen until further
analysis. The residual concentration of E1, E2 &P in the samples was
quantified by high performance liquid chromatognagHPLC). All experiments
were performed in duplicate and samples were aedlywice. Removal yields
(%) were calculated considering the residual comagan at each monitored time
and the initial one (identical to that detectedhie control experiment after the
same period); residual activity (%) was calculagsl the ratio between the
measured laccase activity and the theoreticabinrlue.

2.2.4. Removal of anti-inflammatories

Removal of anti-inflammatory compounds, NPX and D@&s conducted using
laccase from different sourcedvlyceliophthora thermophila and Trametes
versicolor laccase; moreover, both laccase and laccase-roedigstems were
investigated in this case.
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2.2.4.1. Removal of anti-inflammatories by Myceiophthora thermophila
laccase

Effect of pH and HBT

Experiments were analogous to those for estrogemeval: NPX and DCF (5
mg/L each and separately) with 2,000 U/L\Mbfceliophthora thermophila laccase
at pH 4 and 7 in batch reactors (Erlenmeyer flaskéle use of HBT at a
concentration of 1 mM was also evaluated at bothesof pH. Controls in the
presence of mediator but lacking enzyme and thexserlg enzyme and mediator
demonstrated that the removal of the target comg®uakes place only by
enzymatic action.

Effect of natural mediators

The effect of various synthetic (HBT and VA) andural mediators (SA, V, p-
CA and FA), at a concentration of 1 mM, was asskesehe removal of the anti-
inflammatories at pH 4 and with an initial laccasgivity of 2,000 U/L.

Effect of mediator concentration

In order to determine the effect of the concerdratif the mediators, experiments
were carried out at pH 4, as described above, utiigrent concentrations of

HBT, VA and SA (mediators which provided the bessults in the previous

experiments) and an initial laccase activity of 0B,0U/L. Concentrations

evaluated were: 0.1, 0.25, 0.5, 1 and 2 mM.

2.2.4.2. Removal of anti-inflammatories byl rametes versicolor laccase
Influence of pH and mediators in batch experiments

Enzymatic removal of NPX and DCF (5 mg/L each amgasately) was also

investigated with 2,000 U/L oframetes versicolor laccase at pH 4 and 7. The
effect of using a synthetic and a natural medidBT and SA respectively, at a
concentration of 1 mM was investigated at both eslaf pH. The effects of pH

and mediators on both the removal efficiency andcdae stability were

examined; kinetics of the oxidation reaction aslwaelenzyme inactivation were
evaluated for the different experiments.
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Fed-batch removal of DCF

An additional experiment was carried out with them aof testing the
transformation of DCF in fed-batch operation to leate the capability of the
enzymatic system to remove consecutive loads dfijaolt. The experiment was
performed in a Biostat Q (B. Braun-Biotech Inteioal) reactor under
continuous stirring at 26°C controlled by circutgtithermostated water through
the reactor chamber. The reaction medium (250 rob}isted of 5 mg/L of DCF
in acetate buffer (100 mM, pH 4) and a single ahipulse of 2,000 U/L laccase.
Fed-batch addition of DCF (5 mg/L each pulse) wasied out every hour during
the course of the operation.

2.2.5. Toxicity evaluation

To investigate the potential toxicity of the mediwesulted from the enzymatic
treatment, various experiments were carried owt: riduction of estrogenic
activity of the effluent from experiments of E1, Ehd EE2 removal was
measured, whereas the toxicity of DCF transformmagiooducts was investigated
using MicrotoX test as well as by determining the aerobic bicakapility.
Samples withdrawn from the experiments conductedeuthe best conditions
evaluated were utilized for this purpose.

2.2.5.1. Determination of estrogenic activity

The estrogenic activity was measured by LYES (yesm$togen screen-assay
assisted by enzymatic digestion with lycticaseg finotocol was adapted from
that described by Schultis and Metzger (2004).

Yeast cultures, pre-incubated for 48 h, were resuded in fresh yeast-
peptone-dextrose medium (yeast extract 10 g/L,icgssptone 20 g/L, dextrose
20 g/L in distilled water). Samples of 50 pL wereligered into 1.5-mL
eppendorfs; distilled water was used as controthEgppendorf was inoculated
with 450 pL of yeast suspension. The eppendorfe wenled with parafilm and
incubated at 37°C. After 24 h, 200 uL of a stodicse solution (1 g/L; Sigma)
diluted in Z-buffer (10 x; 60 mM N&IPO,- 7 HO, 40 mM NaCl, 1 mM MgS@Q7
H,0, 50 mM 2-mercaptoethanol) was added. The solwtias incubated for 45
min at room temperature and then 175 pL Tween ¥ v/v; Merck) was
added. After 20 min of incubation (room temperatut@5 pL of a stock solution
of chlorophenol red galactopyranoside (1 g¢/L; Sigpmeas added. Finally,
absorbances at 550 nm and 630 nm were measure@ &ftey using a Shimadzu
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UV-1603 spectrophotometer. The estrogenic activitgs calculated by the
Equation (2.1):

Response® (Absisonm - A0SZ5onm ) - (ADSiamnm - AbSEonm) (2.1)

where x corresponds to the sample and blk to thealo

2.2.5.2. Aerobic biodegradability experiments

Aerobic toxicity was evaluated by the monitorizatiof cumulative oxygen
consumption during aerobic biodegradation of thenas. For this, aerobic
activated sludge collected from a membrane bioogactperated for the
postreatment of the effluent of an anaerobic UASBswsed. Sludge, with
concentrations 2.8 g VSS/L and 3.1 g TSS/L, wasvipusly washed with

phosphate buffer (10 mM, pH 7) and stored at 4°&yg@n consumption was
measured with an automated OxiTop device (WTW) isting of bottles with

manometric heads and a controller, and the detatiom was carried out
according to the Standard Methods (1999). The figokenwas based on
decreasing pressure inside the closed flasks comgaihe inoculated sample,
being proportional to oxygen consumption. The assagre carried out in
duplicate at 20°C and lasted 13 days until value®wnaintained constant.

2.2.5.3. MicrotoX test

Microtox® toxicity assays were performed by using a MicrBtorodel 500
Analyzer. The luminescent marine bacterivbrium fischeri was the bioassay
microorganism used for these experiments. The atdndmanufacturer's
procedure was followed to determine the toxicitiieTresults were expressed as
ECso1smin Which corresponds to the effective concentratidna sample that
causes a reduction in the light output of the Miax8 test organism by 50% in 15
min of contact, and were estimated according to‘Basic Test” protocol of the
software (Microbics Corporation, 1992).

2.2.6. Quantification of estrogens and anti-inflamratories

The determination of estrogens (E1, E2 and EE2remnation was carried out
through HPLC in a HP-1090 system (a Jasco XLC systas used for some
analysis) equipped with a diode array detector Hd #m. Chromatographic
separation was performed on a Lichrocart 250-4 roolupacked with

Lichrosphere 100 RP-18 5 um (Merck) and 2Q0of injection volume was used.
The mobile phase consisted of a binary mixtureobfesits A (acetonitrile) and B
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(50 mM phosphate buffer, pH 4.5) at a flow rateO8 mL/min. The gradient
method and running times were programmed as follanial conditions were
40% A for 1 min, then linearly programmed up to 80#til 20 min and held for
4 min, followed by a linear program at 40% for 5wraind held for 1 min.

Quantification of anti-inflammatory compounds (NRKXd DCF) was carried
out by HPLC by using the same system and monitdhiegabsorbance at 220 nm.
The injection volume was 200L and the isocratic eluent (acetonitrile:50 mM
phosphate, pH 4.5; 45:55) was pumped in at 0.8 nnL./m

2.3. Results and discussion
2.3.1. Evaluation of the catalytic activity and sthility of the laccases

The potential use of an enzyme in a bioprocessbeillavored by various factors,
mainly: i) low costs of production; ii) inexpensiege-factors substrates; iii) good
stability when stored under moderate conditionk;ability to exert its catalytic
activity under a wide range of conditions (Kurniawand Nicell 2008). As
indicated, production costs dflyceliophthora thermophila laccase were much
lower, although both commercial laccases were ugethe case of the more
recalcitrant compounds. Besides, laccases use pxggean inexpensive and
readily available oxidant. Also, it has been exie#ly reported that laccases are
relatively stable when stored under near neutrabpti below room temperatures
(Bonomo et al. 2001, Xu et al. 1996); even, theyehaeen also reported to show
catalytic activity under different conditions (Calhd Mucke 1997, Xu 1997).
Anyhow, the catalytic activity and stability of tlepecific laccases used in the
current work was evaluated under a wide rangeaiti@n conditions; concretely,
the effects of pH and temperature on both laccasgitg and stabilities were
investigated. The effectiveness of laccases in madystrial applications will
depend on their potential inactivation over timaelemthe operational conditions
of the reaction environment, mainly pH and tempee{(Kurniawati and Nicell
2008). Therefore, the study of the impacts of tHastors will permit to elucidate
the optimum conditions to ensure the robustnesthefenzymes, as well as to
decide the starting conditions for the next biatfarmation experiments.

2.3.1.1. Effects of pH and temperature on laccasetavity

Effects of pH and temperature on the laccase &ctni both enzymes were
investigated by assaying the activity at the cqoesling values of pH and
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temperature. Results found for Myceliophthora thermophila and Trametes
versicolor laccases are shown in Figures 2.4 and 2.5, respectively.

100 A

—_
(=3
(=]

(B)
80 y

Tw

3
[=]
!

60
40

IS
[=)
L L
+84

20 y 20 A

Relative activitiy (%)
=N
S
Relative activitiy (%)

0 T T T T 0 T T T T
20 30 40 50 60 70

pH T(C)
Figure 2.4. Effect of pH (A) and temperature (B) on the activity of Myceliophthora

S}
w
IS
w
=
-

thermophila laccase.

100 100 A

(A) (B)

80 1

(=) [
(=] (=]
L 1

60
[
40 4 40 A

20 A

Relative activitiy (%)
Relative activitiy (%)

[

(=] (=]
L

®

0 : : : :
20 30 40 50 60 70
pH T (°C)

5]
%)
&~ A
)]
(=2}
3

Figure 2.5. Effect of pH (A) and temperature (B) on the activity of Trametes versicolor
laccase.

Both laccases presented their maximum activity at high values of
temperature. This could be explained by the fact that, when the temperature is
elevated, there is a tendency for the reaction rate to increase (Kurniawati and
Nicell 2008). The decrease on laccase activity at temperatures higher than 60°C
could be due to the rapid laccase inactivation at those temperatures, as it will be
detailed in a following section of this chapter, which would result in a diminished
ABTS transformation; this is, the effect of the enzyme inactivation would be more
significant than that of high initial reaction rate due to temperature.

On the other hand, it was observed that laccases exhibited maximum activity
at pH 3; it means, optimal pH range for ABTS transformation is in the acidic
region. The pH optima for fungal laccases was generally reported in the acidic
region, with values which ranged from as low as 2.7 to as high as 7.5, but
tipically in the range 3.5-6, depending on the substrate (Call and Mucke 1997,
Gianfreda et al 1999).
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Research on catalytic mechanisms have shown thatatalytic reaction of
laccases involves: i) the sequential abstractioaleftrons from the substrate to
the T1 copper and subsequent sequential reducfiaheoT1 copper, ii) the
sequential internal electron transfer from the @thie T2/T3 copper cluster, and
i) the binding and subsequent reduction of oxytemvater at the T2/T3 copper
cluster, with the consequent oxidation of the tagestrate (Gianfreda et al.
1999, Kurniawati and Nicell 2008, Xu 1997). Thergbyy pH-related structural
or mechanistic changes in the substrate, oxygéscoase would contribute to the
pH-dependency of catalytic activity (Xu 1997). Bk, the pH may influence the
redox potential of the reacting species, affectirgoverall oxidation extent.

In this way, the oxidation of substrates by lacdadsghly dependent on the
redox potential difference between the substratk the T1 copper of laccase
(AE®), which is the driving force for the electron tséer (Call and Mucke 1997,
Xu 1997) and as shown in Equation (2.2):

AEC = EO(Tl copper) - Eo(substratya (2.2)

Due to oxidative deprotonation, the redox potentiibhenolic substrates
decreases as pH increases, whereas redox poteftialngal laccases was
reported to slightly vary by 0.1 V in the rangepdf 2.7-11 (Xu 1997). Thug\E°
would increase with the pH, which means a fastectadn transfer from the
substrate to T1 copper.

However, as the pH is higher there is also an asadn the hydroxide ion
(OH) concentration, which were reported to bind to T3 cluster, and thus
resulting in the disruption of the internal electrsansfer between the T1 and
T2/T3 centers (Kunamneni et al. 2007b); the valuaE of this process can be
expressed by Equation (2.3).

AEC = EO(TZ/TS coppers)- EO(Tl copper) (2.3)

The binding of anions reduces thé@ Ealue of T2/T3 coppers cluster
(Kurniawati and Nicell 2008), and consequently t¢hiring force for the internal
electron transfer (Xu et al. 1998, Xu 2001). Irstbase, the driving force of this
mechanism could be lower than that expressed bwtitou(2.2), thus becoming
the rate-limiting step (Xu et al. 1998).

Also, pH-dependence of oxygen reduction may alsituénce the pH
oxidation profile; the value ofAE° between oxygen and T2/T3 coppers is
expressed by Equation (2.4):
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AE® = E®(0,/H,0) - E®(T2/T3 coppers) (2.4)

E° (O,/H,0) tends to decrease as pH increases (Reinhamd) 488 thus,
AE®will be reduced at high values of pH. Even, thdtigaould be negative, thus
leading in thermodynamically unfavorable reactiBmrfiawati and Nicell 2008,
Xu et al. 1999, Xu 1997, 2001). This effect woudsbult in a decreased overall
oxidation rate at high pH values.

A combination of all these factors might contribtiethe creation of bell-
shaped oxidation profiles, as those depicted inréig) 2.4 and 2.5.

2.3.1.2. Effect of pH and temperature on laccaseadiility
pH stability

Effect of pH on the laccase stability was investgaby incubating the enzymes
in citrate-phosphate-borate buffer at the corredpan pH. Results for
Myceliophthora thermophila and Trametes versicolor laccases are depicted in
Figures 2.6.A and B, respectively.

Once the characteristics of ionizable side-chaind hence, the tertiary
structure of the enzyme, depend on pH, laccasedeanactivated at extreme
values (Kurniawati and Nicell 2008). In fact, it svabserved that both laccases
were particularly stable when incubated at neytid) whereas laccase activity
markedly dropped under acidic conditions; for ins&® Myceliophthora
thermophila andTrametes versicolor laccases retained about 10-30% of its initial
activity after 4 h of incubation at pH 4, but theyere almost completely
inactivate after only 1 h at pH 2.

In order to facilitate the comparison among stgbiftiesults found at the
different conditions evaluated as well as betweeth lenzymes, experimental
data was fitted to a first-order inactivation exgsien, as that shown in Equation
(2.5) by minimizing the sum of the square residunl®order to determine the
corresponding inactivation coefficientgjk

Activity = Activity o - exp(-kp -t) (2.5)

The results found for both laccases are showngnorgi2.7.
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Figure 2.6. Effect of pH on the stability of Myceliophthora thermophila (A) and Trametes
versicolor laccase (B). Values of pH evaluated: 2 (), 3 (0), 4 (4), 5 (©), 6 (0) and 7 (X).
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Figure 2.7. pH-dependent inactivation coefficients determined for Myceliophthora
thermophila () and Trametes versicolor laccase (o). Correlation coefficients (R?)
between 0.840 and 0.999 were found.

Higher values of kp were found for Myceliophthora thermophila laccase
since, although the residual activities after 24-h incubation between both enzymes
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were not extremely different, initial inactivatiorates were greater for this
enzyme as observed by the steeper slopes (Fidhie 2.

It is concluded from these results that a comprensslution should be
achieved, especially if longer catalytic reacti@me required, aiming to ensure
proper catalytic activity as well as its mainterarmmver time. Nonetheless, pH
impact could depend on the substrate to be tramsfrand also, it could affect
other species present in the reaction medium, agde reactivity and stability
of other co-factors like laccase mediators. Thbsg, influence of pH will be
further evaluated during laccase-catalyzed transdtion experiments of
estrogens and anti-inflammatories.

Thermal stability

Thermal stability of the laccases was investigdtgdncubating both enzymes at
temperature 20-70°C in phosphate buffer (pH 7).uRedor Myceliophthora
thermophila and Trametes versicolor laccases are depicted in Figures 2.8.A and
B, respectively.

Most enzymes are inactivated at elevated tempestwhich was reported
to be caused by denaturation of tertiary structhreugh protein unfolding or
disruption of the active site of the enzyme (D’Amiet al. 2003, Kurniawati and
Nicell 2008). In this way, both laccases retainked total initial activity when
incubated at 20 and 30°C, wherddgceliophthora thermophila and Trametes
versicolor enzymes were completely inactivated after onlynd @ h at 70°C,
respectively.

Considering these results, it should be notediththe enzyme is to be used
in a reaction system at a pH close to alkalineesland at temperatures lower to
30°C, it is expected that moderate portion of thwlgtic activity would be lost
due to pH and temperature. However, it could hagpahthe enzyme must be
used under acidic conditions or high temperatucefator its catalytic action
because of the recalcitrant character of the targmpound to be oxidized; in that
case, a rapid decline of enzyme activity will beseved and the biocatalyst
would be inefficient unless short reaction timedow levels of enzyme activity
are required.

Also in this case, experimental data was fittedfitst-order inactivation
expression (Equation (2.5.)); results for both emey are shown in Figure 2.9.
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Figure 2.8. Effect of temperature on the stability Myceliophthora thermophila (A) and

Trametes versicolor laccase (B). Values of temperature evaluated: 20 (>¢), 30 (x), 40 (D),
50 (), 60 (A) and 70 (o).
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Figure 2.9. Temperature-dependent inactivation coefficients determined for

Myceliophthora thermophila (e) and Trametes versicolor laccase (0). Correlation
coefficients (R*) between 0.890 and 0.996 were found.
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In this case, higherpkvalues, and thus greater temperature dependeece, w
found forTrametes versicolor laccase in comparison to that frdviyceliophthora
thermophila. This was expected once it is well documentated tinetmophilic
fungi, such asMyceliophthora thermophila, may comprise a rich source of
thermostable industrial enzymes (Berka et al. 199id)et al. (1996) reported that
Mycliophthora thermophila laccase not only is more thermostable than lascase
from the basidiomycete§rametes villosa and Rhizoctonia solani, but also
demonstrated a pronounced thermal activation duathprreincubation at elevated
temperatures gives higher activity. Thermal toleearof the corresponding
laccase could be an attractive feature for mantebimological applications.

The effect of the temperature on the inactivatite constant is described by
the Arrhenius expression as shown in Equation (2.6)

-E
kp = A- expﬁ) (2.6)

where kg is the inactivation coefficient, Hs the activation energy, A is the pre-
exponential factor, R is the universal gas constamd T is the
temperatureTherebyEEan be determined for both laccases by fittingrédsailts
of coefficients calculated for the different temgeires investigated to the
previous expression; the results along with theretation coefficients of the
fitting are shown in Table 2.1. Values about 100-K/mol were found for both
laccases.

Table 2.1Activation energy determined for both laccasesittiyn§ experimental data to
Arrhenius equation.

Enzyme E (KJ/mol) R
Myceliophthora thermophila laccase 109 0.980
Trametes versicolor laccase 101 0.965

In view of these results, a temperature of 25-3€8€ be selected for further
research once it still provided considerably ihiteaction rate (about 40% of the
maximum achieved at 60°C) and the enzymes retdhmtd total initial activity
after incubation for 24 h. Furthermore, it wouldrp& to reduce the energy
requirements of the enzymatic treatment, which a¢deg a limitation for the
implementation of the developed technologies. Ict, f&urniawati and Nicell
(2008) concluded that the optimal temperature fer application offrametes
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versicolor laccase was 30°C after evaluating the effect eftémperature on the
biotransformation of phenol: as the reaction preges at elevated temperatures,
the degree of thermal inactivation become more ifsigmt and the gains
associated with high reaction rates at the eaalgesbf the reaction are lost.

2.3.1.3. Estimation of laccase affinitiy

Although the electron transfer processes duringctitelytic action of laccases
were highlighted to discuss the effect of pH on ldezases activity profile, it is
also noteworthy that the electron transfer is et only important factor that
governs the catalytic reaction: the binding of bsttate to the T1 copper besides
the binding of oxygen to the T2/T3 cluster shoutdwr before electron transfer
can proceed. The binding of the substrate is conynogpresented by the
Michaelis-Menten constant, K and play an important role in laccase-catalyzed
oxidation: a substrate with a high,Kwhich means a low affinity of the laccase
for the substrate, might not be properly oxidizedrethough laccase presents a
high oxidation potential (Kurniawati and Nicell 280

To explore this effect, Kwas calculated for both enzymes by using ABTS
as model compound. The affinity @fametes versicolor laccase towards ABTS
appeared to be higher than thatMbfceliophthora thermophila: K., values of 34
and 56 pM were obtained, respectively. In view bése results, higher
transformation rates would be expected when ushagetes versicolor laccase,
although this might be dependent on the targettsatbs Both laccases exhibited
a Vinax Value in the range 2.7-3.1 mM/min.

2.3.2. Removal of estrogens hylyceliophthora thermophila laccase

The removal of estrogenic compounds (5 mg/L) irchatactors was evaluated
using a commercial enzyme froltyceliophthora thermophila (2,000 U/L). On
the other hand, it was demonstrated that this &paesents its higher activity at
acid pH but low stability, whereas the stabilityojgtimum at neutral and basic pH
although the activity is reduced. Therefore, laeezetalyzed removal of
estrogens was assayed at two values of pH: 4 aimdorder to study its effect on
both enzyme stability and removal efficiency.

Removal yields and residual activity determinecera?4-h treatment with
laccase under both pH values are shown in Figlf@ 2.
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Figure 2.10. Removal percentages of estrogens attained after 24 h of treatment with
Mpyceliophthora thermophila laccase at pH 4 (o) and 7 (m), and corresponding residual
activity (m and m, respectively).

As observed, the three assayed estrogenic compounds were successfully
removed by laccase at both pH 4 and 7 despite the observed enzyme inactivation
at acid pH; thus, it can be stated that pH does not have a remarkable effect on
estrogens elimination. However, a slight difference in the removal yield was
found for El1 at pH 4 and 7: it seems that pH 7 favoured El elimination,
increasing its transformation by 15-20%. Kim and Nicell (2006) also reported the
maximum conversion of the substrate bisphenol A by laccase at pH 6, which
corresponds to high stability but non-optimal pH in terms of maximum
instantaneous activity. They explained this phenomenon due to a lower loss of
activity by inactivation and/or an increased rate of interaction between the
substrate and enzyme. In fact, the redox potential of phenolic substrates tends to
decrease when pH increases (Xu 1997). Thus, the driving force which governs the
electron transfer between the substrate and the T1 copper (AE’, Equation (2.2))
would increase with the pH, and this translates into a faster electron transfer. This
explanation implies that in this case that effect would be more important than the
inhibition by OH™ anions binding and the pH-dependence of oxygen reduction
mechanism (see Section 2.3.1.1).

The efficient removal of these compounds without the use of a mediator is
probably caused by the fact that the selected estrogens contain phenolic groups
and therefore, they are direct substrates of the enzyme (Bourbonnais and Paice
1990).

Regarding laccase stability, as expected, remarkable laccase activity decay at
pH 4 was found; furthermore, laccase inactivation profile at pH 4 was fairly
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similar to that found during stability assays (Fgu2.6.A). These findings
indicate that estrogens present no significant ahpa enzyme activity. This was
corroborated by determining the inactivation cagdints (lg) through the fitting
of the experimental data to a first order inactoratmodel, as shown in Equation
(2.5), by minimizing the sum of squared residud@ilse results found for the data
collected from the experiments of estrogens remaahg with those of the
stability experiments are shown in Table 2.2.

Table 2.2.Deactivation coefficients resulted from fittingpetimental data obtained with
Myceliophthora thermophila laccase at pH 4 to first order inactivation rates.

coTrr?;r)%itnd ko () R
El 2.378 0.983
E2 2.297 0.973
E2 2.358 0.969
Stability assay 2.322 0.981

Conversely, the enzyme retained its initial laccastivity after operation at
pH 7, as occurred during the stability experimenthe absence of substrate. In
view of these results, estrogens removal by lacedspH 7 seems to be the
optimum strategy in terms of removal efficiency amtyme stability. In order to
verify this fact, concentration profiles of the regienic compounds during their
laccase-catalyzed removal at neutral pH were obtkialso, experimental data
were fitted to second order kinetics. Obtainedltssue shown in Figure 2.11.
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Figure 2.11. Concentrations of E1 (o), E2 (o) and EE2 (e) during the treatment with
Mpyceliophthora thermophila laccase at pH 7. Solid lines represent the fitting of data to
second order kinetics.

The results of kinetic coefficients obtained from the fitting are summarized
in Table 2.3.

Table 2.3. Kinetic coefficients resulted from fitting experimental data of estrogens
removal with Myceliophthora thermophila laccase at pH 7 to second order kinetics.

Target k R2
compound (L/(mg-h))
El 0.372 0.992
E2 0.903 0.994
EE2 0.646 0.988

High kinetic coefficients and thus, fast removal reactions were observed. For
instance, removal yields about 75-85% were achieved after only 1 h while nearly
complete elimination was detected after 2 h of treatment with laccase.

Envisaging the operation of a continuous reactor, the stability of the enzyme
is a key parameter. It was observed that the operation at pH 7 was beneficial not
only for enzyme stability but also for removal percentages. Moreover, neutral
values of pH would be favourable when working with real effluents, avoiding the
need of acidification before laccase treatment. Similar conclusions were reported
by Auriol et al. (2007), who selected pH 6-7 as the optimum for the enzymatic
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removal of estrogens. Hence, further investigatiealing with laccase-catalyzed
removal of estrogenic compounds was performed at.pH

2.3.3. Removal of anti-inflammatories

2.3.3.1. Removal of anti-inflammatories by Myceiophthora thermophila
laccase

Effect of pH and HBT

In order to evaluate the capability lifyceliophthora thermophila laccase (2,000
U/L) to remove the selected anti-inflammatory comnpas, NPX and DCF (5
mg/L), batch experiments were performed aimingdlec the optimum pH, as
previously conducted when dealing with estrogensoral. Moreover, the use of
HBT (1 mM) was included during these preliminarsas once this type of
compounds is known to be more recalcitrant. Rempiatis attained after 24-h
treatment under all the conditions evaluated aogvahin Figure 2.12.

NPX was not eliminated in the absence of mediatorthe use of HBT and
pH 4 was required to attain removal yield above 68@fgesting that NPX is not
a direct substrate of the enzyme. On the other ,h&@F was removed by
approximately 80% without the synthetic mediatdth@gh pH 4 was required
with the consequent laccase inactivation. The 6id¢éBI clearly enhanced DCF
transformation: complete removal was detected at $4Hand elimination
percentage higher than 50% was found at pH 7.
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Figure 2.12. Removal percentages of anti-inflammatories attained after 24 h of treatment
with Myceliophthora thermophila laccase in absence (A) and presence (B) of HBT, at pH
4 (o) and 7 (m), and corresponding residual activity (m and m, respectively).

In view of these results, pH 4 was selected for the following experiments and
the use of mediators was further investigated.

Effect of natural mediators

In this stage, the capability of a number of compounds, either produced by fungi
or present during the degradation of lignocellulose substrates, to mediate the
transformation of anti-inflammatories with laccase, was evaluated. The mediated
action of four natural mediators: SA, V, FA and p-CA, was compared with that of
synthetic mediators such as HBT and VA, all at a concentration of 1 mM. The
efficiencies of the mediators used are presented in Table 2.4.

2-25



Chapter 2

Table 2.4.Removal percentages (%) of anti-inflammatoriesiag¢d after 24 h of
treatment withMyceliophthora thermophila laccase at pH 4 in absence and presence of
natural and synthetic mediators.

Mediator NPX DCF
HBT 68 >9¢
VA 36 >99
SA <10 >99

% -P 95
p-CA - 92
FA - 85
- - 83

& Concentration below detection limits.
® No removal was observed.

Concentrations below detection limits, which implymoval efficiencies
higher than 99%, were found for DCF when HBT, VAI&A were used. In the
presence of V and p-CA high transformation efficies were also achieved, and
a removal yield fairly similar to that in the abserof mediator was detected with
FA. Contraringly, NPX was only removed when HBT amd were used (68 and
36%), whereas no transformation was observed veithral mediators.

The greater efficiency of HBT and VA as mediat@9robably caused by
their high redox potential: 1.1 and 0.92 V, respety (Fabbrini et al. 2002, Xu
et al. 2000). The redox potential of SA was denramstl to be lower, but this
means that it is more easily oxidized by laccasd aroreover, the lower
reactivity of SA radicals towards the substrate Mdoe compensated by their
relatively higher stability (Arzola et al. 2009, i@arero et al. 2005). Among the
natural mediators tested, SA provided the bestlteegorobably because of the
two methoxy groups of the molecule (see structiurdsgure 2.2), which would
facilitate its oxidation by laccase due to the esponding electron donor effect;
however, V presents a single methoxy substituentti® other hand, FA and p-
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CA provided the lowest enhancement in comparison with respect to the use of
laccase alone. This could be explained by the fact that, although both compounds
present hydroxyl groups (like V and SA) as well as unsaturated C-C double bond
which can provide additional attack site, they also have a carboxyl group; hence,
the redox potential of these molecules may increase and thus being oxidized by
laccase to a lesser extent. Camarero et al. (2007) reported a lower efficiency of p-
CA as a laccase mediator as a result of both higher pKa of its phenolate group and
the lower stability of its radicals compared with those of SA that have lower pKa
and form stable radicals.

Complete NPX and DCF concentration-time profiles were determined when
using HBT, VA and SA to evaluate in more detail the effect of these mediators;
the results are depicted in Figure 2.13.
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Figure 2.13. Concentrations of NPX (A) and DCF (B) during the treatment with
Mpyceliophthora thermophila laccase at pH 4 in the absence of mediator (X) and in the
presence of HBT (e), VA (O0) and SA (o).
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NPX was partially removed in the presence of HBVAr 50 and 30% after
8-h reaction, respectively, which means that onlglight improvement was
attained after 24 h (Table 2.4). With regard to D@moval yields above 80%
were already obtained in the presence of the nmdiaafter only 2 h of
incubation; even more, no DCF was detected afterchtalyzed reaction with
SA.

Effect of mediator concentration

High concentrations of mediators could lead to merdased efficiency of the
laccase-mediator system; however, excessive mediataentration could result
in undesirable reaction byproducts (Majeau et@L03. Besides, this could imply
a limitation of the system in certain applicatiofsy instance in wastewater
treatments, due to the high cost of the mediatodsthe negative impacts on the
effluent toxicity, especially when using synthetizediators (Kurniawati and
Nicell 2007b). The effect of the concentration lné tmediators on the removal of
the anti-inflammatories assayed was evaluated (Eigii4).

A concentration of 1 mM HBT was necessary to rendi?X by 50% after 8
h of treatment; lower concentrations of the medibtd to a NPX removal of only
10-20% for the same period of time. However, tleedase of HBT concentration
to 2 mM did not enhance the removal efficiency. @e other hand, no
transformation was observed when SA was used asatogdindependently of
the concentration assayed. VA mediated the elindnabf NPX with a
transformation percentage of 40% for the highesteatration of the mediator (2
mM). Regarding DCF transformation, it was proveadtttiBT concentration
could be reduced to 0.5 mM without limiting its rewval efficiency: this anti-
inflammatory was completely eliminated after onliz &ith 0.5 or 1 mM of HBT,
and the reaction was even faster with 2 mM HBT .aGremoval yields were also
achieved with SA; however, 2 mM VA was required attain complete
transformation of DCF in less than 4 h of batchrafen.
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Figure 2.14. Concentrations of NPX and DCF during the treatment with Myceliophthora

thermophila laccase at pH 4 in the presence of HBT (column A), SA (column B) and VA

(column C). Symbols represent variable concentrations of the mediators: 0.1 (0), 0.25 (e),
0.5 (o), 1 (m) and 2 mM (X).

2.3.3.2. Removal of anti-inflammatories by Trametes versicolor laccase
Influence of pH and mediators

In the previous section, the enzymatic removal of anti-inflammatories was
investigated by using Myceliophthora thermophila laccase with variable pH and
mediators. Nonetheless, removal rates were not extensive, which might be due to
the low redox potential of the enzyme and the important recalcitrant character of
NPX and DCF. In fact, the use of mediators and acid pH were mandatory
conditions to achieve significant efficiencies.

Therefore, a laccase with higher redox potential: Trametes versicolor
laccase, was selected for further research. Furthermore, the influence of pH and
mediators (HBT was used as synthetic mediator and SA as natural one) were
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further investigated and discussed in this stagéhefwork. Batch experiments
were conducted for the biotransformation of 5 mgfIDCF and NPX (each and
independently), with an initial enzyme activity23D00 U/L and in the absence or
presence of 1 mM of HBT or SA; all conditions wekaluated at pH 4 and 7.

The influence of pH and mediators not only on tkeenaval efficiency
(Figures 2.15.A and B) but also on the enzyme KtalfFigures 2.15.C and D)
was explored. Besides, both transformation reactind enzyme inactivation
kinetics were studied and the corresponding paensi€k and k, respectively)
were determined by minimizing the sum of squaresidtels, as previously
conducted with estrogens, for all the conditiossaged (Tables 2.5 and 2.6,
respectively).
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Chapter 2

Effects on the removal yields

Among all the conditions tested, NPX was signifibaremoved at both pH 4 and
7 in the presence of HBT, while a slight removalkvedbserved at pH 4 in the
presence of SA (Figure 2.15.A). A removal perceatelgse to 95% was attained
after 24 h by laccase-HBT system and pH 4, althduigh elimination yields of
80 and 89% were achieved after only 2 and 8 heatsly. Lower removal rates
were observed at pH 7: NPX was eliminated by 708ér &4-h treatment in the
presence of HBT. It can be observed that NPX canagon was reduced more
rapidly during the first hours of operation and esed slower after 8 h. This is
the typical tendency expected for second ordertikisieand thus, this model was
applied to test the experimental data. This bemasowuld be promoted by the
enzyme deactivation, which is more pronounced at itiitial hours of the
experiments. Also, it may be due to the instabiityhe nytroxyl radicals (N-
generated by laccase-catalyzed oxidation of HBTichvimight decay into species
that are no longer functional as mediators (Caliéaet al. 2003). The differences
in treatment efficiency as function of pH can beilgacompared by analyzing the
kinetic coefficients (k) obained: laccase-HBT syst#epicted a constant of 0.032
L/(mg-h) at pH 7, which increased to 0.445 L/(mghpH 4 (Table 2.5).

Regarding DCF, promising results were obtainedbit ltaccase and laccase-
mediator systems (Figure 2.15.B). At neutral pHtiparemoval of DCF (27%)
was observed in the absence of mediator after 2¢hich corresponded to a low
kinetic constant of 0.004 L/(mg-h) (Table 2.5). Nekieless, the use of SA
increased DCF removal up to 50% (k=0.014 L/(mgamyg was nearly complete
when using HBT as evidenced by the higher kinatiestant: k=0.182 L/(mg- h);
moreover, removal yield of 84% was already attaiater only 4 h by using the
synthetic mediator. Furthermore, the efficacy @& treatment was significantly
improved at acid pH as indicated by the more proned slopes. Also at pH 4,
the best results were found with the laccase-HBsTesw, followed by laccase-SA
and the laccase system without mediator: DCF wdewbeletection limits
(removal percentage up to 99%) after only 30 minar@ 4 h, respectively
(k=2.618, 1.028 and 0.643 L/(mg- h)).
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Table 2.5.Removal percentages of NPX and DCF attained Witmetes versicolor
laccase under all the conditions evaluated andikineefficients resulted from the fitting
of experimental data to second order kinetics.

Target Time  Removal k

compound P MR )" e Lmg-ny R
- A - - -
4 HBT 24 94 0.445 0.995
SA 24 <10 b -
NPX
7 HBT 24 70 0.032 0.993
SA i i i i
- 4 >99 0.643 0.993
4 HBT 0.5 >99 2.618 0.987
SA 2 >99 1.028 0.980
DCF
- 24 27 0.004 0.940
7 HBT 24 98 0.182 0.994
SA 24 50 0.014 0.956

#No removal was observed.

® Data were not fitted to the second-order kinetinatipn, only slight removal
was observed.

¢Concentration below detection limits.

The rationale behind the higher efficacy obsenadXCF in comparison to
NPX may be explained on the different chemicalcttes. In general, electron
donating groups (EDG) are prone to oxidative attashereas electron
withdrawing groups (EWG) generally diminish reaittivBoth NPX and DCF
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contain a carboxylic acid group, which is a str&@WG; however, DCF is based
on an aromatic amine, an EDG-type functional grompich may decrease the
potential redox of the compound. Indeed, laccase&m@own to be able to attack
amine groups of molecules (Hoff et al. 1985). Shmiéffect was observed by
Almansa et al. (2004) who studied the influencedifferent dyes structure on
their removal by laccase. These authors identified the presence of carboxyl
groups in tartrazine structure was responsiblé@frbore recalcitrant behavior of
the dyes, while hydroxy-substituted dyes were thesomost susceptible to the
enzyme action.

As indicated above, poorer reaction rates were doainneutral pH, even
though the redox potential of aniline compoundshsas DCF was reported to
decrease at high pH values (Daneshgar et al. 2@@®the other hand, higher
removal yields of both anti-inflammatories wereamtéd at pH 4 in spite of the
enzyme inactivation, which corresponds to a pHelwsthe optimum value in
terms of maximum activity. The recalcitrant chaeaaf NPX and DCF forced to
operate at those conditions which provided the marm catalytic activity of the
biocatalyst to achieve extensive removal efficieni@spite the poorer enzyme
stability. Furthermore, Xu et al. (2000) reportédttthe redox potential of HBT
does not significantly vary with pH in the rangevibeen 4 and 9, contrarily to
other phenolic substrates of laccases. Thus, thieehiefficiency of the laccase-
HBT system on the removal of anti-inflammatoriepldt4 in comparison to pH 7
appeared to be caused by the higher relative pctifithe enzyme at acid pH and
consequently a higher initial oxidation rate. e ttase of SA, it was reported that
the stability of the phenoxy radicals (CyGormed by its laccase-catalyzed
oxidation is higher in slightly acidic agueous naef(lCamarero et al. 2005).

In addition, the lower removal of NPX and DCF at gpHn comparison to
that at pH 4 could be also explained by the faett tfhese compounds are
primarily deprotonated at neutral pH (pKa 4.0-43udrez et al. 2008)). This
could result in an electrostatic repulsion thatdeirs the surface-complex
formation, necessary for electron transfer (Hulieale2003). Furthermore, the
driving force of the reaction would be increasedHigher H concentrations as
protons are also reactant in the redox reactiowadet by laccase (Forrez et al.
2010).

With regard to the effectiveness of the mediatthg feasibility of the
laccase-mediator system greatly depends on thendedacombination between
stability and reactivity of the mediator radicdtswas observed that HBT allowed
for the highest removal yields, probably due to lingh redox potential of this
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mediator, 1.1 V (Xu et al. 2000), which may favbe thigher reactivity of the
corresponding N-Oradicals despite their short half-life and rapidcaly to
benzotriazole (Cantarella et al. 2003, Murugesamlef010). However, both
HBT and SA, which belong to N-OH and C-OH groupsspectively, were
proposed to act via hydrogen atom transfer mechafidurugesan et al. 2010,
Torres-Duarte et al. 2011). Therefore, the diffeeem redox potential between
enzyme and mediator could limit the reaction bt ¢éimthalpic balance between
the dissociated bond in the target substrate amdattming one in the mediator
would be the driving force of the substrate tranmsftion (Cafias and Camarero
2010). Although Kawai et al. (1989) detected thaD'Cadicals generated by the
laccase-catalyzed oxidation of SA are converted admpounds which are not
involved in the laccase-mediator system, Camareab €2005) indicated that SA
forms more stable radicals due to the presencevofrbethoxy groups on the
aromatic ring that prevent the formation of biphetype structures by radical
condensation. Moreover, high oxidation capacitySéf is expected due to the
electron donor effect of those methoxy substituents

Overall, the results evidenced the important endianent achieved by using
laccase fromTlrametes versicolor in comparison to the previous results for that
from Myceliophthora thermophila. For instance,Trametes versicolor enzyme
allowed complete elimination of DCF after only 4ahd 30 min by laccase and
laccase-HBT systems, respectively, at pH 4; howeymzration times of 24 and 2
h were required to attain significant yields (83 amearly 100%) when using
Myceliophthora thermophila laccase. The improvement was more noticeable for
NPX: no transformation of this compound was detketiter 24-h treatment with
Myceliophthora thermophila laccase at pH 7 in the presence of HBT and a
removal yield of 68% was attained at pH 4, whilemetes versicolor laccase
provided elimination efficiencies of 70 and 94% enthe same conditions. These
results are explained on the different redox paénof the laccases T1 site: 0.78
V for Trametes versicolor laccase (Reinhammar et al. 1972) and 0.47 V for
Myceliophthora thermophila laccase (Xu et al. 1999). The use of a laccase with
high redox potential would be translated into emeanreaction rates due to the
higher rate of electron transfer from the substtatthe T1 copper in the active
site of laccaseAE’, Equation (2.2)), which is generally regarded Iz tate-
limiting step in the laccase-catalyzed reactionsr{kawati and Nicell 2007Db).
Moreover, a higher affinity oframetes versicolor laccase for the substrate was
found (ABTS was used as model), as it was prewouslicated.
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Additionally, removal percentages achieved werehéigthan those of
conventional biological systems in wastewater tregit plants: e.g. the
degradability of DCF was reported to be low (ab@W) in the aerobic
biological treatment and highly variable (betweear@l 75%) in the anaerobic
treatment (Carballa et al. 2004). Advanced oxidapoocesses (AOPs) such as
ozonation were successfully applied but differestuits were reported with these
technologies and high doses of the reagents weqréreel in some cases to attain
high removal yields. lkehata et al. (2006) desctimemplete degradation of
pharmaceuticals by several AOPs in high qualitytexaater. However, Gagnon
et al. (2008) obtained low removal efficiencieswmsn 21 and 29% for DCF and
NPX by UV treatment, and the same authors repaatad removal of NPX but a
high concentration of ozone of 15 mg/L was necgssar

The use of white rot fungi was also proposed byousr researchers due to
their demonstrated capacity to degrade and detorifalcitrant environmental
pollutants. Marco-Urrea et al. (2010a) attainedasiirtomplete removal of NPX
at 10 mg/L after 6 h by fungal cultures ®fametes versicolor, which was
attributed to the action of laccase and the inthalee enzyme cytochrome P-450.
These authors also achieved complete removal of BGF and intermediates by
Trametes versicolor pellets within 24 h (Marco-Urrea et al. 2010b).dRde-
Morales et al. (2012) reported the operation afedi tank and fixed-bed reactors
for the removal of anti-inflammatories by free anumobilized Phanerochaete
chrysosporium. However, the complexity of thesa vivo systems and the
difficulties of their application under non-steridenditions make the use of the
enzymes a more attractive alternative; howevely & researchers utilizeith
vitro systems for the removal of anti-inflammatory cormpas prior to the current
research. Eibes et al. (2011) reported removatlyief 55-80% within 7 h and
100% after only 20 min of 2.5 mg/L of NPX and DQEspectively, by using
versatile peroxidase, and Zhang and Geif3en (20it@)ned complete elimination
of DCF at 5 mg/L in 2 h with lignin peroxidase hwith high amount of KD,
above 3 mg/L. Nonetheless, the use of atmosphetygem as final electron
acceptor represents a considerable advantage éorapiplication of laccases
compared with peroxidases and would facilitate ithplementation of laccase-
catalyzed processes.
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Effects on the enzyme stability

Laccase activity was monitored during the enzymdtEatment under the
different conditions evaluated aiming to study thafluence of the biocatalyst
stability. The activity profiles obtained for NPXhé DCF treatment were fairly
similar, as observed in Figures 2.15.C and D, mwspmdy, where the profiles
found for the stability experiments are also plbis reference.

The biocatalyst was slightly inactivated over tinstthour of operation at pH
7, as occurred when studying the stability at fitis and thereafter the remaining
activity was maintained constant. For instance,rdsdual laccase activity was
85 and 91% after 24 h of laccase-catalyzed remmfaNPX and DCF,
respectively, while a value of 94% was found durtihg corresponding stability
experimentThese results suggested an additional inactivatiento the presence
of the anti-inflammatories in the medium, more oedéble in the case of NPX and
it was even more pronounced in the presence ofaterdi

Greater impacts were detected during the expersratntH 4 as observed in
the activity profiles and once again, the presarid¢PX and DCF led to a higher
deactivation in comparison with experiments lackfuipstrate, although similar
residual activities in the range 5-9% were founigraP4-h operation. This fact
was verified by the values of deactivation constaks values were 0.757 and
0.552 K' in removal experiments of NPX and DCF respectiveljereas it was
0.449 R for the stability assays (Table 2.6).
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Table 2.6. Residual activity after 24 h of enzymatic treatmefifiPX and DCF with
Trametes versicolor laccase as well as after the enzyme stabilityyassand inactivation
coefficients resulted from the fitting of experint@indata to first order inactivation

kinetics.
Target : Residual ko )
H  Mediator S ! R
compound P activity (%) (hh
- 5 0.757 0.939
4 HBT 1 1.510 0.970
SA 15 0.356 0.892
NPX
- 85 a -
7 HBT 76 - -
SA 82 - -
- 7 0.552 0.923
4 HBT 2 1.347 0.967
SA 19 0.317 0.887
DCF
- 91 - -
7 HBT 82 - -
SA 89 - -
- - 9 0.449 0.916
Stability
assays . ] 94 ) ]

“Data were not fitted to the equation, only initi@ctivation was observed.

Despite the excellent removal results achieved WABT at pH 4, this
mediator was proved to cause a detrimental effacthe enzyme since nearly
complete inactivation was measured after 24 hafdae-mediated treatmenp€k
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1.510 and 1.347 ‘hfor NPX and DCF, respectively). Laccase inactivati
induced by HBT was previously reported in other kgdiocused on the removal
of other type of substrates such as dyes (Chhatbwd. €£009) and triclosan
(Murugesan et al. 2010), and it could be attributedhe attack of free radicals
from the mediator which could oxidize the aromatino acid residues on the
protein surface (Aracri et al. 2009, Li et al. 198 is expected that high
concentrations of mediator entail faster reactiaithough at the expense of
greater enzyme inactivation, which would imply aluetion of the global
processing capacity (Kurniawati an Nicell 2007b).

Interestingly, SA seems to exhibit a stabilizingeef, which resulted ink
values lower than that for the stability assay:stants between 0.356 and 0.317
h* were found. Indeed, residual activities of 15 4886 were detected for NPX
and DCF, whereas the enzyme retained only 5-7%soinitial activity in the
absence of the mediator. The same stabilizing teffes observed by Fillat et al.
(2010) when studying the stability Bfcnoporous cinabarinus laccase with and
without the mediator in the absence of target satestMai et al. (2000) found
some phenolic compounds acting as enzyme agersishdize laccase by their
binding to the active sites or suitable points bé tenzyme protein chain.
Additionally, SA is considered a natural mediatod econsequently, it would
facilitate the application of the laccase-mediasystem in environmentally
friendly biotechnological process. This makes thediator an interesting choice
for particular applications, such as the oxidatidmon-phenolic compounds or
when slow reaction rates are expected and/or Igrgadion is required. Indeed,
although HBT has been one of the most extensivady umediators (Johannes and
Majcherczyk 2000), SA has been also successfully applied onldbease-
mediated removal of various compounds such as (§amarero et al. 2005),
triclosan (Murugesan et al. 2010) and pesticidesr€s-Duarte et al. 2011).

Fed-batch removal of DCF

Laccase-catalyzed removal of DCF was also evaluatéed-batch operation by
the addition of 5 mg/L of the target compound te thaction vessel every hour.
The profiles of DCF concentration and laccase dgtare shown in Figure 2.16,
as well as the kinetic coefficients obtained byfitteng of experimental data to a
second order rate equation, considering the corat@n measured after the DCF
pulse as the initial concentration of the corresjog batch.
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10 2500
k4=0.184 L/(mg-h) ks=0.141L/(mgh) ke=Q.120L/(mg-h)
k3=0.252 L/(mg-h)

k,=0.364 L/(mg-h) 2000
k;=0.705 L/(mg-h

1500

DCF (mg/L)
(=)}

1000

500

Laccase activity (U/L)

time (h)

Figure 2.16. Concentration of DCF (0) and laccase activity (e) during the enzymatic
treatment in fed-batch operation with Trametes versicolor laccase at pH 4. Solid lines
represent fitting of removal profiles to second order kinetics; kinetic coefficient for each
batch are also provided (correlation coefficients (R? up to 0.995 were found).

The results appeared to evidence the influence of the enzyme activity on the
kinetics since the kinetic constant was progressively reduced from the first to the
sixth batch in parallel to the decrease of laccase activity. For instance, kinetic
coefficients were 0.705, 0.364 and 0.252 L/(mg-h) for initial activities of 2,000,
945 and 810 U/L, respectively; however, from the fourth to the sixth batch, the
constants were fairly similar because the enzyme activity was maintained at
similar levels between 720 and 550 U/L. Nevertheless, removal rates of DCF
were progressively increased from 3.90 to 4.81 mg/(L-h) (data not shown) due to
the accumulation of the target compound in the medium with increasing
concentrations (5-9 mg/L) during the different batches.

Anyhow, these results demonstrated the potential capability of the enzymatic
system to remove the selected anti-inflammatory compounds with low enzyme
requirement. DCF was eliminated by 76% with 2,000 U/L and at initial
concentration of 5.16 mg/L (first batch), while reductions of 8 and 15% on the
removal percentage in the second and third batches were observed for a laccase
activity about 2 and 2.5-times lower even though the initial concentration of DCF
was considerably higher (6.45 and 7.60 mg/L, respectively).

2.3.4. Toxicity evaluation

Evaluation of toxicity of reaction medium after enzymatic treatment was
performed with those samples taken from experiments run under the most suitable
conditions evaluated: samples from experiments conducted at pH 7 for E1, E2 and
EE2 removal with Mpyceliophthora thermophila laccase, and samples from
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experiments at pH 4 in the case of DCF transformation with Trametes versicolor
laccase without mediator.

2.3.4.1. Reduction of estrogenic activity after E1, E2 and EE2 removal by
laccase

Although the catalyzed transformation process was demonstrated to be effective
in eliminating the target compounds, the main focus concerning the removal of
estrogenic substrates should be the residual estrogenicity as these compounds are
the major contributors to the estrogenicity associated to sewage treatment plants
effluents, and their biotransformation products could still present significant
toxicity (Aerni et al. 2004, Leusch et al. 2005).

Therefore, further analyses were conducted aiming to evaluate the potential
detoxification attained by using Myceliophthora thermophila laccase. For this
purpose, samples taken after 1, 2, 8 and 24 h of laccase-catalyzed removal of El,
E2 and EE2 at pH 7 were analyzed by LYES assay. The reduction of estrogenic
activity (%) was determined considering the estrogenicity measured for each
monitored time and compound and that of time zero, it means, before laccase
addition (identical to the level detected in the control experiment). The obtained
results are shown in Figure 2.17.

EE2
HH
E2
=
El
Hi
0 25 50 75 100

Estrogenic activity reduction (%)

Figure 2.17. Estrogenic activity reduction after 1 (0), 2 (m), 8 (m) and 24 h (m) of removal
of E1, E2 and EE2 at pH 7 with Myceliophthora thermophila laccase.

The data revealed the successful detoxification of the reaction mixture by
using laccase: no estrogenic activity was detected in 24-h samples, estrogenicity
reduction levels higher than 95% were found after 8 h and values between 83 and
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91% were observed after only 2 h. However, detoaiifon efficiencies were
slightly poorer after 1 h: estrogenic activity rerab of up to 81-84% was
determined for E2 and EE2, whereas 30% of resielstabgenicity was still found
when removing E1. Anyhow, these results corrobdréttat the disappearance of
the target compounds takes places in parallel thighelimination of their related
estrogenic activity.

These findings are consistent with previous studisgriol et al. 2008,
Tamagawa et al. 2006), which reported the coridbetween estrogenicity and
the removal of the parent compounds when usingakeccor manganese
peroxidase in batch experiments. Tsutsumi et @l0ER also demonstrated the
ability of these enzymes to reduce the estrogestivity of different compounds,
such as bisphenol A and nonylphenol. In that cd8d, was used as mediator to
attain total removal after 6 h of batch operatidhis strongly suggests that
ligninolytic enzymes are promising tools to perfdim effective detoxification of
wastewaters contaminated by estrogenic substances.

2.3.4.2. Aerobic biodegradability and MicrotoX evaluation after DCF
removal by laccase

Aerobic toxicity of the medium resulted from thezgmatic treatment of DCF
with Trametes versicolor laccase at pH 4 was evaluated by the monitorizaifo
cumulative oxygen consumption. Experiments werefopemed with samples
taken after 8 h of laccase-catalyzed transformatbrDCF as well as with
samples from the corresponding controls lackingyenz aiming to investigate
the impact of the enzymatic treatment on the bicattapility. Results obtained
for 8-h samples and untreated solution are showigare 2.18.
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Figure 2.18. Cumulative oxygen consumption during aerobic biodegradation experiments
with samples taken after 8 h of enzymatic transformation of DCF by Trametes versicolor
laccase at pH 4 (®) and corresponding control lacking enzyme (o).

Low values of oxygen consumption were found for untreated DCF confirmed
the persistence of this compound, as previously reported (Quintana et al. 2005). In
contrast, the results clearly evidenced that treatment by laccase increased the
biodegradability of the medium being the values of oxygen consumption
significantly higher for the sample after enzymatic removal, especially for
experiments intervals longer than 4 days. For instance, values of 300 and 650 mg
O,/L were found for the untreated samples after 4 and 10 days, whereas values
2.5-fold higher were found for the laccase-catalyzed treated solution. This
improved aerobic biodegradability of the enzymatic treatment effluent suggests
the generation of less toxic products and thus, it would favor the applicability of
laccase-catalyzed removal system as an environmentally-friendly technology for
the elimination of this type of compounds from aquatic media.

Microtox® test was also carried out to evaluate the toxicity of the laccase-
catalyzed transformation products of DCF; for this purpose, different samples
were analyzed and results are presented in Table 2.7.
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Table 2.7.Microtox® test results of the different samples analyzesl/duate the toxicity
of DCF transformation products after treatment Witmetes versicolor laccase at pH 4.

Sample ECso,15 min (%)
Control 29

8-h treatment with laccase 8
8-h treatment with laccase + ultrafiltration 57

8-h treatment with laccase + aerobic biodegradation 97

First, control (untreated solution) and 8-h samplese analyzed, obtaining
values of 29 and 8%, respectively. Since lower eslEG, mean higher toxicity
to Microtox® test bacteria, results show that toxicity is iased after laccase
treatment. This effect was thought to occur duthopresence of the protein in
the solution which could limit the determination ibyerfering in thdight output.
Therefore, the sample was filtered by using an Amicell (Millipore) with a 10
kDa ultrafiltration membrane aiming to separate ¢éinegyme from the medium.
With this, the value of E& of the resulted sample would correspond to thaef
DCF transformation products and moreover, a sanipden a continuous
treatment of DCF with laccase where the enzymetaned by immobilization or
by using a membrane would be simulated. It wasrobsgethat the toxicity of this
sample was considerable lower than that of untdeatdution: a value of 57%
was determined, suggesting the generation of listoamation products less
toxic than the parent substrate. Furthermore, Miofotest was also applied for
the 8-h sample after the aerobic biodegradatiorerx@nt described above. In
this case, the toxicity of the products was evevelo an EG, close to 100% was
detected.

2.4. Conclusions

The results presented in this chapter demonstrdtedability of laccases and
laccase-mediator systems to remove estrogenic and-inlammatory
compounds, as well as the feasibility for the sasfié reduction of toxicity of the
treated medium. The results obtained from charaetton of the enzymes in
terms of pH and temperature impacts served as basihe biotransformation
experiments and discussion of the correspondingtses
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In the case of estrogens, E1, E2 and EE2 werergietd byMyceliophthora
thermophila laccase at both pH 4 and 7. Thus, envisaging tipdication of a
continuous bioreactor, neutral pH can be seleatedhe transformation of this
type of compounds once it is beneficial not onlydazyme stability but also for
removal percentages (significant transformatioriciefficies were found within
only 1-h operation), and moreover it was expectedalor the treatment of
wastewaters, avoiding their acidification.

Furthermore, LYES analysis of samples resulted frra enzymatic
treatment proved that the elimination of the tammhpounds leads to a parallel
elimination of their estrogenicity. Hence, laccasg¢alyzed treatment is presented
as a promising tool for the detoxification of wagi¢ers containing estrogenic
substrates. In view of these results, further me$eavas directed towards
developing different reactor configurations whidlowa an efficient utilization of
the enzyme, thus conferring high productivity aoa tosts.

With regard to anti-inflammatories, two differemizgmes were evaluated
for the removal of NPX and DCF at different valw#fspH and with various
laccase mediators. The identified as the optimuratexjy to attain significant
removal efficiencies of anti-inflammatories whéfyceliophthora thermophila
laccase is used, is the application of laccaseamdisystems under acidic
conditions. In this way, the effect of synthetic disors, HBT and VA, was
evaluated, yielding degradation efficiencies ofa®8 36% for NPX, respectively,
whereas almost complete elimination of DCF (belogtedtion limits) was
detected. Besides, various natural mediators (SA-€A and FA) were tested
aiming to ensure an environmentally friendly andstexffective technology.
Among the compounds assayed, SA provided the bssits: DCF was removed
within only 1 h with 1 mM SA, although NPX transfieation was not affected by
the use of these mediators.

The use of a high-redox potential enzymeametes versicolor laccase, leads
to more favorable kinetics due to the increasaEt between the substrate and
the T1 copper of the biocatalyst. Results proveth héemoval yields for NPX (70-
94%) after 24 h in the presence of HBT at neutndl acidic pH, while DCF was
completely transformed at pH 4 within shorter pgsiofrom 30 min to 4 h, both
in the absence or presence of mediators. The dper@ta higher pH implied the
addition of mediators to remove DCF: 50 and 98%df@armation yields were
found for SA and HBT, respectively. Kinetic parapret of the transformation
reactions and laccase inactivation coefficientseweseful for the estimation and
comparison of the results for the different expemnmal conditions assayed.
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The improvement provided by the natural mediator i comparable to
that found for the synthetic mediator HBT when remg DCF, despite its lower
redox potential. This was probably caused by tgreiscant higher stability of SA
radicals in comparison to nytroxil radicals genedatby HBT oxidation.
Furthermore, it was proved that HBT provokes furtimactivation of laccase
under acidic conditions, probably because of tkecktof its free radicals which
could oxidize the aromatic residues on the prateifiace.

Interestingly, laccase-catalyzed treatment of DCAS wroved to result in
biotransformation products less toxic than the mparsubstrate, with a
considerable higher aerobic biodegradability. Herthés technology might be
considered as a basis for the development of enayrpeocesses applicable to
the environmental field for bioremediation of aimflammatories and even many
other emerging contaminants.
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L accase immobilization, char acterization and
application of the biocatalysts*

Thermostated water \

Laccaseimmobilized on Eupergit C 250L

Difussiond glass spheres

Air

Influent

o

* Part of this Chapter has been published as:

L. Lloret, G. Eibes, G. Feijoo, M.T. Moreira and J.M. Lema, Continuous
operation of a fluidized bed reactor for the removal of estrogens by immobilized
laccase on Eupergit supports, Journal of Biotechnology 162 (2012) 404-406.
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3. Immobilization of laccase, characterization andapplication of
the biocatalysts

3.1. Introduction

In Chapter 2, the capability of soluble laccasemfifdyceliopthora thermophila
for the removal of estrogenic compounds was dematest estrone (E1), B+
estradiol (E2) and kifethinylestradiol (EE2) were successfully elimimheithin
short treatment periods at neutral pH and eveharabsence of mediator.

However, the use of free enzymes is usually limitgd their potential
inactivation by inhibitory compounds, extreme valwé pH or high temperatures.
Furthermore, technology must be applied aimingréwvery of the enzyme in
order to avoid its release with the product as aslto facilitate the reuse of the
biocatalyst and consequently to reduce the opegtioosts. With the goal of
overcoming these challenges, immobilization isrtteest commonly used method
for enzyme stabilization; additionally, immobilizan of the enzymes allows for
their simple physical separation from the reactiwedium, enabling the enzymes
to be applied in continuous systems (Bornscheu@8,2Qunamneni et al. 2008b,
Osma et al. 2010). In this sense, enzyme immohkibizeseems to be the most
straightforward way to implement laccase-basedtrtreat in continuous mode.
Nonetheless, the immobilization procedures couldultein conformational
alterations of the enzyme and loss of catalytidviigt (Fernandez-Fernandez
2012). Specifically, immobilized laccases have beesed for various
applications: e.g. decolorization of dyes (Kunamrenal 2008b, Yamak et al.
2009, Russo et al. 2008), treatment of olive oil mastewaters (D’Annibale et
al. 2000, Berrio et al. 2007) and even for the troietion of biosensors (Vianello
et al. 2004) and enzyme-based fuel cells (Nogadéd €006).

A classification of the main immobilization methocisuld be as follows: i)
Immobilization on supports by physical, ionic owvatent binding mainly by the
amino groups of the protein; ii) entrapment of thezyme by its physical
retention in a porous solid matrix such as polyiaemde, collagen or alginate;
iif) encapsulation in a polymeric network synthetizin the presence of the
enzyme resulting in its physical retention; andsg)f-immobilization by the use
of bifunctional cross-linkers (Bayramoglu and Ari2@09, Brady and Jordaan
2009, Dayaram and Dasgupta 2008, Fernandez-Femm&tde®). A scheme of
some of these methods is depicted in Figure 3.1.
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Adsorption Covalent binding

Entrapment Encapsulation

Figure 3.1.Scheme of the immobilization of enzymes by diffenmethods (adapted from
Fernandez-Fernandez et al. 2012).

In this research, attention was paid to two diffiéienmobilization methods:
covalent immobilization of the laccase on commércsupports and
immobilization by encapsulation in a sol-gel matrix

Enzyme immobilization by covalent binding onto apport has the
advantage of tight fixing of the enzyme, which miides its leaching from the
carrier. Moreover, the formation of multiple cowaldoonds between the enzyme
and the support is expected to reduce conformdtiiesibility and thermal
vibrations, thus preventing protein unfolding anehaturation (Hanefeld et al.
2009). The application of covalent immobilizatioachniques considers two
different possibilities: either the use of inertrreexs which can be properly
activated or the use of commercially availablev&cg8upports. Among the latter,
Eupergit carriers have been reported to be effediwports for immobilization
of laccases (Hublik and Schinner 2000, Katchalskizik and Kraemer 2000,
Knezevic et al. 2006, Russo et al. 2008). Eupesgjiports (epoxy-activated
acrylic polymers) have been developed between 1&7d 1980 by Ro6hm,
Darmstadt, Germany. These carriers are very stabtk present satisfactory
chemical and mechanical properties, being congsides@itable for covalent
immobilization of enzymes for industrial applicatfo(Kraemer et al. 1985).
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On the other hand, the incorporation of enzymessiiica matrices has
demonstrated to be a good strategy to immobilizymes with considerably high
efficiency, which can be successfully accomplisheg using the sol-gel
technology (Reetz et al. 2000, Sangeetha et aB)2@dl-gels are a new class of
materials that have been found to be suitable Heritnmobilization of various
biological molecules (proteins, enzymes, antibgdmBstheir encapsulation into
the sol-gel matrix during the formation of the hygkel (Hanefeld et al. 2009,
Sangeetha et al. 2008). Numerous advantages ofptimsedure have been
indentified: e.g. improved resistance to thermabl arhemical inactivation,
remarkable stability of encapsulated enzymes dustogage and operation, and
the immobilization procedure takes place at milchdibons for the enzyme.
Moreover, sol-gel polymers are non-toxic, they doswell in aqueous or organic
solvents, and present mesoporous structure andplighvolume which facilitate
the diffusion of the substrates and their intemactvith the enzyme (Gill 2001,
Hanefeld et al. 2009). The sol-gel technique oftensists of using the route with
methyltrimethoxysilane (MTMS) and tetramethoxysdafT MOS) as precursors,
as performed in the current research. Their infiiarolysis in aqueous medium
brings about the formation of the sol solution; mpthe crosslinking of this
solution in the presence of the enzyme, self-omgidn into a porous three-
dimensional network occurs, providing high yieldsrmamobilization via enzyme
encapsulation (Gill 2001, Jin and Brennan 2002g8atha et al. 2008, Vidinha et
al. 2006).

The main goal of the work presented in this chaptas to investigate the
immobilization of Myceliophthora thermophila laccase for its application on the
continuous removal of estrogenic compounds. Witls thim, laccase was
immobilized on Eupergit supports as well as by peatation in a sol-gel matrix:
both procedures were optimized and the resultingatalysts were characterized
regarding their stability and catalytic activityesva wide range of conditions.
Furthermore, packed bed reactors (PBRs) were pedpand applied for
bioremediation purposes. First, the bioreactorewssed for the decolorization of
a synthetic dye, Acid Green 27 (AG27), to demonstthe feasibility of the
technology as well as to evaluate the potentiakability of the biocatalysts;
afterwards, the PBRs were utilized for the contusicemoval of E1, E2 and EE2.
In view of the results obtained and the operabdityhese bioreactors, a fluidized
bed reactor (FBR) was applied aiming to improve dfiiciency of estrogens
removal by laccase immobilized on Eupergit suppartss bioreactor was used
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for the elimination of estrogens at concentratiasisow as 100 and 10 pg/L and it
was operated for 15-16 days to investigate itsilgtabnd that of the biocatalyst.

3.2. Materials and methods
3.2.1. Chemicals and enzyme

E1l, E2 and EE2 were purchased from Sigma-AldridtoclS solutions were

prepared in methanol (J.T. Baker, HPLC grade, 9%.8%?2 -azinobis-(3-

ethylbenzothiazoline-6-sulfonate) (ABTS) and thes d%G27 were purchased
from Fluka. All other reagents used were of anefftigrade. The precursors
MTMS and TMOS used for the enzyme encapsulatiorevsepplied by Sigma-
Aldrich. Epoxy-activated acrylic beads, Eupergitatd Eupergit C 250L, were
purchased from Rohm GmbH.

The recombinant yeaSaccharomyces cerevisae was kindly provided by the
Laboratory of Microbial Ecology and Technology (loadt, Ghent University,
Belgium). Laccase fromMyceliophthora thermophila was supplied by
Novozymes.

3.2.2. Determination of enzyme activity

Laccase activity of free enzyme was determined byitaring the oxidation of
ABTS as described in Chapter 2. Immobilized laccastivity was assayed by
incubating 20 mg/mL of biocatalyst preparation iscdution of 5 mM ABTS (in

100 mM sodium acetate, pH 5) at 30°C. Immobilizadchse activity was
expressed in U/g biocatalyst.

3.2.3. Protein estimation

Protein estimation was performed by a Pi8r@&0 nm Protein Assay Kit
(Thermo Scientific), using bovine serum albumirstdard.

3.2.4. Immobilization of laccase by encapsulatiomisol-gel matrix

Laccase was encapsulated in a sol-gel matrix bynmmeé the formation of a
hydrogel. Prior to immobilization, the sol was paegd as described by Veum et
al. (2004) by the hydrolysis of the precursors used i\Tand TMOS). Acidic
water (1.38 mL, pH adjusted by the addition of H®Hs added to a mixture of
MTMS (2.10 g), TMOS (9.08 g) and distilled watef(4 mL), being the final pH
~2.80, and stirred vigorously in a 100 mL roundtdmt flask to obtain a
homogenous mixture; the formed methanol was theroved by using a rotary
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evaporator. The mixture was then cooled at 0°Cveater was added to restore
the same volume of the methanol removed. The solupirepared was used
immediately for the encapsulation of the enzyme.

Laccase was dissolved in 100 mM phosphate buftdrq) centrifuged and
filtered. Then, the precursor solution (sol) anel diluted enzyme were mixed at a
ratio of 50:50 (v/v, %). The concentration of thezyme in the solution was the
suitable according to the selected ratio of mgrotein per mL of sol precursor.
The mixture was stirred for 20 s and maintained4f& min; after that period of
time the mixture gelled, obtaining a hydrogel witie enzyme encapsulated
inside. The resulted hydrogel was cut in partigth diameter less than 3-4 mm,
washed with 100 mM phosphate buffer (pH 7) andestat 4°C.

Different values of mg of protein/mL sol precursegre evaluated: 2.2, 4.4,
6.6, 11 and 22 mg/mL sol precursor. The immobiiaatefficiency was
determined as the difference between the totakprdbaded and the remaining
protein in the supernatant.

3.2.5. Immobilization of laccase on Eupergit suppas

Laccase was immobilized on Eupergit supports by rtiethod described by
Katchalski-Katzir and Kraemer (2000). First, theyane was diluted in 100 mM
phosphate buffer (pH 7), centrifuged and filteredr fits subsequent
immobilization. The selected amount of laccase wéged with 0.5 g of the

carrier in 1 M phosphate buffer (pH 7) in a finalwme of 5 mL. The mixture

was vortexed for 2 min and then, the suspension imagbated at room

temperature with gentle shaking for 24 h. The lalgat was then filtered using a
glass filter (Whatman), washed with 100 mM phosehiaaiffer (pH 7), dried

under vacuum and stored at 4°C.

Different amounts of laccase: 11, 22, 55, 110 a&d g (22-880 mg of
preotein/g of support) were evaluated to studydfiect on the immobilization
efficiency and biocatalyst activity, and two diffet supports were tested:
Eupergit C and Eupergit C 250L. Controls with idegtexperimental conditions
lacking support were performed in parallel. Boumdt@in was calculated from
the difference between the protein content in tlo@trol and the protein
remaining in solution of the immobilization assdye recovered activity was
calculated as the ratio of the measured activityhef solid biocatalyst and the
theoretically immobilized one onto the support. sThiheoretical activity was
defined as the difference between the laccaseitgctiv the controls and the
remaining in solution in the supernatant of the whitization assay.
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3.2.6. Characterization of the biocatalysts

Both encapsulated enzyme and covalently immobilileetase on Eupergit C
250L were biochemically characterized by assayhmgjrtcatalytic activity and
stability over a wide range of conditions.

3.2.6.1. Optimum pH and temperature

The effect of pH on the activity of immobilized gmzes was investigated by
determining laccase activity in 100 mM citrate—ghteete—borate buffer at
different pHs in the range between 2 and 7. Toysthé effect of temperature,
laccase activity was measured at 20-70°C. Relatitiwities were calculated as
the ratio between the activity at each evaluated ggHemperature and the
corresponding maximum attained.

3.2.6.2. pH and thermal stability

The effect of pH and temperature on the immobilimedymes stability was
studied by incubating the biocatalyst in 100 mMat#é—phosphate—borate buffer
(pH 2-8) at room temperature and in 100 mM phogspbaftfer (pH 7) at selected
temperatures (20-80°C), respectively. Samples weegodically taken and
transferred to standard conditions to determineréisédual activity as the ratio
between the measured activity and the theoretidzili one.

3.2.6.3. Stability against chemical inactivation

The stability of immobilized enzymes against differ inactivating agenta/as
tested by incubating the biocatalysts in 100 mMiwndacetate buffer (pH 5)
containing different inhibitors, which were indivdlly assayed: 30 uM NaNL10
UM ZnCh, 10 uM CoCJ, 10 uM Cad, 25% (v/v) methanol and 25% (v/v)
acetone; these experiments were also performedngghaccase.

3.2.6.4. Determination of kinetic parameters

Kinetic parameters of immobilized enzymes were rmiaitged by measuring the
laccase activity under standard conditions usingT8Bas substrate at
concentrations in the range of 25-1500 uM. Thempatars values were obtained
by fitting experimental data to the Michaelis-Mantequation (Sigma Plot 7.0,
SPSS Inc).
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3.2.6.5. Storage stability

The storage stability of immobilized laccases wagstigated at 4°C and at room
temperature; corresponding residual activities weeasured after 1, 2 and 3
months of storage.

3.2.7. Application of encapsulated and immobilizedaccase on Eupergit
supports for the removal of pollutants in PBRs

Both encapsulated and immobilized enzyme on Eup€rg@50L were applied for
the removal of the dye AG27 and for the transforomabf E1, E2 and EE2 in the
corresponding PBRs.

3.2.7.1. Description of the PBRs used
PBR with encapsulated enzyme in sol-gel matrix

The PBR with laccase encapsulated in a sol-gelixnais constructed using a
50-mL closed beaker (Millipore Amicon cell) equippewith 0.45 pm
polyethersulfone filter (Millipore), which was pastk with 10 g of biocatalyst
(10.7 U/g). The reactor system was operated at roemmperature under air
pressure to allow the influent to flow through #ecapsulated enzyme bed. Due
to the difficulties in maintaining a constant inlidkdw rate, the HRT slightly
fluctuated between 50 and 60 min. A scheme of timyreatic reactor system is
shown in Figure 3.2.

Figure 3.2.Scheme of the PBR used for the continuous remdval pE2 and EE?2 as
well as for the removal of AG27 in consecutive @gmmbus cycles by encapsulated
laccase. 1-Feed storage, 2-Feed inlet, 3-Air idkSelector valve, 5-Compressed air
supply, 6- Reaction cell containing the packed w&h encapsulated enzyme, 7-Products.
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PBR with immobilized enzyme on Eupergit supports

The PBR used for the application of immobilizedckse on Eupergit supports
was based on a 50 mL glass column (16 cm heigltmZnternal diameter)

packed with 10 g (9.7 U/g) of biocatalyst and ofextaat room temperature. The
influent was fed to the bioreactor at a HRT of ®0#6in through the top of the
column, which contained a ceramic filter in the tbot part to retain the

biocatalyst.

3.2.7.2. Decolorization of the model synthetic dy&G27 by immobilized
laccases in PBRs

The previously described PBRs were used for theldgzation of the synthetic
dye AG27 used as a model compound in order to ttestfeasibility of the
enzymatic system. Furthermore, the PBRs were agbiiatrepeated continuous
cycles of 4 and 5 h for covalently immobilized aedcapsulated laccase,
respectively, to investigate the potential reusgiaf the biocatalysts.

For this purpose, the bioreactors were continuofezlywith a solution of 50
mg/L of AG27 in phosphate buffer (100 mM, pH 7) aadthe operational
conditions previously detailed. After one cyclecohtinuous operation (4 or 5 h),
the operation was stopped and the solution wasneblai Afterwards, the
biocatalyst was washed with 20 mL of 100 mM phosphwffer solution (pH 7)
by its continuous circulation through the packed.bEhen, the operation was
restarted for the following cycle.

Samples were periodically withdrawn from the biatea effluent to
measure laccase activity in order to evaluate tbeential leaching from the
support. Also, samples from the influent and efilueere collected to measure
the AG27 concentration by the determination of tdesorbance and thus,
calculating the percentage of decolorization a#din(%). Moreover, an
experimental control was performed under identicahditions but with the
biocatalysts prepared with previously inactivatedyene (at 105°C for 4 h) to
evaluate the percentage of dye eliminated by tkeration.

Scanning electron microscope (SEM)

SEM pictures of laccase immobilized on Eupergit8D12before and after AG27
decolorization in the corresponding PBR were takgrusing a Field Emission
JSM-7500F (JEOL) equipment. The samples, previodsbd under vacuum at
105°C, were mounted on a metal stub and sputteitacyald in order to make the
sample conductive, and the images were taken ateaierating voltage of 1 kV.

3-10



Laccase immobilization, characterization and application of the biocatalysts

3.2.7.3. Continuous removal of E1, E2 and EE2 by imobilized laccases in
PBRs

The previously described PBRs with encapsulatedake and immobilized
enzyme on Eupergit supports were applied for theiwoous removal of E1, E2
and EE2 from a mixture of 5 mg/L (each) in 100 mhbgphate buffer (pH 7). In
this case, the operation was continuously mainteioe8 h.

Samples were taken from the bioreactors influeudt effluent to determine
the concentration of estrogens by high performaligeid chromatography
(HPLC) in order to calculate the level of removahi@ved (%). Residual laccase
activity of the biocatalyst was determined afteh,8when the operation was
stopped. Corresponding controls were conducted wr#viously inactivated
enzyme to determine the potential elimination @& thrget compounds due to
adsorption.

3.2.8. Continuous removal of E1, E2 and EE2 by imnlized laccase on
Eupergit supports in a FBR

A different reactor configuration was proposednpiove the efficiency of the
enzymatic system: the operation of a FBR with laedanmobilized on Eupergit
C 250L was considered in this section.

3.2.8.1. Description of the FBR used

The FBR used for the continuous removal of E1, &® BE2 consisted of a glass
jacketed column with internal diameter of 5 cm draight of 11 cm (working
volume of 215 mL), filled with 4 g of biocatalys2q U/g). It comprised ceramic
filters in the upper and lower ends allowing thinéion of the biocatalyst. Glass
spheres were used to fill the lower compartment facditate the homogenous
diffusion of air and feed stream. Air was suppltedthe bioreactor at a flow of
0.5 L/min to maintain the fluidization of the beddato ensure the homogenous
mixture of the biocatalyst in the whole reactor wok. Temperature was
maintained at 26°C by circulation of thermostateden The influent was fed to
the bioreactor through the bottom of the columnsgheme of the reactor is
shown in Figure 3.3.
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Figure 3.3.Scheme of the FBR used for the continuous remaiviall, E2 and EE2 by
immobilized laccase on Eupergit supports.

Determination of the residence time distribution (RTD)

The determination of the RTD curve by stimulus-mese experiments was
carried out to characterize the hydraulic behawsifothe FBR. With this goal, an
aliquot of 0.1 mL of NaOH (20 M), which was usedt@er, was injected in the
feeding during the operation of the bioreactor vdistilled water. Samples were
periodically withdrawn from the effluent to measuheir conductivity, which
would be correlated with NaOH concentration by tleeresponding calibration
curves. The experimental data obtained were adjustéhe tank-in-series model
described by Levenspiel (1999) to obtain the RTBrabteristic of the bioreactor.
From this, the number of ideal tanks connecteceites (N), which represent the
EMR was calculated. A low number of N would meaattthe behavior of the
bioreactor is similar to that of a complete stirtadk reactor, whereas a high
value of N means a behavior similar to a plug fleactor (Fogler 2006).
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3.2.8.2. Continuous removal of E1, E2 and EE2 by imobilized laccase in a
FBR

Experiments performed at level of mg/L

In a first experiment, the continuous bioreactoswperated for 10 h. The reactor
was fed with a mixture of E1, E2 and EE2 at a cotredion of 5 mg/L (each) in
phosphate buffer (100 mM, pH 7) at a HRT of 50 rffeed addition rate 6
mg/(L-h)) to ensure identical addition rate of egéms per unit of enzyme to that
in the PBRs (about 0.06 mg/(L-h-U)).

Removal vyields (%) were calculated from the differe between the
concentration in samples taken from the influend affluent of the FBR,
determined by HPLC; removal rates expressed indesinmg removed/(L-h)
were also calculated. Laccase activity of the Hilgat was determined after 10
h, when the operation was stopped. Moreover, cbrgsgperiments were
conducted under identical conditions with the bialyst prepared with
inactivated enzyme in an attempt to determine tlergial removal by
adsorption.

Experiments performed at level of pug/L

In a subsequent experiment, the reactor was fédawvstock solution of 100 pg/L
of estrogens (each) in phosphate buffer (100 mM7pkt a HRT of 50 min (feed
addition rate of 120 pg/L-h) in order to evaludte feasibility of the system to
remove the compounds at much lower concentratiglaseover, the bioreactor
was operated for 15 days aiming to investigatesttbility and that of the
biocatalyst.

An additional experiment was carried out to study potential application of
the FBR to remove E1, E2 and EE2 at concentratiboser to environmental
levels. For this purpose, the bioreactor was feith whosphate buffer (100 mM,
pH 7) containing the estrogens at a concentratfohOoug/L; the system was
operated for 16 days. Aiming to study the effecthaf HRT, its value was varied
between 50 and 150 min in periods of 3 days foh @atue of HRT assayed, with
the consequent change in the feed addition raten,Tthe operation of the reactor
was maintained until a significant biocatalyst imztion was observed. These
conditions are detailed in Table 3.1.
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Table 3.1.Operational parameters of the long-term experirpenfiormed in the
FBR for the continuous removal of estrogens at Q.

Operational HRT Feed
Stage periods . addition rate
(days) (min) (Mg/L-h)
I 1-3 50 12
Il 4-6 75 8
I 7-9 100 6
v 10-16 150 4

For these experiments performed at initial conediains at level of pg/L,
guantification of estrogens was done by liquid omtography atmospheric
pressure chemical ionization tandem mass spectroris€-APCI-MS-MS) and
estrogenic activity by yeast estrogen screen aassigted by enzymatic digestion
with Iyticase (LYES). The removal yields of bothrgat compounds and
estrogenic activity (%) were calculated considetimg concentrations detected in
the influent and effluent of the bioreactor; remorates, expressed in terms of
ug/(L-h), were determined. Corresponding controlsrew carried out with
biocatalyst prepared with inactivated enzyme tduata the potential adsorption.

Furthermore, laccase activity was monitored asofat samples of
biocatalysts were taken directly from the insidetltdd FBR by interrupting the
continuous feed flow and opening the upper parthef column. After being
filtered under vacuum, samples were analyzed umtiendard conditions to
determine residual laccase activity. After washwith phosphate buffer (100
mM, pH 7), the biocatalyst was recycled back tortactor and the operation was
immediately restarted in order to restore the stestate operation of the FBR.

3.2.9. Determination of the concentration of the AG7 dye

AG27 transformation was determined by measuring twresponding

absorbance at its maximum absorption wavelengtl (&%) with a Shimadzu
UV-1603 spectrophotometer. The percentage of dezateomn was calculated as
the ratio between the concentration of the dye vafipect to the initial value.
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3.2.10. Determination of estrogens concentration
3.2.10.1. Quantification of estrogens at level of gi_ by HPLC

Determination of E1, E2 and EE2 concentrations BLE was conducted by
applying the method described in Chapter 2.

3.2.10.2. Quantification of estrogens at level ofgll. by LC-APCI-MS-MS

Determination of E1, E2 and EE2 in samples takemfexperiments performed
at 10 and 100 pg/L of initial concentration was dusted by LC-APCI-MS-MS.
The LC system used (Alginet 1100, Alginet Techn@ey was equipped with
Synergi 4u MAX-RP 80A column (4.60 mm x 250 mnum, Phenomenex) for
analyte separation. The injection volume was [0 and the mobile phase
consisted of a binary mixture of 0.1% formic acidv] in water (A) and 100%
methanol (B) at a flow rate of 0.7 mL/min. The dead was as follows: initial
conditions were 70% B, increased linearly up to 88%2 min, followed by a
linear program to 94% until 15 min.

Mass spectrometry was performed using an API 40p0& tquadrupole mass
spectrometer (Applied Biosystems) and MS/MS wasiediout in the multiple
reaction mode (MRM) using APCI in positive mode.eTialues of the main
parameters of the source are shown in Table 3.2.

Table 3.2.Source-dependent parameters for LC-APCI-MS-MSyail

Parameter

Collision gas (psig) 6
Curtain gas (psig) 14
lon source gas nebulizer (psig) 15
Nebulizer current (LA) 3
Temperature (°C) 450
Entrance potential (V) 10

For each compound, two characteristic fragmentatieare optimized, the
most abundant one being used for quantitation,enthié second one with lower
intensity was used as a qualifier, as shown ind 8i8.
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Table 3.3.MRM conditions used for LC-APCI-MS-MS analysis.
Compound MRM transitior> product ion

El 271.1> 133.2, 271.P 159.2
E2 255.0> 159.1, 255.6» 133.1
EE2 279.2> 133.1, 279.2 159.2

3.2.11. Determination of estrogenic activity

The estrogenic activity in samples was measured.YgS by the procedure
detailed in Chapter 2.

3.3. Results and discussion
3.3.1. Immobilization of laccase by encapsulatiomisol-gel matrix

The sol-gel encapsulation method described by Veual (2004)was used for
the immobilization ofMyceliophthora thermophila laccase. A scheme of the
procedure is shown in Figure 3.4.

The first step of this well-established sol-gel iobitization protocol
consisted on hydrolyzing the precursor compoundscit pH and thus forming
the sol. The most widely used precursors are atlesx{Si(OR), such as TMOS
where R is a methyl group) and alkoxysilanes X&(OR).,, such as MTMS
where both Rand R are methyl groups), which were already useitie mid-
1980s to prepare organically-modified silicatestf@ encapsulation of antibodies
and enzymes (Glad et al. 1985). In this work, MT&f8l TMOS precursors were
selected and used at the proportions previouslicabeld once considering the
best compromise solution between structural integfi the material and laccase
activity of the resulting biocatalyst. It has besported that both precursors
provided the highest efficiency for the encapsafanf bacterial cells and lipase
enzymes, in comparison with other precursor com@si{€hen et al. 2004, Yang
et al. 2010). Moreover, the hydrolysis reaction wagormed at acid pH once it
was proved that these precursors are almost 100@folgged under acid
conditions (Veum et al. 2004) (see first reactiothie scheme in Figure 3.4). The
methanol formed during this reaction was removedelbgporation aiming to
avoid the inactivation of the enzyme during theajeh process, as occurred in
previous works dealing with this technique (Buissginal. 2001, Reetz et al.
2000), and its volume was replaced by distilledenat
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Precursor sol
hydrolysis
(R)xSI(OR)x+ HO ——>  (BxSi(OR)yx.n(OH), + NROH
H*

v

2(R)xSI(OR)xn(OH)y ——> (R1)xSI(OR)x-n(OH)n.1-O-(OH)1(OR)xnSI(Ry)x + Hz0

Polymerization

N[-Si-0-Si] ——>  [-Si-0-Si-0- Si-0-8-] ,+ H,O

Enzyme addition
(100 mM phosphate buffer, pH %)

and

! | Gelation(sol-gel formation)

Figure 3.4.Scheme of the procedure applied for the encajpsnlaf laccase in a sol-gel
matrix.

Following hydrolysis, the sol may be used immedyater stored to allow
continued evolution of the sol particles. Duringtthime, further hydrolysis and
condensation reaction occur, resulting in a widegeaof linear, branched and
colloidal polysilicates (Jin and Brennan 2002).ohdler to avoid this and permit
polymerization reaction only in the presence ot#ese for its encapsulation, the
solution was cooled as the sol was formed.

In the next step of the procedure, the precurdorvas mixed with the buffer
solution containing laccase at pH 7. The change¢hé pH promotes a large
extension of polymerization reaction (see reactionkigure 3.4). Moreover, it
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was reported that some enzymes may catalyze tHympdzation reaction
although the mechanism involved is quite contraekrd/arious studies have
shown that protein backbones can act as templatésiitd the silica network,
while other suggested that the enzyme accelerbgeseaction by the fact that
positively charged amino groups of the protein atiract the negatively charged
silica oligomers and hence bring them closer toheather, favoring
polymerization (Pierre 2004). Anyhow, this resittgelation of the solution and
thus a hydrogel containing the encapsulated enzyassformed.

Some authors reported the drying of the hydrogelit® optimum use,
obtaining a xerogel when the drying is conductea\gporation or an aerogel by
supercritical drying (Pierre 2004). Nonethelessséhprocedures cause shrinkage
of the pores, and they are also likely to causg ¢dsctivity. This could be due to
the fact that capillary stress, which occurs bypevation of the water phase of
the hydrogel in open air, will cause partial coflapof the gel structure as the
liquid-gas interface moves in through the gel. Aggested by Veum et al.
(2004), as the gel shrinks, the enzyme could bealsshed.

This sol-gel technique allows the synthesis of dbally inert and
hydrophobic gels with remarkable thermal and meidahmesistance, significant
porosity (up to 80%) and high water content (50-8@%n and Brennan 2002,
Pierre 2004, Veum et al. 2004). Yang et al. (20dBYained hydrogels by a
similar method with the following characteristissirface area about 60%g and
pore volume of 0.043 ciy. It has been also shown that several configumati
are possible: the protein can be free inside thhegp@dsorbed or associated with
surface functional groups, in a variety of orieisi@a or conformations, or even
aggregated (Alstein et al. 1998). An uncertaintfoacof the enzyme may also be
in cages which are not accessible to the subqivétenbolt and Saavedra 1996).
Anyhow, most works suggested no interaction ofphmein with the polymeric
matrix (Lee and Hong 2000, Yamak et al. 2009), thatenzymes tend to retain
its native conformation upon encapsulation (Jin Brehan 2002) and moreover,
that they are homogeneously dispersed in the dggdlerify et al. 1992, Wang
2000). Furthermore, previous investigations showmeat although the protein
motion was more restricted than in solution, thrabgl motion of the encapsulated
protein was not completely inhibited, which suggettat the protein became
sequestered into pores that were both hydratedsafittiently large to allow
some degree of mobility (Bhatia et al. 2000).

In this work, the resulting hydrogel was cut in #rparticles with diameters
smaller than 3-4 mm, which were then washed with &M phosphate buffer
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(pH 7) to remove unreacted silane and free proseid, stored at 4°C. During the
washing procedure, protein concentration was dsdeirt the washing solution,
initially attributed to non-encapsulated enzyme doesaturation of the sol-gel
matrix or leaching through pores with diameter bigthan the enzyme size.

The influence of the amount of laccase in the smbutfor hydrogel
preparation was studied in the range of 2.2-22 fgyatein/mL sol. The results
obtained are summarized in Table 3.4.

Table 3.4.Laccase activity and immobilization efficiency falifor the different
conditions evaluated during laccase encapsulati@nsiol-gel matrix.

Added protein Immobilization Laccase activity

(mg/mL sol) efficiency (%) (U/g biocatalyst)
2.2 82.9+26 55+0.2
4.4 77.7+3.4 7.2+0.3
6.6 69.2+1.7 10.7+£0.2
11 63.7+2.1 141 +0.3
22 592+19 16.9+0.3

In general, a high catalytic efficiency of the ob& biocatalysts was
observed, with activities in the range 5.5-17.0 Bihgl immobilization efficiency
in terms of bound protein between 82.3 and 59.28tvévVer, it was observed that
when the load of enzyme was increased, the imnzaltidin efficiency decreased.
In this way, an increase of the added laccase #@hto 22 mg of protein/mL sol
resulted in a decrease of immobilization efficiefoym 77.7 to 59.2%. This
phenomenon was also observed by Reetz ¢1206) for sol-gel entrapment of
lipases, and it was assumed to occur due to diffiasilimitations of the substrate
entering into the catalyst particles, which wouhd to the decrease in the
apparent immobilization efficiency. Another reasmuld be the aggregation of
the enzyme that might occur at relatively high enrations, resulting in lower
degree of dispersion in the sol-gel matrix.

The ranges of encapsulation attained here matcde theported in literature.
For example, Sangeetha et @008) achieved an immobilization efficiency of
78% after encapsulation of subtilisin using MTMS @ecursor. Yang et al.
(2010) investigated different silane compounds ascyrsors during sol-gel
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preparation for the entrapment of lipase, obtainimgiable immobilization
efficiency between 42 and 99%. In addition, theultss obtained by the
encapsulation method for the immobilization of ke are in the range of those
attained by other methods such as the covalentibgnof the enzyme on
cellulose-based carriers Grano¢Bekuc et al. 2009), Sepabeads EC-EP3 and
Dilbeads NK supportéKunamneni et al. 2008b), silica beads (Champagmnk a
Ramsay et al. 2007) or even by the formation ofsflimked enzyme aggregates
(Cabana et al. 2007a).

3.3.2. Immobilization of laccase on Eupergit suppads

Commercial epoxy-activated acrylic polymers weredusor the evaluation of
covalent immobilization of laccase. Eupergit C aBdpergit C 250L are
microporous beads with a diameter of 100-250 pndeni®y copolymerization of
N,N’-methylen-bis-(methacrylamide), glycidyl metigate, allyl glycidyl ether
and methacrylamide (Berrio et al. 2007, Bollerle2802, Katchalski-Katzir and
Kraemer 2000). They differ in the content of oxgagroups and in their porosity:
while Eupergit C has an average pore size of 2@ndhan oxirane density of 600
umol/g dry beads, Eupergit C 250L has larger p268 nm) and lower oxirane
density (300 pmol/g dry). These supports were sadeonce the immobilization
of enzyme on their surfaces is rapid and easybar#dory and it could be feasible
even at industrial scale (Boller et al. 2002).

Mateo et al. (2000b) have proposed a two-step bgndiechanism for this
process. It is assumed that in the first step ttayrae is physically adsorbed on
the carrier by hydrophobic interactions. This bsiragnino and thiol groups on the
surface of the enzyme in close proximity to theramxeé groups of the carrier.
Thus, Eupergit carriers bind via its oxirane growdsch react with the amino
groups of the enzyme, as indicated in Figure 3&t¢Kalski-Katzir and Kraemer
2000). Immobilization of enzymes on Eupergit supp@s usually carried out at
high ionic strength (phosphate buffer 1 M was usext) and neutral or basic pH
(pH 7 in this work) to favor hydrophobic interact® and reactivity of amino
groups, respectively (Mateo et al. 2002). Eupebgiads can also bind with
enzymes via their sulfhydril, hydroxyl and carbogybups in the acidic, neutral
and alkaline pH range (Knezevic et al 2006, Turketval. 1978).

The high density of oxirane groups on the surfact® supports promotes
multipoint attachment, which is assumed to increas&ormational stability of
the enzyme and hence, it improves long-term opmrati stability of the
biocatalyst (Boller et al. 2002). Nevertheless, &daet al. (2000a) reported the
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need of incubation of the enzyme for longer periofidime and even under
stronger pH conditions to achieve the formation sifinificant multipoint
attachment.

methacrylamide HsC = >-CO NHz
k H H| C
allyl glycidyl " -c-0-ct¢-CHp 4+  HuN
ether . H H H|H
N-methylene-bis- [N G2
-methylene-bis- ~ N-B= > =CH

methacrylamide i+ CH

L‘ 4

Eupergit

Figure 3.5.Eupergit supports structure and scheme of thdiogaduring enzyme
immobilization on Eupergit supports.

Different amounts of laccase: 11, 22, 55, 110 ad g (22-880 mg of
preotein/g of support), were assayed to evalu@éntipacts on laccase activity as
well as on the bound protein and recovered activitsgn attempt to optimize the
ratio protein/carrier. The results obtained forhbetipports are shown in Table
3.5.
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Specific activities of up to 17.1 U/g and 80.0 Ufgere measured for
Eupergit C and Eupergit C 250L, respectively. Iteigident that increasing
amounts of the enzyme implies that the percentdd®mwond protein decreases.
For example, the increase in laccase load fromo2240 mg/g resulted in the
decrease of efficiency from 79.1% to 45.1% for EgjaeC and more so, from
99.3% to 61.9%, in the case of Eupergit C 250Ls lgenerally acknowledged
that the immobilization efficiency of enzymes odid@upports decreases when
enzyme loading exceeds a certain value (Knezeval.e2006, Li et al. 2007).
Furthermore, a saturation value at 440 mg proteinfiport seems to be achieved
once immobilization efficiency and laccase activitlythe biocatalysts slightly
changed for higher amounts of protein, as it wasvipusly reported by
Katchalski-Katzir and Kraemer (2000). Despite thighhbound protein yields
obtained, important loss of activity was observasl,commonly occurs during
covalent immobilization of enzymes because of timirdshed catalytic activity
in comparison to their free form due to multipoattachment to the carriers
(Loépez et al. 2010). Berrio et al. (2007) attairsgdilar levels of bound protein
between 10.3-66.5% and 10.2-34.2% f@®ycnoporus coccineus laccase
immobilized on Eupergit C and Eupergit C 250L, exgjvely.

Among both supports, Eupergit C 250L yielded thghbst specific activity
(80 U/g biocatalyst), which could be caused byatger concentration of reactive
groups but larger pores, as also suggested by Gdm&egura et al. (2004) and
Berrio et al. (2007). Due to its superior activipnly laccase immobilized on
Eupergit C 250L was used for further experiments.

3.3.3. Characterization of the biocatalysts

In order to evaluate the effect of the immobilinatilaccase immobilized by both
methods was biochemically characterized in termefigficts of pH, temperature
and stability over various operational conditioatso kinetic parameters were
determined.

3.3.3.1. Optimum pH and temperature

In order to evaluate the effects of pH and tempeeabn the laccase activity of
the immobilized enzyme, laccase activity was deteeoh under various

conditions (pH 2-7 and temperatures in the rangé@®QC). The results found for
encapsulated and immobilized laccase on Euper@b@. are shown in Figure

3.6; results found for free enzyme and presenteQhapter 2 are also included
here to facilitate comparison.
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The pH of maximum activity of free and immobilized laccases was found to
be pH 3 (Figure 3.6.A). On the other hand, the relative activity of immobilized
laccase by encapsulation as well as on Eupergit supports was approximately 10%
higher than free laccase in the pH range of 3-7. Regarding the effect of the
temperature, both free and immobilized enzymes presented it maximum activity
at 60°C, and once again, immobilized laccases presented a wider profile of
optimum temperature. However, the encapsulated laccase provided a more
remarkable broader profile since its relative activity was 10-30% higher than the
free laccase over the whole range assayed (Figure 3.6.B).

Relative activitiy (%)

pH

100 -
80 -
60

40

Relative activitiy (%)

20 A

O T T T T
20 30 40 50 60 70
T(O)
Figure 3.6. Influence of pH (A) and temperature (B) on the activity of free (e),
encapsulated (X) and laccase immobilized on Eupergit supports (O0).
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3.3.3.2. pH and thermal stability

With the aim of studying the effect of pH and temperature on the stability,
immobilized enzymes were incubated for 24 h at the corresponding conditions
assessed (pH 2-8 and temperature 20-80°C). The results of residual activities after
4 h of incubation are shown in Figure 3.7; the results for free enzyme, further
detailed in Chapter 2, are also depicted for comparison.

100 A (A)
SN
= 80
Z
§ 60 -
=
§ 40 A
g

20 ~

0 L T T T
2 4 6 8
pH

100 A (B)
S
;; 80 A
=z
g 60 -
E
E 40 N
g

20 A

0 + T T T T T
20 40 50 60 70 80
T O

Figure 3.7. pH (A) and thermal (B) stability of free (0), encapsulated (m) and laccase
immobilized on Eupergit supports (m).

While results were similar at pH values close to neutral pH, enzyme
immobilization was demonstrated to significantly enhance enzyme stability at
acid pH. For example, free enzyme was completely inactivated when incubated at
pH 2 for 4 h, and it retained only 10% of its initial activity at pH 4. However, the
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residual activity of immobilized laccase on Eupesyipports after incubation at
the same conditions was 34 and 60% (Figure 3.7Atekin et al. (2010)
reported that the covalent bonding of laccase ¢orésin resulted in more rigid
enzyme less prone to pH-induced conformational gbsnproviding higher pH-
stability.

Thermal stability of immobilized enzyme on Eupergiipports was also
proved to be enhanced with respect to the free ;favhile free laccase was
almost completely inactivated at 60, 70 and 808®@alently immobilized enzyme
retained 47, 35 and about 25% of its initial atyiFigure 3.7.B). Moreover, it
was observed that the activity of free laccase gledpmore rapidly than that of
immobilized enzyme (data not shown). These resgtee with the study carried
out by Osma et al. (2010), who reported that imtgdiion affects the
conformational flexibility of the enzyme since iauses an increase in enzyme
rigidity and stability towards denaturation by higlemperatures. The
improvement on stability attained in the presemtlgtwas similar to that achieved
in previous investigations. Kunamneni et al. (28)38hd Forde et al. (2010), who
carried out the immobilization of th®lyceliophthora thermophila laccase on
Sepabeads EC-EP3 and Dilbeads NK polymers and aopuosus silicates
particles, attained an enhancement of 10-15% afterobilization in a similar
range of temperature.

In the case of encapsulated laccase, the impraedility towards pH was
approximately of the same magnitude than that regthi with covalent
immobilization (Figure 3.7.A), whereas encapsulatedcase presented much
higher thermal stability: residual activity of thecatalyst after 4-h incubation at
60, 70 and 80°C was up to 75, 65 and 45%, respdc(iMigure 3.7.B). Even, free
laccase was totally inactivated after 24 h of iratidn at 60°C, while
encapsulated enzyme retained about 35% of acffgéya not shown). Thermal
stability depends on the microenvironment of theyame and its reorganization
upon immobilization. In this sense, the improvedbsity of the encapsulated
laccase could be due to the confinement of theraazy nanopores which in turn
brings about an enhancement of the order and cdmgxxc of the structure,
favouring intramolecular stabilizing forces (Santeeet al. 2008). Moreover, it is
expected that the enzyme would preserve its ofligitee-dimensional
conformation inside the sol-gel matrix and the \actisites would have no
interaction with the polymeric matrices, which magply that the optimum
values of pH and temperature of the encapsulatazhé® are similar to those of
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the free enzyme (Lee and Hong 2000, Yamak et al. 2009), as it was verified in the
previous section.

3.3.3.3. Stability against chemical inactivation

Stability of free laccase as well as immobilized enzymes in the presence of
various inactivating agents was evaluated. Residual activity after 30 min of
incubation in sodium acetate buffer containing different inhibitors: 30 uM Nal3,
10 uM ZnCl,, 10 uM CoCl,, 10 uM CaCl,, 25% (v/v) methanol and 25% acetone
(v/v), are shown in Figure 3.8.

!

Acetone

Methanol

CaCl,

CoCl,

ZnCl,

NaN3

0 20 40 60 80 100
Residual activity (%)

Figure 3.8. Stability of free (0), encapsulated (m) and laccase immobilized on Eupergit
supports (m) in the presence of the different inactivating agents evaluated.

It was observed that the chemical inactivating agents evaluated affected the
stability of immobilized laccase as the residual activity after 30 min of incubation
in their presence (Figure 3.8) was lower than that for stability experiments at
identical conditions but in the absence of any chemical: values between 70 and
90% of residual activity were found (data not shown).

However, immobilization of laccase by both methods provided significant
enhancement of laccase stability against chemical inactivation when comparing
with the results for free Myceliophthora thermophila laccase. For instance, free
laccase presented only 15% of residual activity after incubation with NaN; while
immobilized enzyme on Eupergit supports retained almost 32% and
approximately 52% the encapsulated laccase. It seems that the immobilization
diminished the structural alteration of the catalytic site of laccase induced by
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azide bindindCabana et al. 2007b). A slighter enhancement wasreed in the
case of ZnGl CaC} and CoCJ probably due to the small dimension of the ions
that allowed them to easily migrate in the struetwf the biocatalyst and
inactivate the enzyme in a similar extent. On ttieeohand, a significant higher
stability was observed for the encapsulated lactasemparison not only to the
free enzyme but also to the laccase immobilize&gpergit C 250L.

3.3.3.4. Determination of kinetic parameters

Michaelis-Menten kinetic parameters of immobiliziedtcase were determined
with ABTS as substrate (25-1500 uM) aiming to eatduthe effect of the both
immobilization methods on the catalytic efficieno§ laccase by comparing
Michaelis-Menten constants (i This will provide an idea about the affinitiy of
the enzymes towards the substrate; that is, a higbestant value, a poorer
affinity is expected.

A value of .« for the covalently immobilized enzyme of 693 pM/muas
found, and an approximately 3-fold higheg, K150 uM) was determined in
comparison to that of the free laccase (56 uM,Gegpter 2). Lower efficiencies
for immobilized laccase and catalase fraamtinus edodes on Eupergit C were
also reported by D’Annibale et al. (2000) and Akpteet al. (2010), respectively.
As expected, a more significant increase jnuélues for the immobilized laccase
by encapsulation (645 uM) was observed, which agnéth the findings reported
by Yamak et al(2009) for the entrapment of laccase in sol-gelriced based on
semi-permeable polymers.

Several authors have suggested that poorer enzypratperties of enzymes
after immobilization could be related to limitat®rin the diffusion of the
substrate, substrate partitioning, lower accedsilof the substrate to the active
site, protein conformational changes and internalssntransport limitations
(Davis and Burns 1992, Hernaiz and Crout 2000, Retwal. 2010, Yamak et al.
2009). The poorer apparent catalytic efficiencydacapsulated laccase is likely
to be caused by the fact that the enzyme in codfinethe pores of the sol-gel
matrix, whereas laccase immobilized on the Eupergitace is significantly more
accessible for the substrate.

3.3.3.5. Storage stability

Storage stability is one of the most important peters to be considered in
enzyme immobilization as it affects overall prodvity. Free and immobilized
laccases were stored at 4°C and at room temperatiile periodical sampling
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and monitoring. After 3 months at 4°C, the residual activities of free and both
immobilized laccases were around 98%. The residual activity of free laccase
amounted to 95% after 3 months at room temperature, while immobilized
laccases showed negligible loss of activity, about 1.5-2%. In a previous research
work, covalently immobilized laccase from Myceliophthora thermophila on
Sepabeads EC-EP3 carriers retained about 96% of its initial activity after storage
at 4°C for 4 months (Kunamneni et al. 2008b).

3.3.4. Decolorization of the dye AG27 in PBRs by encapsulated and
immobilized laccase on Eupergit supports

In order to evaluate the feasibility of the above described PBRs with encapsulated
and immobilized laccase on Eupergit supports, these bioreactors were applied for
the continuous removal of AG27, which was as model compound due to its easy
monitoring. Moreover, consecutive continuous cycles of 4-5 h were carried out
aiming to check the potential reusability of the immobilized laccases.
Decolorization percentages attained after each continuous cycle for both
biocatalysts in the corresponding PBRs are presented in Figure 3.9, along with the
elimination levels observed during the control experiments.

B[ accase imobilized on Eupergit

B Encapsulated laccase

100 OControl- Eupergit

B Control- sol-gel matrix
75
50 1
25
0 - ; . ; .
1 2 3 4

Cycle number

Decolorization (%)

Figure 3.9. Decolorization percentages of AG27after each consecutive continuous
cycle performed in the PBRs with both encapsulated and immobilized laccase on Eupergit
supports.

As shown, a decolorization efficiency of 85% was found after the first cycle
with laccase immobilized on Eupergit; however, the removal levels slightly
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decreased after each consecutive operation. Orottier hand, encapsulated
enzyme provided lower decolorization yields butsthgfficiency was better
conserved during the consecutive cycles: a decreaapproximately 10% was
detected from the first to the second cycle butrahiter, the extent of
decolorization was maintained.

The decrease on the decolorization efficiency bynahilized laccase on
Eupergit supports during the different batches imayelated to a slight enzyme
inactivation produced by operational conditions difflsion problems caused by
dye or products adsorption onto the carrier sur{&akuc et al. 2010). In order to
verify this assumption, SEM pictures of the soliddatalyst before and after 4
cycles of treatment of AG27 dye were analyzed (FEgBL10). It was observed
that the carriers retained its initial conformatia@emonstrating their potential
reusability. Nonetheless, small particles were olesk on the support surface,
which could be the dye or any degradation proddsbebed onto Eupergit beads.

100 um

Figure 3.10.SEM pictures of Eupergit C 250L with immobilizexttase before (A) and
after (B) four consecutive cycles performed in B&R for the removal of AG27.

Anyhow, the enzymatic reaction was observed asrth@r contribution in
the removal process, although this effect is likédy be dependent on the
substrate: elimination percentages of AG27 of ald®20% were found for the
control experiments with both biocatalysts prepangtth previously inactivated
laccase (Figure 3.9). Moreover, negligible leachifighe immobilized enzyme
was detected.
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3.3.5. Continuous removal of E1, E2 and EE2 by enpsulated and
immobilized laccase on Eupergit supports

3.3.5.1. Continuous removal in PBRs

The feasibility of both encapsulated and immobditaccase on Eupergit C 250L
supports on the continuous removal of E1, E2 an@ &Hnitial concentration of
5 mg/L (each) in phosphate buffer (100 mM, pH 7pweaaluated in PBRs. For
this purpose, the bioreactors previously appliedtiie decolorization of AG27
were used under identical conditions but now opggatontinuously for 8 h.

Adsorption of the substrates on the hydrogel angeEgit supports might be
an important role on the observed total removath&f target compounds, as
reported by other authors dealing with the elimorabf various compounds by
immobilized laccases in similar carriers (Russalef008, Cabana et al. 2009).

The results found for each compound in the cormedipg PBR with
encapsulated or covalently immobilized laccaser &tk of operation are shown
in Table 3.6.

Table 3.6.Elimination percentages (%) of E1, E2 and EEZrathby encapsulated
and immobilized laccase on Eupergit supports inesponding PBRs. Values in
parenthesis correspond to elimination percentagesglcontrol experiments.

Target Encapsulated Immobilized laccase
compound laccase on Eupergit supports
E1l 55 (6) 65 (11)
E2 75 (14) 79 (22)
EE2 60 (11) 80 (20)

Despite the unfavorable kinetics found when usifBr& as substrate, still
high removal yields of estrogens seem to be atfaiog both immobilized
laccases: E1, E2 and EE2 were removed by 65-80%amitalently immobilized
laccase, whereas 55-75% were obtained for encapduenzyme. The higher
efficiency of laccase immobilized on Eupergit wassupposed since the enzyme
is considerably more accessible when it is immeédi on a carrier rather than
encapsulated in a matrix, once enzyme moleculepragominantly immobilized
onto the external surface of the supports and cuesdly, exposed to the bulk
solution. In addition, residual activity after 8aperation was about 70 and 84%
for encapsulated and immobilized laccase on Eupsugiports, respectively.
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Nevertheless, considerable amount of removed esisowas demonstrated
to be caused by adsorption during control experimes14% of estrogens were
eliminated when operating the PBR with hydrogelppred with inactivated
laccase; this effect was even higher when workiriity \Eupergit carriers (11-
22%). The adsorption levels appeared to be coegthaith the hydrophobicity of
each compound. The highest adsorption was seeBZowhich has the highest
octanol-water partition coefficient (logk 3.9-4.0) (Suarez et al. 2008). This
effect was probably favoured by the interactionMeetn the hydroxyl groups of
the estrogens and the epoxy residues of the syppa the block of unreacted
epoxy residues (e.g. by methylamine) after immpéilon procedure was not
conducted (Hernaiz and Crout 2000).

Similar results were reported by Cabana et al. p@@iring the elimination
of 5 mg/L of nonylphenol, bisphenol A and triclosan a PBR by laccase
covalently immobilized on Celite R-633 supports.eThdsorption of these
compounds on the support with inactivated laccased from 40 to 60% and
their physical removal was also linked to the hydhmbicity of the different
EDCs. Russo et al. (2008) observed adsorption of@thraquinone dye on
Eupergit supports with immobilized enzyme. Thesthans reported two different
steps: during the first stage, dye adsorption @darrier was extensive while
enzymatic action was negligible; during the secatep, the removal of the
substrate was attributed to enzymatic conversiah @m adsorption/desorption
equilibrium was attained. A similar interaction Ween estrogens and the carrier
could be expected here.

Although it cannot be asserted that similar degferon enzyme-catalyzed
elimination occurs during experiments with activeyame (e.g. this elimination
extent could be even higher because of the potenteraction between the
substrates in the medium and adsorbed reactiorupt®dor vice versa), E1, E2
and EE2 appeared to be eliminated mainly by thgreatic action, which shows
the immobilized laccase as a promising enzymatstesy for the removal of
estrogens. Moreover, the immobilization of laccasecessfully allowed its
application during continuous operation by its méten in the bioreactor, with
negligible leaching over the whole continuous oflenaof the PBRs. Anyhow,
the efficiency of the enzymatic treatment couldstik enhanced by increasing the
HRT of operation and even by evaluating other tygfesnzymatic reactor. These
strategies were evaluated in the next phase okgearch.
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3.3.5.2. Continuous removal in a FBR

Previous experiments demonstrated the capabilitynohobilized enzyme to
remove estrogens, obtaining the most favorabldtseaa well as easier handling
and application for laccase immobilized on Eupesgipports. Therefore, this
biocatalyst was selected for the following work.

On the other hand, various disadvantages are assddo the use of PBRs.
For instance: difficulties for the monitoring ofclzase activity, passive or poor
aeration, slow mass transfer, high pressure drdparbed which can provoke its
compactation and hence biocatalyst damage, pos&ipteation of insoluble
products would lead to clogging phenomena and foomaof preferential
channels (Gomez et al. 2007, Murry et al. 2002, élliNt al. 1971, Osma et al.
2010, Rekuc et al. 2009). With the goal of overaarhese challenges, a FBR
was proposed for the application of immobilized cse. Moreover, the
continuous supply of air to maintain the fluidizatiof the bed was thought to
improve the removal efficiency not only by favorimgass transfer and the
maintenance of a homogenous reaction medium inbibieactor, but also to
enhance the reaction kinetics by increasing oxymetentration, once it actively
participates in the catalytic cycle of laccase (éh®rg et al. 2003).

In a first experiment, the proposed FBR was opdriie10 h with a HRT of
50 min and was fed with a stock solution of estrgef about 5 mg/L each (feed
addition rate of 6 mg/L-h, except for E2 6.6 mgjL-The results demonstrated
the efficient removal of these compounds in thadyfestate operation of the FBR
with removal percentages up to 92%, which corredpdrto transformation rates
higher than 5.4-5.9 mg/(L-h). Besides, residualigtafter 10-h operation was
up to 89%. Control experiments demonstrated thautat5-18% of estrogens
elimination was due to adsorption on the supporaweéver, even when
considering that effect, the use of a FBR led taawal efficiencies higher than
those found for PBRs. The improved aeration andsoliied oxygen
concentration, which enhanced mass transfer togetite more uniform flow
distribution through the reactor, are believed ® Key factors affecting the
operation efficiency of the FBR. Similar beneficeffects were observed by
Gonzélez et al. (2001) after the comparative stfdstirred tank and fluidized-
bed bioreactors for the continuous biodegradatibrpteenol by immobilized
Pseudomonas putida.

Aiming to study the feasibility of the enzymaticsgym to remove estrogens
at lower initial concentration closer to environrta&ddevels, as well as to evaluate
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the stability of the biocatalyst during long-terpeoations, additional experiments
were performed at concentrations of 100 and 10 fag/L5 and 16 days.

First, some conclusions can be drawn from the tesdilcontrol experiments
corresponding to these additional experiments. Wareiasing concentration of
estrogens in the bioreactor effluent was obserugihg the initial operational
period of experiments at 100 and 10 pg/L (abouwb&$and 2 days). It might be
attributed to the saturation of the support byocesns over that period of time.
After that, a constant concentration value was esk which represented about
5-9% of inlet concentration. This was related to asorption/desorption
equilibrium to explain that the effluent conceriatdid not become equal to that
determined in the influent over the rest of the rapen (15-16 days).
Furthermore, it can be concluded that after theex@ogds of time the removal
yields attained were mainly caused by the actidaafase.

Under this hypothesis, the amount of substrates gsams of support
required to saturate the support was calculatemm fthis and considering the
operational conditions in the PBR applied for ttmoval of estrogens at 5 mg/L,
the 10 g of carrier used would be saturated witthi@ first few minutes of
operation. This proved that the levels of estrogdimsination observed after 8 h
of control experiment in the PBR (Table 3.6) arelated to the
adsorption/desorption equilibrium, but not to agiag saturation of the carrier,
although this hypothesis should be corroborate@ byng-term operation of the
PBR and a proper adsorption/desorption study. Awyhibe situation of non-
equilibrium would have a positive effect accordittgthe findings reached by
Rekuc et al. (2010): the authors reported a faremmapid dye removal by
immobilized laccase than by free enzyme due tofalee that during the short
period of non-equilibrium the dye transport to teerier’'s surface is boosted,
which favors the rate of oxidation.

Results of removal rates and laccase activity lgrdidor the experiment
performed at 100 pg/L of estrogens (each) and a HRT0 min, which
corresponded to a feed addition rate 120 pg/(Lrdrshaown in Figure 3.11.
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Figure 3.11. E1 (o), E2 (A) and EE2 (0) removal rates (ug/L-h) attained during the
operation of the FBR with immobilized laccase on Eupergit supports, with 100 pg/L of
estrogens and 50 min of HRT. The biocatalyst activity profile during the operation (---) is
also shown.

During the initial 10 days, the operation was steady and high removal rates of
110 pg/L-h were obtained for both E2 and EE2 (92% of removal), but E1 was
eliminated with a lower rate of 50 pug/L-h. After this period, laccase activity
decreased with the consequent drop in the removal efficiency. However, when the
activity was 15 U/g, E2 and EE2 were still removed at high rates of 70-80 ug/L-h,
which corresponded to removal percentages of 58-67%.

During the experiment carried out at 10 ug/L of the target compounds, the
value of HRT was varied during the operation to study its effect and improve the
removal efficiencies (see conditions in Table 3.1). Results of removal rates and
laccase activity monitored during the assay are depicted in Figure 3.12.
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Figure 3.12. E1 (o), E2 (a) and EE2 (o) removal rates (ug/L-h) attained during the
operation of the FBR with immobilized laccase on Eupergit supports, with 10 pg/L of
estrogens and variable HRT between 50 and 150 min (Table 3.1). Feed addition rates (—)
and biocatalyst activity (---) profiles are also shown.

Between days 1 to 3 (stage I), when the HRT was maintained in 50 min, the
percentages of removal were only 14, 54 and 55% for E1, E2 and EE2,
respectively. With the goal of maximizing the removal capacity of estrogens in
the reactor, HRT was progressively increased from 50 min to 150 min. In stage II
with a HRT of 75 min and an addition rate of 8 pg/L-h, the removal levels
increased to 2.2 ug/L-h (removal of 28%) for E1 and 5.2 pg/L-h (removal
efficiency of 65%) for E2 and EE2. For a HRT of 100 min and addition rate of 6
pug/L-h (stage III), the concentration of the estrogens in the effluent slightly
decreased; E1, E2 and EE2 were removed by 45, 74 and 70%, respectively
(removal rates 2.7, 4.4 and 4.2 pg/L-h).

These percentages were significantly improved by the increase of HRT to
150 min and addition rate of 4 ug/L-h (stage IV). During the first three days of
this stage, higher removal levels were obtained: 76% for E1 and more than 90%
for E2 and EE2 (3.04 and 3.64 pug/L-h). However, after 13 days of operation a
decrease in the capability of the system was observed in parallel to the biocatalyst
inactivation, with removal values of 46% for E1 and 70% for E2 and EE2 (1.82
and 2.8 pg/L-h) at day 16.
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The lower removal efficiencies found for E1 mayche to a possible lower
laccase affinity for this substrate in comparisorER and EE2 or because of a
poorer interaction with the carrier suggested bylatver hydrophobic character,
especially during the first stage of operation whie@ support was still under
saturation. Another explanation behind that mayheefact that E2 was reported
to be transformed into E1 by activated sludge freewage treatment plant or
nitrifying activated sludge during treatment wiSphingobacterium sp. JCR5
(Skotnicka-Pitak et al. 2008) and even by enzymi#iosformation with lignin
peroxidase (Mao et al. 2009, 2010a, b), which waddur along with radical
coupling reaction of the estrogens (Nicotra et28l04) and the formation of
different degradation products (this aspect willflseher investigated in Chapter
5). Probably, the transformation of E2 into E1 was reaction pathway which
predominated over the others when operating atdomcentrations of estrogens
with immobilized laccase, explaining the lower resmioyields for E1 due to its
concomitant removal and production.

With regard to the operational stability in thesad-term experiments, the
biocatalyst activity was maintained nearly constant10 days and after that, it
decreased until 4 U/g at day 15 when the FBR wdsni¢h a stock solution of
100 pg/L (Figure 3.11). However, in the followingperiment (stock of 10 pg/L),
laccase activity was maintained almost in its a@hitialue for 12-13 days despite
the changes made in the HRT. Thereafter, the enagtidty decreased until 12
U/g at day 16 (Figure 3.12). The adsorption of talss and/or products on the
surface of the support with immobilized enzyme ha®n reported to cause
diffusional problems which could lead to an appareeactivation of the
biocatalyst due to the poorer contact between tibstsate and the immobilized
enzyme (Rekuc et al. 2010).

Finally, the designed enzymatic system was alscodsirated to be effective
not only on the removal of estrogens but also @nrdduction of the associated
estrogenic activity. A decrease of estrogenicity apfproximately 90% was
achieved under the best conditions evaluated dtinedpst experiment (HRT 150
min, stage V).

The continuous elimination of endocrine disruptinthemicals by
immobilized laccase has been reported for bisphéndly laccase on nylon
membrane in non-isothermal bioreactors (Diano.€2@07) and covalently bound
onto alkylaminated controlled porosity glass columncombination with an
electrolytic device(lida et al. 2003). Cabana et al. (2007a, 2009eteshe
elimination of bisphenol A, triclosan and nonylpbkhy laccase immobilized
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through the formation of cross-linked enzyme aggregates in a FBR and on Celite
R-633 support in a PBR. The main advantage of the immobilization of laccase on
Eupergit supports is the simplicity of the procedure as well as the reported
chemical and mechanical stability of the beads and the fact that they are
commercially available worldwide; besides, immobilization of enzymes on
Eupergit is possible even without their purification (Katchalski-Katzir and
Kraemer 2000, Knezevic et al. 2006).

Determination of the RTD

The hydrodynamic behavior of the FBR was characterized by determining the
RTD. For this, the experiment using NaOH as tracer was performed at a HRT of
50 min. The results obtained by fitting the experimental data to the tank-in-series
model (Levenspiel 1999) are shown in Figure 3.13.
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Figure 3.13. RTD obtained for the FBR.

From these experimental results, the number of tank reactors in series which
would be analogous to the bioreactor was calculated: the hydraulic behavior of
the bioreactor was found to be equivalent to a number of 1.7, which indicates a
fairly similar behavior to a complete stirred tank reactor. The average residence
time and the real reacting volume were calculated by means of appropriate
correlations: values of 45 min and 200 mL were obtained, which are fairly similar
to the theoretical values (50 min and 215 mL).
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3.4. Conclusions

Immobilization of laccase fronMyceliophthora thermophila was investigated
aiming to facilitate its reuse and application ipntnuous operation. For this
purpose, two different methods were evaluated, fiascase was immobilized by
its encapsulation in a sol-gel matrix based omsileompounds which hydrolyze
and polymerize in the presence of the enzyme, tieguih a hydrogel with the
laccase encapsulated inside; also, laccase immaidn was conducted by
covalent bonding to commercial solid epoxy-actidaséerylic supports, Eupergit
C and Eupergit C 250L. Laccase was successfully anilieed by both
procedures yielding bound protein percentages ofou#4-99 and 59-83% and
activities 1-80 and 5-17 Ulg, for covalently immiated and encapsulated
laccase, respectively. Eupergit C 250L provided hérg immobilization
efficiencies despite the lower oxirane groups aanfa comparison to that of
Eupergit C, due to the presence of larger pores.

Enzymes immobilization often allows their stabitiva and makes them less
sensitive towards their environment. This assumpt@s corroborated by the
biochemically characterization of the biocatalyste somewhat lower catalytic
efficiency of laccase immobilized by both studiedthods in comparison to that
of free form (higher Michaelis-Menten constants evéound for immobilized
laccase) is balanced by its increased stability lrwdider operational window
related to temperature, pH and chemical inhibitdtss effect was significantly
higher in the case of encapsulated laccase proloafelyto the confinement of the
enzyme in the hydrogel pores and the consequerineement of the order and
compactness of the protein structure, whereas tizagnee is more accessible
when it is immobilized on the surface of the Eutezgrriers.

Corresponding PBRs were designed for the applicaifoencapsulated and
immobilized laccase on Eupergit supports in comusuprocesses. First, these
bioreactors were evaluated by their applicatiorthenremoval of a synthetic dye
used as model compound; moreover, the bioreactars aperated in consecutive
continuous cycles aiming to verify the reusabildy the biocatalysts. High
decolorization yields were attained although indhse of laccase immobilized on
Eupergit supports a slight decrease of the effagiewas observed over the
consecutive cycles, potentially caused by the ad®or of the substrate and/or
products. The proposed PBRs were applied for tidiramus removal of E1, E2
and EE2, providing removal yields of 55-75 and 6843the encapsulated and the
covalently immobilized laccase, respectively; 6ddd 11-22% of elimination
was attributed to adsorption of the substratesthEtmore, the biocatalysts
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retained about 70 and 84% of their initial activigijter 8 h of continuous
operation. These results present the immobilizgiamtedures and the proposed
PBRs as promising technology to favour the applitgbof laccase in
bioremediation processes.

Nevertheless, some limitations were identified teglato the use of PBRs,
such as poor or passive aeration, slow mass tramsteformation of preferential
paths. These challenges were overcome by a FBRhwhés designed for the
application of laccase immobilized on Eupergit sarppon the removal of E1, E2
and EE2. With this system, higher removal yieldsenattained when operating
under similar conditions than those in the PBRe1awal percentages up to 92%
were found and a residual activity of 89% was detkafter 10-h operation,
probably because the fact that aeration enhanoesida action once it needs
oxygen to initiate its catalytic cycle, and alsoedi» the homogenous reaction
mixture and improved mass transfer. The FBR was @ieved to be effective on
the removal of estrogens at concentrations as kW08 and 10 pg/L, although
HRTs of 150 min were needed to attain significaethoval efficiencies. The
system was fairly stable for more than 10 days aftiouous operation. In
addition, this technology was also demonstratelgeta promising system for the
detoxification of influents containing estrogenangpounds once an estrogenicity
reduction of 90% was achieved.
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4. Evaluating the application of an enzymatic membane reactor
for the continuous removal of estrogens by free laase

4.1. Introduction

In Chapter 2 the ability of free laccase fravtyceliophthora thermophila to
remove estrogenic compounds: estrone (El)3-ektradiol (E2) and D7
ethinylestradiol (EE2), at neutral pH and in thesare of mediator was
demonstrated batchwise. However, technology musdebeloped for the efficient
application of the enzymatic treatment in continsioperation. In this sense, the
enzyme was immobilized by different methods, asitkat in Chapter 3, once this
is the most widely used strategy to facilitate tbention and thus the reuse of
enzymes, which should be an imperative when a montis prolonged operation
is attempted (Cabana et al. 2007a, Fernandez-Fagndet al. 2012, Kunamneni
et al. 2008b, Osma et al. 2010). This allowed tpplieation of the laccase-
catalyzed transformation of estrogens in continugioseactors, as indicated in
the same chapter. Nonetheless, although immobikresymes are more robust
and resistant to environmental changes comparefiet forms, a number of
drawbacks related to diffusional limitatios or tdéficulty of maintaining a
constant activity level are evidenced when usinmahilized enzymes (Diano et
al 2007). Accordingly, these systems would requdingher study for their
optimum operation.

In order to avoid these limitations, an alternaisveleveloped and evaluated
in the present chapter: the use of free laccasembgns of an enzymatic
membrane reactor (EMR) based on the use of a semgpble membrane to
ensure the retention of the biocatalyst. The maimelits of continuous operation
with soluble enzymes are: i) the catalyst can bemdgeneously distributed,
thereby avoiding transport limitations, ii) simgletermination and monitoring of
enzymatic activity, and iii) no dependence on sgeonmobilization know-how,
besides reduction of costs and time associatetieanimobilization procedure
(Bodalo et al. 2001). Moreover, this bioreactorhtemogy presents several
advantages such as the possibility of easy adddfofiesh enzyme in case of
inactivation, high flow rates, reduced energy reguients, simple operation and
control and straightforward scale-up (Eibes e807, Katchalski-Katzir et al.
1993, Lopez et al. 2002, Rios et al. 2004).

With the goal of evaluating the possibility of ayipy an EMR for the
continuous removal of estrogens, the first stephsf work was focused on the
development of fed-batch reactors to assess thgeinde of various variables:
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aeration/oxygenation, laccase activity and contaéete. This strategy was
expected to permit not only the investigation of iateresting type of reactor
configuration based on the feeding of substratgmilges, but also to identify the
main parameters affecting the process and to dtecidhe potential best
conditions for the following continuous experimeisthe EMR. In fact, the

obtained results were the basis for the subsequ®® application for the

preliminary evaluation of oxygen supply and hydiauésidence time (HRT) to
optimize the continuous operation.

Nevertheless, the conventional method followed,e“dactor at a time”
approach, is not the most adequate for procesmizgtion since it is very time-
consuming, laborious and incomplete, being resposisdace methodology
(RSM) an adequate alternative. This tool is exterigiutilized in biotechnology
once it is useful for designing experiments, buaddimodels, evaluating the
significance of several variables besides detengireptimum conditions; and
also, it allows a reduction in the number of exmenits to be undertaken (Claus
et al. 2002, Ferreira et al. 2007, Roriz et al. Y0Cor instance, RSM based on
Box-Behnken design has been successfully appliedevaluate different
multivariable systems, such as wastewater treasmn@m®rnandez et al. 2011) or
enzymatic removal of various pollutants (Bhattaghaand Banerjee 2008,
Khouni et al. 2010, Tavares et al. 2009). Hends, rttethodology was conducted
in the present work with the aim of investigatitg tindividual and interrelated
effects of the studied parameters (enzyme actidiT and oxygenation rate) on
the different responses evaluated: removal ratagval rate per units of enzyme
activity required and reduction of estrogenic attiv

With this, the feasibility of the bioreactor to rewe estrogens at high
concentration and from synthetic media (buffer Sotucontaining the substrates)
was proved. However, the design of a technologyHerapplication of enzymatic
remediation under more realistic conditions wdsatthallenge: the authors who
attempted to test the laccase-catalyzed removedah matrix only used spiked
wastewaters and performed simple batch experim@uisol et al. 2007, 2008).
In view of the promising elimination yields obtathéefore, the EMR was
expected to be useful for the treatment of realteveaters at a larger scale.
Indeed, integrated systems including filtration @esidered nowadays one of the
most promising technologies used for the advancedtrhent of secondary
effluents, being both micro and ultrafiltration meranes techniques widely used
as tertiary treatments (Acero et al. 2010, Muthua&tan et al 2011, Zhu et al.
2012). Therefore, a third and important objectiaswo investigate the possibility
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of applying the EMR with free laccase to removeraggns from polluted
wastewaters at real environmental levels.

To sum up, the experimental work and results obthofuring the process to
accomplish the following main objectives are présdénand discussed in this
chapter: A) Operation of fed-batch reactors fotipri@ary evaluation of an EMR
for the continuous removal of E1 and E2, B) Apgima of RSM to study the
main parameters affecting the continuous removal1gfE2 and EE2 in an EMR,
and C) Evaluation of the potential applicability @ EMR for the continuous
treatment of wastewaters containing E1, E2 and EE2.

4.2. Materials and methods
4.2.1. Chemicals and enzyme

El, E2 and EE2 were purchased from Sigma-AldriceutBrated 1F-estradiol
(E2-d;), with deuterium introduced in positions 2, 4 d@j was purchased from
Cambridge Isotope Laboratories. Stock solutionsevpeepared in methanol (J.T.
Baker, HPLC grade, 99.8%). 2,2 -azinobis-(3-ethyimthiazoline-6-sulfonate)
(ABTS) was purchased from Fluka. All other reagamed were of analytical
grade.

The recombinant yeaSaccharomyces cerevisae was kindly provided by the
Laboratory of Microbial Ecology and Technology (loadt, Ghent University,
Belgium). Laccase fromMyceliophthora thermophila was supplied by
Novozymes.

4.2.2. EMR configuration
Description of the bioreactor system

The EMR consisted of a stirred tank reactor (250anlL.88 L) Biostat Q or MD
(B. Braun-Biotech International) equipped with ptémperature and oxygen
sensors, which was coupled to an ultrafiltrationygthersulfone membrane
(Prep/Scale-TFF Millipore) with a nominal moleculaeight cutoff of 10 kDa,
which permits the recycling of the enzyme to thetaA scheme of the reactor is
shown in Figure 4.1.

The additional volume held by the ultrafiltrationiiand the interconnecting
tubing was about 120 mL; therefore, the total vadurhthe systems was 370 mL
or 2 L. PTFE tubing was used to prevent adsorpifdhe compounds to the inner
surface of the tubing and the reaction mixture e@#inuously stirred (250 rpm)
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using magnetic stirrers and Teflon-coated stir b@he reactor was operated at
26°C by circulating thermostated water throughtémé chamber.

The influent containing a mixture of the estroger@s continuously fed into
the tank by a peristaltic pump (Cole Parmer InseniCo.), whereas laccase was
only added in a single initial pulse. A second puwgs used to circulate the
reaction solution from the tank to the membranegn@tihe enzyme was retained
and continuously returned to the reactor at a tewyfeed flow ratio 12:1. A
valve located in the membrane module permittecctrrol of both effluent and
recycling flow rates. An electrovalve located at #nd of a flexible membrane
tube controlled by a cyclic timer was used to ihgg/gen with a pulsing flow of
1 bar for 30 s each pulse at the selected frequency

At the start-up of the operation, the whole sys{tank reactor, membrane
and pipes) was filled with the reaction solutions at time zero, the reaction was
initiated by the addition of the enzyme into thaater vessel. Corresponding
controls lacking laccase were carried out and theults demonstrated that
elimination of the substrates takes place onlydogdse action.

Analysis of the membrane efficiency

The suitability of the selected membrane was detmatesl by circulating a

solution of laccase through the membrane undeaicecbnditions and measuring
enzyme activity in permeate and retentate. No dbsetivity in the permeate was
observed, concluding that the membrane retainedribgme efficiently.

Determination of the residence time distribution (RTD)

The determination of the RTD curve by stimulus-mese experiments was
carried out to characterize the hydraulic behawiothe 2-L EMR, as conducted
for the fluidized bed reactor in Chapter 3. Fostpurpose, an aliquot of 1.5 mL
of NaOH (20 M), which was used as tracer, was tappdnto the reaction tank
during the operation of the bioreactor with distllwater. Afterwards, samples
were periodically withdrawn from the bioreactor leéint to determine their

conductivity and thus the NaOH concentration byresponding calibration

curves.
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4.2.3. Experimental procedure

4.2.3.1. Objective A: Operation of fed-batch reacts for preliminary
evaluation of an EMR for the continuous removal oE1 and E2

Fed-batch experiments

The oxidation of E1 and E2 in fed-batch mode wase out in the 250-mL tank
reactor used for the EMR design without the membreoupling. The reaction
medium consisted of a mixture of E1 and E2 (5 mggich) and a single initial
pulse of laccase in 100 mM phosphate buffer (pHFéd-batch addition of the
estrogens (5 mg/L each pulse and compound) waigdataring the course of the
reaction. Temperature was controlled at 26°C amdiraoous magnetic stirring at
250 rpm. Several experiments were conducted inrdalevaluate the effect of
different operational parameters: aeration and ergtjon, frequency of
estrogens pulses and enzymatic activity.

An initial experiment was conducted with an initiatcase activity of 2,000
U/L and pulses of estrogens every hour. In a fdalhgwstep, the effect of aeration
was analyzed by supplying 0.5 L air/min. Two aduhitl strategies were
investigated to improve removal efficiency: pulsgsestrogens were performed
every 2 h and pure oxygen was supplied periodidalligar for 30 s every hour);
both strategies were assessed at two levels addacactivity: 500 and 2,000 U/L.
Finally, the combination of the conditions whichopided the best results was
evaluated.

Samples were withdrawn during the course of eadratipn to monitor
laccase activity under standard conditions. Aftedsareaction was stopped by
the acidification of the samples to pH 2 by addi(@l to inactivate the enzyme,
and samples were frozen until their analysis. Qfieation of E1 and E2 was
performed by high performance liquid chromatogragi?LC). Removal yields
(%) of each compound were calculated at the enghoh experiment by taking
into account the total amount of each estrogenchddeing the experiment and
the amount removed.

Preliminary continuous removal experiments

Continuous removal experiments of E1 and E2 weréopeed in the 370-mL
EMR. The influent consisted of a mixture of estmget a concentration of 4
mg/L each. Considering the findings attained by twevious fed-batch
experiments, experiments were performed at pH D (8 sodium phosphate
buffer) with an initial laccase activity of 500 U/Moreover, two oxygen supply
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strategies were assayed: i) a less regular addifigrulses every 1 h and ii) a
more frequent addition every 30 min. The lowest genation frequency was
assayed at a HRT of 2 h (feed addition rate of Znamg. In order to investigate
the effect of the HRT and to improve the removalds, the highest oxygenation
frequency was evaluated at two different valueslRfT: 2 and 4 h (feed addition
rate 1 mg/L-h).

Samples were withdrawn at different periods frore tieaction tank to
measure the residual laccase activity. Also, sasnplere collected from the
reactor influent and effluent to determine the aiged estrogenic activity by
yeast estrogen screen assay assisted by enzyngmétion with lyticase (LYES),
as well as the estrogens concentrations by HPL@ Bsirogens removal yields
and reduction of estrogenic activity (%) were deieed by comparing
corresponding values for the influent and effluddmoval rates of each target
compound expressed in mg/(L-h) were also calculated

4.2.3.2. Objective B: Application of response RSMot study the main
parameters affecting the continuous removal of EIE2 and EE2 in an EMR

Continuous removal experiments

While previous experiments were performed with EH &2, EE2 was now
included in the study. Continuous removal experimeri the three compounds
were performed in the 370-mL EMR. The influent detexd of a mixture of the
estrogens at a concentration of 4 mg/L (each) i rd® phosphate buffer (pH
7); taking into account the results of preliminayperiments, the following
variables were evaluated: enzyme activity (100Q,Q0L), HRT (1-4 h) and
oxygenation rate, conducting pulses of 1 bar fors3at selected frequencies
between 30 min and 2 h, which ensure oxygenatis tia the range of 15-60 mg
O./(L-h).

Samples were withdrawn from the reaction vessebrider to measure
laccase activity, as well as from the reactor rfiuand effluent to determine both
estrogenicity by LYES and estrogens concentratibpsHPLC, in order to
determine the following response variables undeladyt-state conditions: i)
removal rate of the target compound mg/(L- h))reinoval rate per units used of
enzyme (mg/(L-h-U)) and iii) reduction of estrogeactivity (%). The operation
was monitored over 10-14 h of operation aiming aify that steady-state
conditions were achieved.
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RSM and factorial design

A total of 15 experiments were carried out in orttestudy the influence of the
evaluated factors (enzyme activity, HRT and oxyg@enarate) on the continuous
laccase-catalyzed removal of estrogens. The codetré and levels and the
experimental design are shown in Table 4.1.

Experimental results were analyzed with the soféwtatgraphics Centurion
XVI (Statsoft Inc.) in order to link the responge the selected variables. The
experimental Box-Behnken design and analysis ofasae (ANOVA) were
performed with the same program. The quality of riiedels was expressed by
the coefficients of correlation fRand adj®) and statistical significance was
checked by thé-test. Finally, three-dimensional response surfacee plotted
by Matlab R2012a software (MathWorks Inc.).
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Table 4.1.Box-Behnken factorial design, coded values andlgegvaluated during the
continuous removal of E1, E2 and EE2 in the 370EMR.

Factors
Runs X1 X2 X3
Enzymé HRT  Oxygenation

1 -1 -1 -0.33
2 +1 -1 -0.33
3 -1 +1 -0.33
4 +1 +1 -0.33
5 -1 -0.33 -1

6 +1 -0.33 -1

7 -1 -0.33 +1
8 +1 -0.33 +1
9 -0.11 -1 -1
10 -0.11 +1 -1
11 -0.11 -1 +1
12 -0.11 +1 +1
13 -0.11 -0.33 -0.33
14 -0.11 -0.33 -0.33
15 -0.11 -0.33 -0.33

*Coded levels:

Enzyme activity (x): -1 (100 U/L); -0.11 (500 U/L); +1 (1,000 U/L)

HRT (%): -1 (1 h); -0.33 (2 h); +1 (4 h)

Oxygen (%): -1 (15 mg Q/(L-h)); -0.33 (30 mg @(L-h)); +1 (60 mg Q(L-h))

The response evaluated was related to the seleat@bles by a quadratic
model as shown in Equation (4.1):
Y =og Hog X F 0, Xy Fogr Xy + 0y Xpr X, st Xyt Xy 4.1)
4.1
T o Xy Xg 0‘11')(12 + 0‘22')(22 + (133-X32
where Y is the predicted responsg;» and % are the coded levels of the factors;
oo IS the intercept termy,, a, andogthe coefficients for linear effecta;,, a3 and
oz are the cross-coefficients; awngh, o, andasz are the quadratic coefficients.
The choice of this response is justified by the faat relatively few experimental
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combinations of variables are required to estimdue potentially complex
response function.

4.2.3.3. Objective C: Evaluation of the potential pplicability of an EMR for
the continuous treatment of wastewaters containingl, E2 and EE2

Continuous removal experiments to evaluate the EMReal applicability

Finally, additional work was performed aiming to atiate the potential
applicability of the designed enzymatic bioreadtwrthe removal of estrogens at
environmental concentrations and the treatmenteaf wastewaters. For this
purpose, the 2-L EMR was operated at a HRT of Adafrequency addition of
oxygen pulses of 30 min, which accounted for angexmtion rate of 60 mg
OJ/(L-h); besides, an initial laccase activity of yrdl00 U/L was attempted in
order to reduce enzyme requirements.

The following sequence of experiments was perforntb@ continuous
removal of estrogens at high concentrations (tduewe the effect of change of
scale with respect to the previous experiments) land levels (to test the
feasibility of the enzymatic system to remove lowncentrations of the
pollutants) from buffered solutions, the treatmehitspiked real wastewater (to
study potential matrix effects), and finally, theedtment of wastewater at
environmental concentrations. The sequence of arpats and corresponding
operational conditions are detailed in Table 4.2.

Table 4.2.Experiments performed in the 2-L EMR for the contius removal of
E1l, E2 and EE2 and corresponding operational dongdit The bioreactor was operated a
HRT of 4 h, laccase activity 100 U/L and 60 mg(O h)

Estrogens Feed addition

Experiment Matrix )
concentration rate
Phosphate buffer
1 (100 mM, pH 7) 4 mg/L 1 mg/(L-h)
Phosphate buffer
2 (100 mM, pH 7) 100 pg/L 25 pg/(L-h)
3 Spiked real wastewater 100 pg/L 25 pg/(L-h)
Envwonme_ntal. 0.07-0.38
4 Real wastewater  concentrations:
ng/(L-h)

0.29-1.52 ng/L

The reactor was operated for 100 h in order to destnate the viability of
the technology and the stability of both the membrand the biocatalyst.
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Samples were withdrawn at different periods from tbaction vessel in order to
measure laccase activity, as well as from the émftuand effluent to determine
both the estrogenic activity by LYES and the estrnsg concentrations. The
performance of the technology was evaluated ingesfithe removal percentage
(%) of both target compounds and estrogenicitywali as by the estrogens
removal rates expressed in mg, pg or ng/(L-h).

Sampling

Samples preparation and quantification of estrodgnthe appropriate analytical
technique was conducted according to the rangstaigens concentration:

i) HPLC was used for the analysis of approximatelgnL samples withdrawn
during experiments performed at concentrations@tim

i) 20-mL samples were collected from the EMR ieftl and effluent during
experiments at concentrations of pg/L and diluteddistilled water (pH 2
adjusted with HCI) in a final volume of 100 mL. Aftvards, solid phase
extraction (SPE) was performed for subsequent agziation and analysis by
gas-chromatography mass spectrometry (GC-MS);

i) For the quantification of estrogens in thosamples taken during the
experiment performed at environmental concentratifmg/L), samples of 2-L
(samples from EMR influent) or 5-L (EMR effluent)eve withdrawn for
subsequent SPE as well as further concentrationttfer analysis by liquid
chromatography atmospheric pressure chemical iboizatandem mass
spectrometry (LC-APCI-MS-MS).

Characteristics of the real wastewater used

The real wastewater used was collected from thietoot the secondary clarifier
of the municipal wastewater treatment plant of €Mditbadoiro (Ames, Spain).
This water was filtered (0.45 pm) to remove pattitel matter and suspended
solids to avoid undefined biological transformatiday bacteria and other
microorganisms or even adsorption of the targetpmmds, and thus examining
the sole role of the laccase. Thereafter, it wasedt at 4°C until its use. The
wastewater was analyzed according to Standard Msth¢1999) and
quantification of estrogens was carried out by LEGA-MS-MS; the main
characteristics are summarized in Table 4.3.
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Table 4.3.Characteristics of filtered secondary effluent.

Estrogens o/l Carbon and Concentration
g 9 nitrogen content (mg/L)
El 1.52 inorganic carbon 5.6
E2 0.29 total organic 56
carbon
EE2 0.74 total nitrogen 7.8
inorganic
COD (mg Q/L) 33.80 nitrogen 3.0
pH 6.85 total' Kjendahl 48
nitrogen
Anions Concentration Cations Concentration
(mg/L) (mg/L)
NO* 0.1 N& 38.2
Br 0.0 NH" 0.0
NO* 9.9 K 9.0
PO 2.2 Mg 2.9
SO” 21.3 c& 11.9

4.2.4. Determination of estrogens concentration

4.2.4.1. Quantification of estrogens at level of Migby HPLC

Determination of E1, E2 and EE2 concentration byLERvas performed by
applying the method described in Chapter 2.

4.2.4.2. Quantification of estrogens at level of Jig

SPE of samples

Samples SPE was carried out with 60 mg OASIS HL&ridges (Water closet)
previously conditioned with 3 mL ethyl acetate, 3 mnethanol and 3 mL
distilled water (pH 2). The cartridges were theiedirwith nitrogen for 45 min
and eluted with 3 mL ethyl acetate.

GC-MS analysis

800 uL of the extract obtained by SPE was taken and OBSTFA (N,O-
bis(trimethylsilyl)trifluoroacetamide) was addedr fthe derivatization of the
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species. Afterwards, GC-MS analysis was performgdiding a Saturn 2100T
(Varian) system with a CP Sil column (CP Sil 8 CEsNbw bleed (30 m x 0.25
mm x 0.25 um). The analytical conditions are dethih Table 4.4

Table 4.4.Equipment and conditions for the determinatioegifogens by GC-MS.

Chromatographic parameters

Split-splitless injector
Splitless time

Injection temperature
Gas flow (He)

Injector (volume)
Solvent

Temperature program
Initial temperature

Initial time

1* ramp, Temperature 1
2" ramp, Temperature 2
3“ ramp, Temperature 3
Time 3

Mass Soectrometry
lonization mode
Filament current

lon ramp temperature
Transference line temperature
Voltage

Scan velocity

Mass spectrum

2 min
280°C
1 mL/min
1puL
Ethyl acetate

70°C
2 min
25°C/min, 150°C
3°C/min, 200°C
8°C/min, 280°C

5 min

Electronic impact
10 pA
220°C
280°C
1700 — 1750 V
1s/scan

50-550 m/z
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Limits of quantification (LOQ) of the system wer@ fig/L for E1 and E2
and 40 ug/L for EE2. Anyhow, the concentration loé samples allowed the
guantification of the compounds at concentratidnk.® and 6 pg/L, respectively.

4.2.4.3. Quantification of estrogens at level of g
SPE and further concentration of samples

SPE of samples from experiments conducted at emvieotal concentrations was
performed as described above. Then, additionalerdration was carried out as
follows: 2 mL of the 3-mL extract resulting from BSRvere evaporated under
nitrogen stream previously to resuspension in mmehafinally, further
concentration by nitrogen was conducted to obt@ipb-samples.

LC-APCI-MS-MS analysis

Determination of E1, E2 and EE2 concentration by-ARCI-MS-MS was
performed by applying the method described in Glrapt

In this chapter, E20wvas used as internal standard throughout the @eelly
procedure in order to corroborate the removal tesofl E1, E2 and EE2. The
deuterated compound was added to the samples bisfer&PE (5 ng, which
meant concentrations before SPE of 2.5 and 1 ng/thé EMR influent and
effluent samples, and 66.66 pg/L after concentnatow subsequent LC/MS/MS
analysis). The quantification of the estrogenic poonds was carried out using
calibration curves obtained by plotting the ratfoaoalyte peak area/E2-geak
area versus the analyte concentration; calibragtandards contained increasing
amounts of the analytes in the range 0.5-70 pgit,aafixed concentration of the
surrogate of 66.66 pg/[The surrogate presented the following transiti@%8.2
- 161.1 and 259.% 135.0 and retention time of 9.5 min.

LOQs were 0.5 pg/L; however, the concentrationhef $amples provided a
reduction of the limits to 0.02 ng/L for the EMKRlurent samples and 0.01 ng/L
for the samples withdrawn from the effluent.

4.2.5. Determination of laccase activity

Laccase activity was determined spectrophotomdiricasing ABTS under
standard conditions as described in Chapter 2.

4.2.6. Determination of estrogenic activity

Estrogenic activity was determined by the LYES phare detailed in Chapter 2.
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4.3. Results and discussion

4.3.1. Objective A: Operation of fed-batch reactorsfor preliminary
evaluation of an EMR for the continuous removal oE1 and E2

4.3.1.1. Fed-batch removal of E1 and E2

Fed-batch reactors were operated for the laccaaészad removal of E1 and E2
and a number of operational parameters: aeratiggémation, substrates feeding
rate and enzyme activity, were evaluated with time af elucidating the most

suitable conditions for the subsequent developroktite continuous reactor. The
sequence of the experiments performed along with rdfmoval percentages
obtained is included in Table 4.5.

Table 4.5 Experiments performed in fed-batch reactorsterremoval of E1 and
E2, corresponding operational conditions and refngetds obtained.

Estrogens Initial

: El E2
. Aeration/ pulses laccase
Experiment : g removal removal
Oxygenation frecuency activity (%) (%)
(h) (UL)
1 - 1 2,000 70.9 915
2 Aeration 1 2,000 71.2 91.6
3 - 2 2,000 924 93.8
4 - 2 500 90.5 92.0
5 Oxygenation 1 2,000 90.1 93.5
6 Oxygenation 1 500 83.7 90.2
7 Oxygenation 2 500 94.1 95.5

Effect of frequency of estrogens addition

As expected in view of the results attained batskwEl and E2 were removed
by laccase within 1 h with significant yields, basidual estrogenic activity is
still detected (see Chapter 2). Therefore, strategiust be applied aiming to
improve the transformation efficiencies achieve&xperiment 1 (Table 4.5).
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The first strategy proposed in order to enhanca¢h®val percentages was
the decreasing of estrogens addition frequency ho(Experiment 3, Table 4.5)
with the objective of increasing the contact timetween the enzyme and
substrates added in each pulse; concentrationlggafuring the experiment are
shown in Figure 4.2. With this, the enzyme was bbpdo transform both
compounds at percentages 92.4 and 93.8% for E1E2ndespectively. These
results were expected since only 2 pulses wereomeed during the operation,
and thus the enzyme was exposed to lower loadsbstrsites.

These findings suggest that HRT values of 2 h @neligher would be
necessary when operating a continuous bioreactoingito attain significant
removal rates. Indeed, HRT effect was preliminaghaluated in the 370-mL
EMR and subsequently evaluated through respon$acsuanalysis, as it will be
exposed below.

Effect of aeration/oxygenation

Oxygen actively participates in the catalytic cyde laccase. It acts as the
electron acceptor, which is in turn reduced to wathilst the oxidation of the
laccase takes place for the subsequent oxidatitimecfubstrate (Wesenberg et al.
2003). Thus, oxygen addition was conducted aimmgriprove the kinetics of
the reaction and thus, the removal yields; twotatyias were evaluated aiming to
increase the oxygen concentration inside the reactmntinuous aeration and
addition of pure oxygen by pulses.

The supply of extra air in a continuous flow (Expent 2, Table 4.5)
exerted no significant effect in comparison withe thon-aerated experiment
(Experiment 1, Table 4.5), probably because agitatvas sufficient to maintain
the concentration of dissolved oxygen close to shauration values and air
addition did not increase these levels. Howevermwbxygen was supplied, the
concentration of dissolved oxygen reached maximahes of 35-38 mg/L when
pulses were applied. In fact, under oxygen pulgapdriment 5, Table 4.5), the
removal percentages increased, reaching an eliimmat 90.1 and 93.5% for E1
and E2, respectively; concentration profiles foattlexperiment are shown in
Figure 4.2. It can be observed than the enhancewesnimore noticeable for E1,
and that similar removal yields were attained aftely 1 h of treatment under
oxygenated conditions than those found without exygupply after 2 h.
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El (mg/L)

Time (h)

E2 (mg/L)

0 - . . . .
0 1 2 3 4 5 6
Time (h)
Figure 4.2. E1 (A) and E2 (B) concentration profiles during fed-batch experiments:
Experiment 3 (0) and 5 (A) from Table 4.5.

In view of these results, oxygenation rate was preliminarily evaluated in
continuous experiments in the 370-mL EMR and further investigated and deeper
discussed by response surface analysis.

Effect of enzyme activity

The primary objective of any engineering design should be to minimize the cost
to make the process feasible. Consequently, a 4-fold reduction of the initial
enzyme activity was considered once enzyme costs might be considered among
the most representative of the technology and could limit its application (Ibrahim
et al. 2001). A value of 500 U/L was tested for non aerated/oxygenated
experiments with pulses of estrogens every 2 h as well as for oxygenated
experiments with pulses every 1 h (Experiments 4 and 6, respectively, Table 4.5).
Thus, the effect of initial laccase activity can be analyzed by comparing two pairs
of experiments: Experiments 3-4 and 5-6. The results evidenced lower removal
yields, but this reduction was not as significant as expected. For example, E1 and
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E2 removal decreased from 92.4 to 90.5% and from 93.8 to 92.0%, respectively,
for Experiments 3-4 (Figure 4.3).

8
A

El (mg/L)

0 - T T T
0 2 4 6 8

Time (h)

0 - . . .
0 2 4 6 8
Time (h)
Figure 4.3. E1 (A) and E2 (B) concentration profiles during fed-batch experiments:
Experiment 3 (o) and 4 (#) from Table 4.5.

It was demonstrated that the enzyme activity can be down to 500 U/L
without compromising the efficiency of the system; nonetheless, further
optimization was done by response surface analysis.

Fed-batch operation under the best conditions

Finally, the strategies selected throughout this study were combined in order to
obtain an efficient operation of the fed-batch reactor. The operational conditions
were: compounds pulses every 2 h, oxygen supply by pulses every 1 h and 500
U/L of laccase activity (Experiment 7, Table 4.5); concentration profiles obtained

are shown in Figure 4.4.
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Under these selected variables, high degradation extent of E1 and E2 was
observed during 8 h of operation, with transformation percentages of 94.1 and
95.5%, respectively.

EIl (mg/L)

O T T T
0 2 4 6 8

Time (h)

E2 (mg/L)

0 T T T
0 2 4 6 8

Time (h)
Figure 4.4. E1 (A) and E2 (B) concentration profiles during fed-batch experiment under
the selected conditions (Experiment 7 from Table 4.5).

4.3.1.2. Preliminary experiments for the continuous removal of E1 and E2

Various experiments were performed in the 370-mL EMR for the continuous
removal of El and E2; in this step, the operational parameters that are likely to
affect the efficiency of the system were evaluated: laccase activity, oxygen supply
and HRT. The experiments performed and operational conditions as well as the
removal percentages results obtained are shown in Table 4.6. Besides, removal
rates determined during each operation are depicted in Figure 4.5.
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Table 4.6 Preliminary experiments performed in the 370-mMREfor the
continuous removal of E1 and E2, operational comustand removal yields obtained.

Feed Initial

addition HRT laccase O, El E2

Experiment g pulses removal removal
rate (h) activity
(mg/L-h) (UIL) frequency (%) (%)
1 2 2 500 1lh 58.9 65.9
2 2 2 500 30 min 68.4 80.6
3 1 4 500 30 min 95.6 >90*

*Concentration of estrogens below detectioritim

Although previous experiments showed an importdfetce of the oxygen
supply, the frequency of oxygenation was not euelllaHence, two different
strategies for the oxygenation were tested: oxygeply every 1 h, as assayed
during fed-batch experiments, and oxygen supplyye@® min. As expected,
higher oxygen supply led to a 10-15% of enhancemaltes 68.4 and 80.6%
were found for E1 and E2, respectively, which cgpanded to removal rates
1.34-1.61 mg/(L-h) (Experiment 2, Table 4.6). ltingeresting to highlight that
enzymatic activity did not decrease throughoutekgeriment and thus, it was not
affected by the oxygenation.

HRT is related to the desired conversion of pofitga which is directly
affected by the substrates concentration: a hifgesting rate (lower HRT) could
lead to a faster but less efficient process. HRIliesof 2 and 4 h were selected
in order to study that effect and aiming to imprae enzymatic treatment
efficiency. At the highest HRT assayed, E1 was reedoup to 95.6 and E2 was
not detected in the effluent; however, removal satkecreased to 0.96-0.98
mg/(L-h) (Experiment 3, Table 4.6).

There is no extensive information concerniity vitro degradation of
estrogens in continuous bioreactors. For instaBEmquez and Guieysse (2008)
investigated the biodegradation of E2 Byametes versicolor cultures and
evidences of laccase involvement were found: reiaetes (about 0.16
mg/(L-h)) in the same order of magnitude as thaseesed by fungal enzymes,
bacterial communities or bacterial isolates werpored. In this research,
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estrogens transformation rates by laccase almost 10 times higher were achieved
by using a continuous EMR.
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Figure 4.5. E1 (A) and E2 (B) removal rates attained during preliminary
experiments in the 370-mL EMR: Experiments 1 (), 2 (o) and 3 (o) from Table 4.6.

Furthermore, 97% of reduction of estrogenicity was measured for the best
conditions evaluated. This indicates the potential of the developed technology not
only for the removal of the estrogenic compounds but also for the detoxification
of the effluent.

4.3.2. Objective B: Application of RSM to study the main parameters
affecting the continuous removal of E1, E2 and EE2 in an EMR

Response surface analysis was performed aiming to adequately study the effects
of the main parameters evaluated (laccase activity, HRT and oxygen supply)
avoiding the “one factor at time” optimization.

Based on the Box-Behnken and RSM approach, the methodology involves
three major steps: i) performance of statistically designed experiments, ii)
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estimation of the coefficients of a mathematicaldelowith the corresponding
analysis of variance (ANOVA) and iii) prediction tife response and validation
of the model (Box and Behnken 1960).

A complete application of RSM following those stepss carried out
considering the removal rate (mg/(L-h)) as respeasi@ble (Y). Afterwards, the
methodology was also applied for the following @sges: ¥ (mg/(L-h-U)),
removal rates per units used of enzyme, apd¥%) as reduction of estrogenic
activity.

4.3.2.1. Analysis of removal rate
Fitting the model and analysis of variance

According to the Box-Behnken design, 15 differexppexriments corresponding to
the continuous operation of the enzymatic reactarevperformed. The levels of
the factors along with the experimental resultsu@cvalues) are presented in
Table 4.7.

In preliminary experiments, 500 U/L of laccase, HRR2 and 4 h and pulses
of oxygen every 30 min and 1 h (which corresportgeaxygenation rates 60 and
30 mg Q/(L-h), respectively) were assayed. The levelsistudow were selected
according to those previous results: 100 and 1)000 were also assayed to
minimize the consumption of enzyme or to improve temoval when operating
at lower oxygenation and HRTs; a HRT of 1 h was alsnsidered to maximize
the removal rates; and oxygen supply of 15 raflGh) was included in the study
to investigate its effect over a broader range.dédwer, EE2 was included in the
study.
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Experimental data of removal rates of E1, E2 an@ Rlere fitted to the
second order polynomial model presented in Equd#al); the empirical models
depicted in Equations (4.2) to (4.4) were obtained:

Y1(E1)=0.909+ 0.185-% - 0.774-% +0.082-3 - 0.099-%-X5 - 0.013-% X3

(4.2)
-0.013-%-x3 +0.060-¢ +0.685-)5 +0.028-%
Y1(E2)=1.024+ 0,179 - 0,882 +0.079-8 - 0107 4:x2 - 001283,
-0.041-%-X3 +0.109% +0.755-% +0089x3 '
Y1(EE2)=0.875+ 0.189- - 09662 +0.07715 -0.0824:x2 - 002843,

-0.052-%-x3 +0.066-% +0.846-5 +0100 X3

where Y; corresponds to the elimination rate (mg/(L-h))eath estrogen at the
steady-state, and;xx, and % are the coded values of the studied variables:
laccase activity, HRT and oxygenation rate. Positralues indicate synergism
whereas negative values indicate antagonism. Reeldi@lues provided by those
models are shown in Table 4.7.

The statistical significance of the proposed modes investigated by
ANOVA (Table 4.8). Moreover, pareto charts weretigd from the obtained
results to analyze the standardized effect of éactior and their interdependence
on the removal of the estrogens (Figure 4.6).
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X,: HRT

X,2

x;: Enzyme
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X1 Xp
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X1. X3
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X, X3
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Figure 4.6. Pareto chart for E1 (A), E2 (B) and EE2 (C) removal rates (Y;, mg/(L-h)).
Black bars: antagonistic effect; White bars: synergistic effect.

It was assumed that the regression coefficients and the correlation between
each factor can be considered statistically significant for p-values below 0.05. All
the terms of the expression were found to be significant, except the cross-
interactions X;-x3 and X,-X; for the three compounds analyzed, as well as the
quadratic effect x;> in the case of El. Hence, the polynomial models may be
simplified to expressions with seven or six adjustable coefficients.
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Besides, it was observed that the HRT of the comgsun the reactor is
deemed to be the variable with the most signifiedfact, and as expected for a
variable response defined per units of time (mdp)L-that effect was negative.
On the contrary, the HRT would have a positive afié the response was the
oxidation percentage. For instance, when increaiagHRT from 1 to 4 h, the
removal rate of E1 decreased: 2.11 to 0.76 mg/({rdr)s 1 and 3, Table 4.7),
while the removal percentages improved: 53 to 7@Pdtal not shown). The
quadratic effect of the HRT was the second mostifsignt parameter followed
by the linear effect of enzymatic activity. Oxygéoa rate also presented an
important effect on the removal rate of E1.

The removal rates of the target compounds predibiedhe models are
depicted in Table 4.7; their correlation with theperimental values was very
close, indicating the goodness of the fitting. &etf high correlation coefficients
R? and adjRbetween 0.997 and 0.999 were obtained, corrobgy &t adequacy
of the models.

Response surface analysis

The effect of the variables tested and their imtivsas on the removal of the
target compounds were analyzed by means of RSMyliteened surface plots for
the removal of E1 (slight differences were obserapting the three compounds
assayed) are shown in Figure 4.7.

Figure 4.7.A presents the removal rates of E1fasction of laccase activity
and the oxygen addition rate at a HRT of 2 h. Tifieiency of the treatment was
enhanced by increasing both laccase activity apdenation. Such improvement
was quite linear in the case of E1 and E2, whil@ [BEesented a lower slope at
higher oxygenation values (data not shown). Acecaydb the results obtained,
the most interesting strategy to optimize the regho¥ estrogens by commercial
laccase would be either the use of high laccaseitsicor, alternatively, low
enzyme activity combined with high frequency of ge&p supply. Indeed, the
results obtained with 1,000 U/L of enzyme and oxym®n rate of 30 mg
OJ/(L-h) (run 2, Table 4.7) were similar to thoseaited with 500 U/L but with
60 mg Q/(L-h) of oxygen supply (run 11, Table 4.7).
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Figure 4.7.Response surface plots for E1 removal rate fMy/(L- h)) as a function of:
(A) oxygenation and enzyme activity at HRT 2 h; (Bygenation and HRT at 500 U/L;
(C) enzyme activity and HRT at oxygenation rat8@fmg Q/(L- h).
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The relevance of oxygen on the laccase catalytetecis undeniable as
laccase requires oxygen to oxidize the substratiéls the reduction of one
molecule of oxygen to give one molecule of waterspheoretical four oxidized
substrate molecules (Yaropolov et al. 1994). Hehag) oxygen concentrations
in the reactor may facilitate oxidation and leadmmproved efficiency. Previous
investigations reported the enhancement on theasaecatalytic action during
biobleaching (Fillat and Roncero 2009) and phepataval (Ghosh et al. 2008)
caused by oxygen supply. However, Dasgupta e2@07) reported no effect of
dissolved oxygen concentration on the removal oénglic compounds by
laccase. Nevertheless, oxygen supply is not a camvadable studied by RSM
to optimize the laccase action on bioremediati@tesses.

In the current research, oxygenation rates in #mgye 15-60 mg £(L-h)
were examined by injecting oxygen in pulsing flowrheans of an electrovalve.
For this purpose, pulses of 30 mg/L of oxygen (ffoa 30 s each pulse) were
performed with a frequency between 2 h and 30 rhinder these studied
conditions, the dissolved oxygen concentrationhef lhioreactor was maintained
at the saturation level (8 mg/L) during the opematibut increased instantly to 35-
38 mg/L when the pulses were made and decreasetbdie super-saturation
within few minutes to recover the base value aréstablish the equilibrium. On
the other hand, it was observed during experimeatslucted without oxygen
supply that oxygen dissolved was constantly mamethiat 8 mg/L, which could
prove that oxygen depletion during the reaction imasediately restored by the
air from the headspace of the bioreactor, which feasred by the agitation.
Besides, oxygen concentration in the reactor shaoldbe a limiting factor in
terms of stoichiometry even when assuming a thieategtoichiometry ratio of 4
(Kurniawati and Nicell 2007a, Riva 2006). Therefatean be concluded that the
oxygen supplied by pulses was not consumed by ¢hetion, but led to an
important enhancement of the kinetics once theticragvas speeded up during
the short periods of high oxygen concentratiomdians that although the oxygen
is not a limiting reactant, the reaction rates leemthe laccase and the oxygen
increased due to the high concentration of ondefréagents, yielding in better
removal results.

The results obtained by RSM for variable HRT anffiedént oxygenation
rates at a constant enzyme activity of 500 U/L @legted in Figure 4.7.B. As
expected, the surface plot shows a decrease iedinegen elimination rates at
increasing HRT values. The selected oxygenatioa sdightly influenced the
removal yields of the target compounds in comparigothe HRT effect in the
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range considered and at that value of enzyme fctiSurprisingly, E1 removal
rate was not so sensitive to alterations of lac@ad®ity as assumed over the
range studied and at an oxygenation rates of 300a@.-h) (Figure 4.7.C).
Regarding the effect of HRT, values from 3 to kti to an important increase of
removal rate, which may be related to the signifteaof the quadratic effect of
HRT as observed in the corresponding pareto ckagte 4.6.A), while values
above 3 h showed slight differences on the response

Optimum conditions and model validation

According to the models, shown in Equations (443, the optimum conditions
would be: 1,000 U/L, HRT of 1 h and oxygen supply6® mg Q/(L-h), in order
to attain the maximum response: 2.82, 3.24 and @@»xidized/(L-h) of E1, E2
and EEZ2, respectively. In order to evaluate thejadey of the models proposed,
three additional replicate runs were carried owteurthose optimum conditions to
verify the optimized response. Average oxidatiotesaof 2.80, 3.21 and 3.20
mg/(L-h) were found, which are very close to theotietical predicted values.
Furthermore, an estrogenic activity reduction c¥Abas found.

Thus, it was confirmed that the RSM was effectind eeliable for predicting
and optimizing the removal process of the testeogsns by commercial
laccase. Nonetheless, it is also important to tete account that RSM is
considered a black box methodology (Cox and Bayhd®l) and thus, the
capacity of prediction when some variation occag.(variables values outside
the ranges evaluated) may be limited.

4.3.2.2. Analysis of removal rate per units of actity and estrogenicity
reduction

RSM was applied again to investigate the optimad@tons for the maximization
of the following responses: ,Y removal rates per unit of enzyme used
(mg/(L-h-U)), to maximize removal rate and minimizecase consumption; and
Y3, reduction of estrogenic activity (%), which shibube one of the main
concerns when removing this type of compounds. éXperimental data used for
Y, optimization were calculated as the ratio betwthese presented in Table 4.7
and the units of laccase used in each run. Expataheesults of estrogenic
activity reduction presented in the same table wessal for % evaluation; similar
conclusions would be drawn when applying RSM to imize the removal
percentages of estrogens.
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Pareto charts obtained for both responses are shown in Figures 4.8.
Interestingly, oxygenation rate was not an important effect when considering not
only the removal rate but also the units of laccase required (Figure 4.8.A).
Moreover, only three terms were found to be significant: laccase activity,
followed by its quadratic effect and the HRT influence. On the contrary,
oxygenation was the third parameter affecting the elimination of estrogenic
activity, after HRT and laccase activity (Figure 4.8.B). Indeed, the percentage of
estrogenicity reduction was the variable response most influenced by the addition
rate of oxygen, indicating the need of taking this factor into account aiming to
achieve high removal rates as well as effective detoxification of the effluent.
Response surface for Y; response (Figure 4.9) corroborated the important effect
that both laccase activity and oxygenation rate have on the reduction of estrogenic
activity.

X;: Enzyme (A)

X2
X,: HRT

X1, Xy

X,2
X3: Oxygenation
X32

Xy X3

1

Xy, X3

4 6 8
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X,: HRT
x;: Enzyme

“ B)

X3: Oxygenation
X,2
X2
X542
X, X3

X1. X3

X). Xy

3 6 9 12 15 18
Standardized effect

Sl

Figure 4.8. Pareto charts for E1 removal rate per units of enzyme used (Y»,
mg/(L-h-U)) (A) and for estrogenic activity reduction (Y3, %) (B). Black bars:
antagonistic effect; White bars: synergistic effect.
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4.3.2.3. Comparison of optimal conditions

Optimal conditions and corresponding optimized Itesobtained for all the
responses studied using E1 as model compound angsh Table 4.9.

Table 4.9.0ptimal conditions and corresponding predicted aasps for the
different response variables analyzed by RSM.

Optimal conditions Responses
Response - % of
Enzyme HRT Oxygenation mg/(L-h-U) estrogenic
rate (mg  mg/(L-h) .2
(U/L) (h) Oul(L-h)) 1 activity
2 reduction
Y1
1,000 1 60 2.82 7.6 75
(mg/(L-h))
Y2
(mg/(L-h-U)) 100 1 60 2.28 60.4 60
Y3 (%)
1,000 4 60 0.99 2.7 99
1,000 4 30 0.95 2.6 96
500 4 60 0.91 4.9 93

It was observed that while 1,000 U/L should be usedchieve the highest
oxidation rate (2.82 mg/(L-h)) without taking irdocount the amount of required
enzyme, only 100 U/L of laccase are needed tonalttaih the maximum amount
of estrogen oxidized and minimum enzyme consump@o®6 mg/(L- h-U)) at the
same oxygenation rate and HRT. Nevertheless, theva of estrogenic activity
would decrease from 75 to 60%.

On the other hand, the highest values assayedd )0 4 h of HRT and
oxygenation rate of 60 mg @L-h), provided the best results in terms of
estrogenicity reduction, up to 99% and almost cetepelimination of the target
compounds, which meant removal rates of 1.00 mbgj(LHowever, it was
experimentally demonstrated that the decrease yjemation to 30 mg &L h)
or the enzyme activity to 500 U/L led to a decreakestrogenic activity to 96
and 93%, respectively (runs 4 and 12, Table 4.Tichvimplies an efficiency
descent of only 3-6%, and moreover, estrogens rahmv95-100 and 91-99%,
respectively (data not shown). Thereby, the extreatees examined may not be
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the best conditions in case of considering thescobenzyme and oxygen since
high detoxification levels are still attained atnmial conditions of enzyme

activity and oxygenation. A compromise solution wWdobe reached aiming to
maximize not only the removal rate of estrogens &lsb to minimize the

consumption of reagents and maximize the estroifgmigmination.

The high removal rates and estrogenicity reductbbtained present the
system as a promising tool for the detoxificatidnwastewater polluted with
estrogenic compounds, which was indeed attemptethennext step of the
research.

4.3.3. Objective C: Evaluation of the potential aplicability of an EMR for
the continuous treatment of wastewaters containingl, E2 and EE2

Continuous removal experiments to evaluate the EMReal applicability

A 2-L EMR was proposed for the evaluation of thehteology for the continuous
removal of estrogens at low concentrations onceeahsibility of a similar 370-
mL bioreactor for the removal of E1, E2 and EE2 wems/ed before. In this step
of the work, the bioreactor was operated with atainlaccase activity of only
100 U/L aiming to reduce the enzyme requirementkthas the associated costs,
and an oxygenation of 60 mg/Q-h) (pulses every 30 min) and a HRT of 4 h
were used to favour both estrogens and estroggmilihination. A sequence of
experiments (see Table 4.2) was designed and pwtbrwith the goal of
evaluating the potential of the designed systemrémove estrogens at
environmental concentrations and to treat real eveetier containing these
pollutants.

First, the EMR was fed with a buffer solution (pplate buffer solution, pH
7) containing high estrogens concentration (4 negth) to study the effect of the
change of scale and the reduction of laccase gctRRemoval percentages of 80,
87 and 85% of E1, E2 and EE2, respectively, wetairetd under steady-state
conditions, which implied degradation rates in ittnege of 0.80-0.87 mg/(L-h), as
shown in Figure 4.10. The use of a much lower Ise@tivity slightly decreased
the removal yields by 11-13%: removal percentagdsdéen 91 and 99% were
previously found using 500 U/L (run 12, Table 4aljhough this experiment was
conducted in the 370-L EMR. Anyhow, it was demaaistl that the change of
scale did not strongly affect the efficiency of ttreatment: equation models
obtained by RSM for the 370-mL EMR predicted valbeswveen 83 and 90%,
which are quite in agreement with those found lierg¢he 2-L EMR (80-87%).
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Moreover, no biocatalyst inactivation was detected over the 100 h of operation
and the estrogenicity was reduced by 84%.
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Figure 4.10. E1, E2 and EE2 removal rates and laccase activity during the operation
of the 2 L-EMR for the treatment of synthetic water containing 4 mg/L of each estrogen
(feed addition rate 1 mg/(L-h)) by 100 U/L of initial laccase activity.

The next experiment was conducted with 100 ug/L (each) of the estrogens in
buffer solution as an attempt to work at lower concentrations and closer to
environmental levels. The results evidenced the capability of the enzymatic
technology to remove these pollutants even at such low concentration, obtaining
significant efficiencies: E1 was eliminated by 88% (removal rate 22 pg/(L-h)) and
E2 and EE2 were not detected (below detection limits), which meant removal
percentages up to 99 and 94%, respectively (Figure 4.11). Moreover, a reduction
of 95% of estrogenic activity was found and the biocatalyst retained its total
initial activity after 100 h.
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Figure 4.11. E1, E2 and EE2 removal rates and laccase activity during the operation of
the 2 L-EMR for the treatment of synthetic waster containing 100 ug/L of each estrogen
(feed addition rate 25 pg/(L-h)) by 100 U/L of initial laccase activity.

With the goal of studying the matrix effect to investigate the possibility of
the real implementation of this technology, the bioreactor was operating with real
wastewater (filtered secondary effluent) previously spiked with 100 pg/L of the
estrogens; the results are shown in Figure 4.12.
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Figure 4.12. E1, E2 and EE2 removal rates and laccase activity during the operation of
the 2 L-EMR for the treatment of real wastewater containing 100 pg/L of each estrogen
(feed addition rate 25 pg/(L-h)) by 100 U/L of initial laccase activity.
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Despite a partial inactivation of laccase (20%) imyrthe first hours,
probably due to the constituents of the wastewateractivity close to 80 U/L
was constantly maintained after 100 h of operatoil the bioreactor was
stopped. Furthermore, high removal percentagebeokstrogens were achieved:
80-92%, which implies degradation rates of 20-23(litdp), under steady-state
conditions. This loss of removal efficiencies olbser when comparing both
experiments with buffer solution and real wastewatay be caused by the slight
biocatalyst inactivation and/or by the presencetber compounds which could
compete with the target compounds for the enzynme.eRpected, the lower
oxidation vyields led to diminished estrogenicityduetion, although still a
significant decrease of 90% was detected. Conséguére potential detrimental
constituents of the real matrix (colloidal partgl®rganic matter, nitrogen-based
compounds, etc.) exerted low impact on the remgigdtds and on the enzyme
activity. Promising performance, stability and ¢gia efficiency of this
technology were demonstrated, evidencing its nakite applicability on the
treatment of real wastewaters. Indeed, although posite fouling (i.e., a
combination of biofouling and inorganic fouling)tef occurs in membrane
systems because of the nature of wastewaters @tiah 2004), neither fouling
nor changes in the membrane pressure (1-1.5 bar)letacted here.

Finally, the capability of the system to remove thstrogens from
wastewaters at real environmental concentratiors aggessed. In this case, the
bioreactor was fed with real non-spiked municipastewater containing the
estrogens at real environmental concentrations.28-0.52 ng/L. Under these
conditions, E1 was removed by 98% (degradation 08& ng/(L-h)), while E2
and EE2 were not detected in the effluent, whiclhresponds to oxidation
percentages up to 97 and 99%, respectively (rematas of 0.07 and 0.18
ng/(L-h)). Thus, excellent results were found iitespf the possible presence of
compounds which also may act as laccase subssatbsas phenols. Few authors
reported the oxidation of E2 under abiotic condisidoy various mechanisms,
such as by manganese oxides or through nitratidgherpresence of high nitrate
concentrations (Gaulke et al. 2008, Sheng et &9p@as well as in thg@resence
of model vegetable matter and the influence ofrtltedecular oxygen during that
mechanism (Marfil-Vega et al. 2018nyhow, control experiments corroborated
the only implication of the laccase on the estrag@ompounds removal even
when working with real wastewaters at environmentaicentrations and under
oxygenated conditions.
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Determination of the RTD

The study of the hydrodynamic behavior of the 2-L. EMR operated under the
conditions previously applied for the removal of estrogens (HRT of 4 h and 60
mg Oy/L-h, which means pulses every 30 min) was carried out by the
determination of the RTD. A stimulus-response technique was performed by
using NaOH as tracer. The results obtained by fitting the experimental data to the
tank-in-series model (Levenspiel 1999) are shown in Figure 4.13.

4.0E-03
3.0E-03
o 2.0E-03
1.0E-03
0.0E+00 T T T T
0 150 300 450 600 750
Time (min)

Figure 4.13. RTD obtained for the 2-L EMR.

The shape of the curve, with consecutive slight peaks while the concentration
of the tracer is decreasing after attaining its maximum represents the typical
tendency of a reactor system with partial recycling of the effluent. From these
experimental results obtained, the number of tank reactors in series which would
be analogous to the bioreactor was calculated: the hydraulic behavior of the
bioreactor was found to be equivalent to a number of 0.7 complete stirred tank
reactors, which suggest a fairly similar behavior to a complete stirred tank reactor.
Furthermore, the average residence time and the real reacting volume were
calculated using appropriate correlations, obtaining values of 225 min and 1.9 L.
Although the difference was not deeply significant, the fact that those calculated
values were lower than the theoretical ones (240 min of HRT and 2 L of volume)
could be attributed to the existence of dead or stagnant zones. For example, the
volume corresponding to the membrane module and tubing (approximately 120
mL), which was considered as part of the total volume of the reactor system, may
not be effective volume.
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4.4. Conclusions

Fed-batch reactors were found to be an interesirggegy for the removal of
estrogens by laccase as well as useful systemsvastigate the influence of
various operational parameters affecting E1 and tfaAsformation: laccase
activity, substrate frequency addition and aer#ioygenation, aiming to
elucidate the most suitable conditions for thedfelhg continuous operation. The
influence of aeration was negligible, whilst oxygpulses provided enhanced
removal efficiencies. Moreover, the enzyme activitgs decreased to 500 U/L
without significantly compromising the efficiency the system, especially when
oxygenation was applied in comparison with non-@naged experiments.

An EMR was designed based on a continuous stieneki teactor coupled to
an ultrafiltration membrane which allowed the remgvof enzyme while the
estrogens could pass through it. The feasibilityaoB870-mL bioreactor was
preliminary evaluated for E1 and E2 removal: E1 wkminated up to 95% and
E2 was not detected in the effluent under steadle stonditions. Additionally,
the residual estrogenic activity was significamdguced by more than 95%.

Although the effects of oxygenation and HRT weraleated in previous
experiments, a three-level Box-Behken factoriaigle combined with the RSM
was successfully applied to study the continuoaasfiormation of E1, E2 and
EE2, avoiding the inadequate “one factor at a timptimization. Three main
factors affecting the treatment efficiency were sidared: enzyme activity (100-
1,000 U/L), HRT (1-4 h) and oxygenation rate (15+69 QJ/(L-h)), obtaining
estrogenic activity reductions in the range betweéand 96% and removal rates
between 0.76 and 3.11 mg/(L-h). The statisticar@ggh applied was presented
as a feasible tool to study the effects and intemas of the tested parameters and
predict the response for selected values.

As expected, laccase activity and HRT showed grefiécts and,
interestingly, the relevance of oxygen in the iny@nmment of oxidation reaction
kinetics through the rise of the oxygen dissolvédve saturation levels was
demonstrated. Significant differences on the ogtiowditions were found for
the different responses evaluated. When considedgngval rates as response,
optimal conditions were: 1,000 U/L of laccase, HRT and 60 mg &(L-h) of
oxygenation rate, predicting 2.82-3.24 mg elimidgle h), which meant 71-81%
of oxidation. These optimum conditions were sudcélysvalidated, and 75% of
estrogenicity reduction was achieved. On the otferd, only 100 U/L were
found as optimal to maximize the efficacy of theyame: E1 was oxidized by
0.06 mg/(L-h-U), although the removal of estrogénidecreased to 60%. The
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methodology was also applied to maximize the redoodf estrogenic activity:
the highest values assayed (1,000 U/L, HRT 4 hGhdng Q/(L-h)) provided
nearly complete detoxification.

Finally, a 2-L EMR was successfully operated for0 10 with minimal
requirements of laccase (only 100 U/L) for the sfammation of E1, E2 and EE2
from both buffer solution and real wastewater €fittd secondary effluent). When
the experiments were performed at high and low eomations of the target
compounds, 4 mg/L and 100 pg/L, not only high reatgields (80-100%) but
also remarkable reduction of estrogenicity (abot#0B%) were attained. When
the EMR was applied for the treatment of municipalstewaters with real
environmental concentrations of the different compms (0.29-1.52 ng/L),
excellent results were also achieved despite pantivation of the enzyme
(about 20% within the first hours). It was conclddeom these findings that the
potential detrimental constituents of the real magxerted low impact on both
estrogens removal yields and enzyme stability. ldoee, neither fouling nor
changes in the membrane pressure were detected.

Overall, the results reported are encouraging ag fresent an innovative
technology to remove natural and synthetic estredennd in sewage effluents
and thus demonstrated the potential implementatiahis novel technology as an
alternative advanced oxidation process in convaatitreatment plants.
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Assessment of transformation products and
reaction mechanisms*
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5. Assessment of transformation products and reaction
mechanisms

5.1. Introduction

In the previous chapters the feasibility of usirgclses for the removal of
various estrogens: estrone (E1l),B¥stradiol (E2) and YZethinylestradiol
(EE2), and anti-inflammatory compounds was provedreover, the reduction of
estrogenic activity was demonstrated for the estiegand the increase of the
aerobically biodegradability after laccase transfation of diclofenac (DCF) was
also demonstrated. However, the identification leé main biotransformation
products as well as the reaction pathways was dipgobjective.

In fact, there is an evident lack of knowledge witgard to the identification
of laccase-catalyzed transformation products abgsns, despite of the extensive
emerging research on the application of ligninaly@inzymes for the oxidation of
endocrine disrupting chemicals and other emergoilyfants. The elimination of
El, E2 and EE2 has been commonly assumed to ocguméans of
polymerization (Cabana et al. 2007b). Indeed, timymatic-catalyzed oxidative
coupling of phenolic substrates has been studiedséweral authors, who
suggested that laccase oxidizes organic substatese radicals, which undergo
oxidative coupling reactions, producing dimersgoiners and polymers (Garcia
et al. 2011, Kunamneni et al. 2008a, Hollmann arehds 2012). In the specific
case of estrogens, only few works supported thigothesis by reporting the
formation of dimers of E2 and EE2 (Nicotra et €02, Tanaka et al. 2009)
whilst no other degradation products were iderdifieurthermore, E1 byproducts
resulting from laccase-catalyzed oxidation havelresn characterized up to the
date.

Advanced oxidation processes (AOPs) provided differoutcomes with
regard to the products formed. For instance, Btlaale (2007) reported the
generation of hydroxylated E2 (OH-E2) by ozonatiarilst Mazellier et al.
(2008) demonstrated the formation of quinine methishd quinone derivates.
Other authors reported the transformation of EZE1oby biological treatments
such as activated sludge from sewage treatmentsplannitrifying activated
sludge (Skotnicka-Pitak et al. 2008). Neverthelessie of the products resulted
from those reactions were found after laccaseyadl oxidation of estrogens.

Regarding anti-inflammatory compounds and accordingiylan and Ince
(2011), the removal of these drugs takes place Iynae to photodegradation
and biodegradation processes while hydrolysis doets contribute to their
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removal. Specifically, DCF was proved to be degdatdg hydroxylation and
subsequent C-N cleavage by various AOPs (Hofmared 2007, Vogna et al.
2004); nonetheless, scarce information can be faufiterature dealing with the
enzymatic removal of that compound. Marco-Urreale{2010b) described the
formation of various DCF transformation productsTigimetes versicolor fungal
cultures (Figure 5.1), including hydroxylated compds as also demonstrated by
other investigations using different fungi (Rodévterales 2012a, Hata et al.
2010).

(A ) ©
HO_ _O
HO_ _O
o Ho/j©/\OH
HN HN

cl cl HN cl cl

[ i Cl
OH

Figure5.1. Structures of DCF transformation products propdsetarco-Urrea et
al. (2010b).

B

C

The goal of this chapter was to perform the ides#tfon of the reaction
products of the estrogens: E1, E2 and EE2, asagelhose of DCF, formed by
laccase-catalyzed transformation, as a first steplicidate the main reaction
pathways. Estrogenic compounds were assayed byg usiyceliophthora
thermophila laccase, as done through the whole research, DAile experiments
were conducted bylrametes versicolor laccase because it provided higher
removal extent of this substrate as discussed iapt@h 2. For this purpose,
different techniques were utilized: gas chromatplyjyamass spectrometry (GC-
MS) was applied in an attempt to characterize foaingation products of all the
substrates by analyzing the obtained spectra aadptssible fragmentation
patterns, whereas liquid chromatography atmosphgmessure chemical
ionization (LC-APCI) and liquid chromatography dtespray time-of-flight mass
spectrometry (LC-ESI-TOF) was also used to identiflge estrogens
biotransformation compounds.
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5.2. Materials and methods
5.2.1. Chemicalsand enzymes

El, E2, EE2 and DCF were purchased from Sigma-gétidi$tock solutions of the
target compounds were prepared in methanol (J.KeB&PLC grade, 99.8%).
2,2"-azinobis-(3-ethylbenzothiazoline-6-sulfona(@BTS) was purchased from
Fluka. All other reagents used were of analyticablg.

Laccase fronilrametes versicolor was also purchased from Sigma-Aldrich
and laccase frorvlyceliophthora thermophila was supplied by Novozymes. All
the other chemicals were of analytical grade.

5.2.2. Determination of laccase activity

Activity of both Trametes versicolor and Myceliophthora thermophila laccases
was determined spectrophotometrically as desciib€thapter 2.

5.2.3. ldentification of laccase-catalyzed transformation products of
estrogens

5.2.3.1. Estrogens laccase-catalyzed transfor mation experiments

With the objective of identifying the oxidation phacts of E1, E2 and EE2 and
establishing the transformation pathways, experim&rere conducted in batch
reactors of 250 mL (Erlenmeyer flasks). Each reactmtained 100 mL of 5
mg/L of each estrogen in phosphate buffer (100 qoiM,7) or distilled water. An
initial activity of Myceliophthora thermophila laccase of 2,000 U/L was used
aiming to ensure the transformation of the compsuadd the subsequent
formation of reaction products at significant camications. Each estrogen was
assessed separately in order to identify the qumorefing transformation
products. Moreover, different flasks with the sanigal conditions were used of
each monitored reaction time. Corresponding costmeithout laccase and
without the substrate were carried out. The reaatias stopped after 8 or 24 h by
adding HCI to reach pH 2, and then samples wereefrountil subsequent
analysis.

5.2.3.2. GC-MSanalysis

For the identification of the transformation protiuof the estrogens by GC-MS,
20 mL of the acidified samples of experiments penfad with phosphate buffer
were withdrawn after 8 h and diluted in 100 mL aftiled water (pH 2) for their
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subsequent solid phase extraction (SPE). Thereateiples were analyzed after
derivatization of the species. Both SPE and GC-M&hods applied were
detailed in Chapter 4.

5.2.3.3. LC-APCI analysis

Acidified samples taken after 24 h of the experitagrerformed in distilled water
were analyzed by LC-APCI following the method désed in Chapter 3.

However, for this study the mass spectrometer veasl in the full scan mode
rather than in the tandem MS-MS mode, and the raedected for the mass
spectrometer full scan was between m/z ratios Gr&D900.

5.2.34. LC-ESI-TOF analysis

Samples analyzed by LC-APCI were also assayed MESETOF to obtain
information concerning accurate masses. For thipgae, a LC system (Alginet
1100) equipped with a Zorbax Eclipse XDB (C18 3 mn250 mm, 5 pum)
(Alginet) analytical column was used. A binary st comprised acetonitrile
(ACN) was used as the mobile phase. Flow rate waats0.6 mL/min and the
gradient was programmed as following: 0 min, 40%ANACO min, 60% ACN; 40
min, 80% ACN; 43 min, 100% ACN; 44 min, 100% ACNjdathe injection
volume was 15 pL. This LC system was connected tMierotof Bruker
Daltonics mass spectrometer with an ESI sourceabgerat negative mode and
under the following conditions: capillary, 4.5 kMrying gas, 8 L/min; gas
temperature, 200°C.

5.2.4. | dentification of laccase-catalyzed transformation products of DCF
5.2.4.1. DCF laccase-catalyzed transformation experiments

In an attempt to detect and identify the laccaselgzed transformation products
of DCF, which was the anti-inflammatory compoundanoeed to the largest
extent (see Chapter 2), the monitoring of transé&diom products was performed
during batch experiments at pH 4 (100 mM acetatdfeuwith an initial
concentration of DCF of 5 mg/L and 2,000 U/L fametes versicolor laccase
(the biocatalyst which provided the highest DCF oeah yields) in a final
volume of 50 mL, under continuous stirring and @am temperature. Different
flasks with identical initial conditions were uskmt each monitored reaction time
and corresponding controls without laccase andowitbDCF were performed.
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After the corresponding intervals, the reaction st@pped by the acidification of
the mixture, which was then frozen until the sulose procedure.

5.24.2. GC-MSanalysis

For their analysis, 10 or 50 mL of the acidifiedngdes were diluted in 100 mL of

distilled water (pH 2) for their subsequent SPHofelng the method described in
Chapter 4 for estrogens quantification. Then, @gization of the species and
GC-MS analysis were performed by applying the pdoce detailed in the same
chapter; only temperature profile was changed vé#ipect to the method applied
there. The GC oven was programmed as follows: 1 ahiB0°C, first ramp at

10°C/min to 180°C, which was held for 7 min, andosel ramp at 10°C/min to

230°C, held for 25 min. The transference line ddion trap temperature were
set at 280 and 230°C, respectively.

5.3. Results and discussion

5.3.1. Identification of laccase-catalyzed transformation products of
estrogens

As indicated, the identification of biotransfornuati products of estrogens by
Myceliophthora thermophila laccase was attempted by different analytical
methods. First, GC-MS was applied for the prelimmassessment of the
identification of E1 and E2 byproducts generateddaction in buffered medium;
afterwards, LC-APCI and LC-ESI-TOF techniques weszformed aiming to
identify the potential products with high MW produacfrom E1 and E2 but also
EE2 by catalyzed reaction in distilled water (pHagp buffer was also assayed
but it implied unfavorable signal when analyzingldy-APCI).

5.3.1.1. I dentification by GC-M S

A preliminary identification of the transformatigoroducts of estrogens was
performed by GC-MS for E1 and E2. In case of E&ingle byproduct (E1-P1),
with a major ion at m/z 340, was found. The chrageams for the samples after
8 h of laccase-catalyzed transformation and thoséhie corresponding controls
lacking enzyme are shown in Figure 5.2.A. The clatograms show a new peak
detected at a retention time of 31.6 min, which wasally attributed to E1;
however, mass spectra corresponding to the deréchtiompounds were different
(Figures 5.2.B and C, respectively). With regard&® two different byproducts
(E2-P1 and E2-P2) were observed in the chromatog@nesponding to the 8-h
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sample (Figure 5.3.A); none of these peaks werectsEd in samples either at
time O or in controls. The mass spectra of thestalmodites are presented in
Figures 5.3.B and C. In spite of the effort dome, identification of the detected
products was not possible.
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5.3.1.2. Identification by LC-APCI and LC-ESI-TOF

Some authors suggested that the removal of estogemuld occur by
polymerization since these compounds possess ssphsiituted phenol structure
and the enzyme may catalyze the oxidative couptihgphenolic compounds
(Cabana et al. 2007b, Nicotra et al. 2004, Tanala.€009). This assumption
has been stated in several investigations dealitiglaccase-catalyzed treatment
of estrogens to explain the disappearance of thgettacompounds and the
difficulties in characterizing the reaction prodicNonetheless, only few works
demonstrated this hypothesis by experimental assays the appropriate
analytical methods. For instance, the formatiordiofers of E2 by laccase has
been previously reported by Nicotra et al. (2004jilev Tanaka et al. (2009)
reported the formation of a single dimer of EEQdncase-mediated treatment.

With the goal of verifying the radical coupling oéstrogens and
characterizing the laccase-catalyzed reaction mtsdof E1, E2 and EE2, a
further study was conducted by using a LC-APCl aystoupled to a tandem
mass spectrometer operated in the full scan moldiehvallowed the detection of
products with high m/z ratio. All precursor ionsARPCI positive were the results
of a simple protonation. Moreover, in the case @f &d EE2 the analytes
underwent a loss of water in the source, as regpdoyeVanderford et al. (2003).
Thus, the compounds based on E2 and EE2 were eétastiM+H-HO] in the
first quadrupole of the mass spectrometey),(@d [M+H] in the case of E1. The
use of the Qunder full scan monitoring in the range m/z 50-960ealed new
peaks in total ion chromatograms (TIC) of the sampteated with laccase for 24
h. Although the identification of some of the protiuwas not possible, most of
them were characterized by their molecular weigh\V) by analyzing the TIC
and compounds spectra (Figures 5.4 to 5.6) andramsarized in Table 5.1.

In the case of E1, some new peaks were detectieé iflC corresponding to
24 h of laccase-catalyzed transformation (Figude/§. The first peaks displayed
in the TIC (those no indicated by their correspagdietention times) were also
observed in controls and time 0 samples and tiey, were not considered as
reaction products. Therefore, only the peaks mankélde figures are supposed to
be reaction products and were identified as shawhable 5.1. A new product
was observed at a retention time of 13.7 min armved a m/z of 539. This
compound could be an E1 dimer with MW 538: masg&bf270 x2 -2H = 538,
and after protonation the molecular ion would bed,5as shown in the
corresponding spectrum (Figure 5.4.B). Another coumgl with a molecular ion
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at m/z 269, which seems to be that found by GC-M&5 detected at a retention
time of 8.1 min but its identification was not pitss.

Table 5.1. Characterization of the products detected by LGGABrmed after 24 h of E1, E2 and
EE2 laccase-catalyzed transformation observedeictdhresponding TIC after subtracting the
signals of controls and time 0 samples.

Parent Retention Molecular Molecular  Suggested
compound time (min) ion weight product
8.1 269 268 not identified
El
13.7 539 538 E1l dimer
7.9 271 270 El
9.7 525 542 E2 dimer |
10.9 525 542 E2 dimer Il
E2
12.2 525 542 E2 dimer 1lI
13.0 795 812 E2 trimer |
13.6 795 812 E2 trimer I
7.7 295 312 not identified
8.9 573 590 EE2 dimer |
EE2 9.6 573 590 EE2 dimer Il
10.9 867 884 EE2 trimer |
11.8 867 884 EE2 trimer Il
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Figure5.4. TIC of the sample after 24 h of laccase-catalyzadsformation of E1 (A)
andmass spectrum of E1 dimer (B) obtained by LC-APCI.

5-12



Assessment of transformation products and reaction mechanisms

| *)

Intensity (cps)

| 7.9 13.6

- AT f\ 9.7 109 122 13y\
180 L e Ko o FE sz

1 ] 3 3 5 [ kil [ [

ey B0 Time (min)

el T (B)

Intensity (cps)
£

1410

= [rr ©)

Intensity (cps)
i

w254 . .
3043 s a8 i

) o) 500 sk E3 00 00 750 850 850 El

Figure5.5. TIC of the sample after 24 h of laccase-catalyzadsformation of E2 (A)
andmass spectra of E2 dimer | (B) and trimer | (C)aiitd by LC-APCI.

5-13



Chapter 5

Intensity (cps)

Intensity (cps)

Intensity (cps)

| )

7.7

A 89 96 f\
" e | N OGP
ki T T 5 T

101.1

Time (min)

5133

| 229 2701 3l 14
e | 5.1

B e e ™ M~ e B~ "~ i~ e S i+

Figure5.6. TIC of the sample after 24 h of laccase-catalyradsformation of EE2 (A)
and mass spectra of EE2 dimer | (B) and trimer)Iqi@ained by LC-APCI.

5-14



Assessment of transformation products and reaction mechanisms

Regarding E2, different new peaks were observedthen TIC after
subtracting the signal of controls and time 0 sasgFigure 5.5.A) and were
identified as indicated in Table 5.1. First, theulées revealed a new compound
with m/z 271 at a retention time of 7.9 min. Thisrpound was presumed to be
E1 formed upon oxidation of E2, since its spectomesponded to that of E1
standard. It could explain the apparent lower reahgield of E1 in comparison
to E2 and EE2 when a mixture of the three compouwvatstreated with laccase.
Other authors also reported the transformationZofcEE1 by biological processes
based on activated sludge or nitrifying activatesige (Skotnicka-Pitak et al.
2008). Nevertheless, this is the first time that Elcharacterized as E2
transformation product by laccase. Furthermorés known that transformation
of E2 into E1 is rather unspecific and it can beied out by many bacteria (Ke et
al. 2007). However, although these experiments wese run under sterile
conditions, the corresponding controls lacking #sec discarded bacterial
transformation of the target compounds.

Moreover, three new peaks were observed at retetitirees of 9.7, 10.9 and
12.2 min. These products were identified as dinoéri§2 due to their molecular
ions: dimer of E2 would have a MW of 542 (mass @f 22 x2 -2H = 542);
however, the compounds are seen as [M+@JHn the Q and therefore, the
molecular ion would be 525, as appeared in thetgpacof the E2 dimer |
(Figure 5.5.B). Also, two trimers of E2 (MW 812)mgared at retention times of
13.0 and 13.6 min and presented a molecular i@nratz of 795 (Figure 5.5.C).
These results are in agreement with those repbgtédao et al. (2009, 2010a, b),
who demonstrated the formation of dimers and trénas well as E1, after the
enzyme-mediated transformation of E2 using ligrérogidase.

The formation of dimers and trimers was also dermatexd by analyzing the
new peaks in the TIC corresponding to EE2 (Figu@A). Two dimers were
observed at retention times of 8.9 and 9.6 minctvthiave MW of 590 (mass of
EE2 296 x2 -2H = 590) although presented a molecafaof 573 (590+H-HO)
as observed in the spectrum of the EE2 dimer Iuf€igs.6.B). Besides, two
trimers of EE2 (MW 884) were found at 10.9 and 1rhif of retention time and
presented a molecular ion at m/z of 867 (Figure@.6A new peak was also
detected at a retention time of 7.7 min with a roolar ion of 295 (Table 5.1).
Previous authors reported hydroxylation reactionsnfEE2 by fungi and algae,
and in some cases a subsequent methoxylation dfythrexyl derivate (Cajthaml
et al. 2009). In this way, this compound might ateorespond to a hydroxylated
product of EE2: its MW would be 312 (mass of EEB 2 +OH = 312), and it
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would be seen as 295 (312+He). However, a further study should be
conducted to ensure this premise.

As detailed above, the assessment of identificatias based on the MW of
the products, and thus on the molecular ions, dineestructures and MW were
known once presupposed compounds were attempted tdentified. Besides,
mass spectra of the compounds may corroborate ytpetltesis. As example,
spectra of EE2, EE2 dimer and EE2 trimer includhng corresponding structures
and possible fragmentation patterns of the prodactsshown in Figures 5.7 to
5.9. Mass spectrum of EE2 (Figure 5.7) demonstrttedexhibition of [M+H-
H,0] as molecular ion of the compounds: a m/z 27hmwvn, as well as m/z 297
which corresponds to the protonated molecule. Magstrum shown in Figure
5.8 may correspond to a EE2 dimer as it preserntonly m/z values at 591
(corresponding to the protonated dimer) and 578désponding to the molecular
ion), but interestingly, the spectrum also presemtsi/z at 279, which may
correspond to the molecular ion of EE2 and thugcatthg that indeed, the
spectrum should be the one of a compound basedE@nntonomers. Similarly,
the mass spectrum of EE2 trimer (Figure 5.9): @& &nd 867, corresponded to
the protonated and molecular ion of EE2 trimer, et spectrum also contains
the molecular ions corresponding to the dimer dredrhonomer (m/z 573 and
279, respectively).
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Chapter 5

These findings increased the possibility that tlerédnsformation products
are dimers and trimers. Anyhow, samples were aediisy LC-ESI-TOF in order
to obtain accurate masses information of the hisfi@mation products.
Considering the chemical formula of E1, E2 and EEgH,,0,, C;gH,40, and
CooH240,, respectively, the dimers and trimers of thesgetacompounds would
be: GeHs04 and GsHe0s, CseHacOs and GaHssOs, and GoHueOs and GoHesOs,
respectively. Once ESI was used as ionization sourmegative mode, parent
compounds were deprotonated and seen as M-H. Asnaas in Table 5.2,
chemical formula of the detected biotransformatiwoducts matched with the
deprotonated dimers and trimers of the estrogemaso E1 was confirmed to
be an E2 product.
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Table5.2. Accurate masses of the transformation productgr@denated compounds)

detected by LC-ESI-TOF.

Parent  Suggested Elemental Theoretical Experimental mDa  &ror
compound product composition mass mass (ppm)
537.3037 -2.6 -5.0

El Dimer CaeH4104 537.3010
537.3038 -2.7 -5.2
541.3320 0.3 0.6
541.3315 0.8 1.5

Dimer CzsH450, 541.3323
5413334 -1.1 -2.0
541.3325 0.9 -04

E2

811.4954 -11 -14
Trimer C54H67O6 811.4943 811.4942 0.1 0.1
8114943 0.0 0.0
El CigH210, 269.1547 269.1536 -1.6 4.1
589.3312 1.2 1.9
_ 589.3328 -0.4 -0.8

Dimer C40H4504 589.3323
589.3330 -0.6 -1.2
589.3323 0.0 0.0

EE2

883.4949 -05 -0.7
883.4963 -2.2 -2.3

Trimer CsoHes706 883.4943
883.4959 -1.6 -1.8
883.4954 -1.1 -1.3
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Furthermore, experimental accurate masses weregrieemment with the
calculated ones with errors varying from -5.2 t@ $pm and also, the values
fitted those found in literature (Chen et al. 20P&zella et al. 2004). A larger
number of dimeric and trimeric compounds were detedy LC-ESI-TOF in
comparison to LC-APCI analysis, probably due to lligher sensitivity of the
method.

The formation of dimers would be also expectedrafite treatment of
environmental concentrations considering the figdiof previous investigations
(Mao et al. 2009, Pezella et al. 2004). Although ttientification of coupling
products by LC-APCI in the samples collected afteh of laccase-catalyzed
transformation of estrogens from secondary efflveas not possible, dimers of
E2 and EE2 were successfully identified by LC-E®IFF products with accurate
masses of 541.3343 and 541.3342;¢:0,) and 589.3330 (£H4z0.),
respectively, were found with relative errors freBn7 to -1.2 ppm. Although the
possibility of other reaction mechanisms could het discarded, these results
indicated that laccase-catalyzed radical coupleagtions occur even at such low
concentrations.

5.3.1.3. Proposed reaction pathways for laccase-catalyzed transformation of
estrogens

As mentioned, the formation of dimers and trimarggests the elimination via
radical coupling reactions by laccase-catalyzeddation of the substrates to
generate free radicals, which may couple covaldatlgach other subsequently.
In fact, the products followed the pattern of nM\+:4), where n is the number
of monomers and MW the mass of the parent compotdwvever, it is
interesting to highlight that in the case of Ehestspecies having smaller MW
than the initial compounds were found, which magidate that radical coupling
is not the only transformation via but also differelegradation mechanisms are
involved. These mechanisms may include cleavage¢hefaromatic rings as
suggested by Suzuki et al. (2003) and confirmedizptra et al. (2004) using
nuclear magnetic resonance when applying laccasabd removal of estrogens.
Besides, hydroxylation reaction may occur as olesefer EE2 transformation.

Anyhow, reaction pathways were proposed for E2uiticlg radical coupling
and transformation into E1: the suggested prodsttsctures and possible
reactions are schematized in Figure 5.10.

Regarding the oxidative radical-radical coupliftg teaction is initiated by
the laccase-catalyzed formation of the primary ati@h product by abstracting
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one electron from the -OH group of the original emile. Thus, the free radical is
formed and the unpaired electron may delocalizeutin resonance to the
respective conjugated positions (E2 radical inteliates: compounds 1-3).
Thereafter, the subsequent covalent bonding betwaadioal intermediates could
occur through C-C or C-O bond formation. Mao et (2010a) reported that
oxygen atoms have higher charges and lower spisitgethan carbon atoms,
making bond formation at these sites kineticallgsldavorable. Anyhow, both
possibilities were considered and the possiblectiras of the dimers are
indicated as C-O and C-C dimeric products in Figud® (compounds 4-7).

Due to the remaining laccase activity and thatcepling products are still
substrates of the enzyme due to their phenolicggotadical coupling reaction
can be further performed. Thus, the abstractiootleér electron from one of the -
OH groups of the dimeric products would occur. Odi¢gerent dimeric products
may have been formed and they present various 0Hipg, there exist several
possibilities of forming dimer radical intermedist&or instance, it is indicated in
Figure 5.10 the radical intermediates formed fram®-O (compound 4) and C-C
(compound 6) dimeric products resulted from thetrabtion of one electron of
the -OH groups indicated (marked with asterisks)fdon the corresponding
oxygen radicals than can delocalize to carbon-tmtadicals (intermediates 8
and 9 for the C-O dimer and intermediates 10 andfdt1lthe C-C dimer).
Afterwards, the presence of radical intermediateE2in the reaction medium
could lead to the formation of E2 trimers via radicadical coupling mechanism.
As example of possible E2 trimers formed, the potsluesulted from the
covalent bonding between the second radical forraagh pair of dimer radical
intermediates (compounds 9 and 11) and both rafticais 1 and 2 of E2 are
shown (compounds 12-15).
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5.3.2. Identification of laccase-catalyzed transformation products of DCF and
proposed reaction pathways

Prior to the analysis of the samples by GC-MS ffierrhonitoring and detection of
laccase-catalyzed transformation products of DCBTBA was used for the
derivatization of the species by silylation: thallggen in the carboxylic acids of
the compounds was replaced by a trimethylsilyl gre$iMe;) with MW of 73.
Accordingly, DCF with a MW of 296 increases to 3®r derivatization (296-
1+73). Nevertheless, deprotonation occurred duhegcC-MS analysis and thus,
DCF is seen as a compound with MW of 367.

The chromatograms of the samples at different i@adimes proved the
degradation of DCF (retention time 26.90 min) i@ products: P1 (23.05 min)
and P2 (24.57 min), as shown in the chromatogrdfigufe 5.11), once both
compounds were not detected either in the samplse@ O or in the controls. It
was demonstrated, as observed during the analyshigh-performance liquid
chromatography of samples from batch experimentSChiapter 2 that nearly
complete removal of DCF occurred within 4 h of ase-catalyzed reaction
(Figure 5.11.A). Product P1 was found to be formedparallel with the
disappearance of DCF (Figure 5.11.B) whereas ptdéR@ppeared after 15 min,
then its concentration increased at 30 min and as wnaintained practically
constant after 2 h (Figure 5.11.C). Furthermorejyais of samples taken at time
8 and 24 h evidenced P1 and P2 degradation afteplete elimination of DCF:
P1 and P2 were removed by 48 and 75% after 8 Ipectgely, and nearly
complete transformation was observed after 24 hcépeages calculated in peak
area basis with respect to P1 and P2 peak areas fau4 h). These results
suggest that the generation of P1 and P2 by DCBvalhoccurs concomitantly to
their transformation and thereby, they are probdétgase substrates; this may
explain the low P1 and P2 peak signals in contaghose of DCF, although
comparison of concentrations cannot be made agamulards of the products
were available. Unfortunately, the detection ofeothroducts which would result
from the P1 and P2 transformation was not possidss spectra corresponding
to DCF and the biotransformation products detetiedsC-MS, P1 and P2 are
shown in Figure 5.12.
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Previous authors described different outcomes dagguthe identification of
anti-inflammatories transformation products and eénwer, scarce reports can be
found on the enzymatic removal of DCF. Marco-Ure¢al. (2010b) detected 4-
(2,6-dichlorophenylamino)-1,3.benzenedimethanolbadransformation product
of DCF by laccase when dealing with the identifimatof reaction products
resulted from thein vivo treatment assays usingametes versicolor pellets
(Figure 5.1.C); but that compound was not detebtz@. The same authors also
demonstrated the formation of hydroxylated prodércisy DCF: 4’-OH-DCF and
5-OH-DCF (Figures 5.1.A and B). These compoundseweidely found when
using different fungi. For instance, Rodarte-Mosadt al. (2012a) identified 4'-
OH-DCF as reaction product product of DCF by freed ammobilized
Phanerochaete chrysosporium and Hata et al. (2010) detected not only 4’-OH-
DCF and 5-OH-DCF but also 4',5-OH-DCF after fundgednsformation with
Phanerochaete sordida YK-624. Nevertheless, only products with MW lower
than that of DCF were detected in this work.

On the other hand, AOPs such as heterogeneougtiatakidation with
H,0,, UV/H,0, or ozonation led to hydroxylation reactions andsaguent C-N
cleavage by the attack to the N-H bond followedthy opening of the ring
(Hofmann et al. 2007, Vogna et al. 2004). In additilaccase-catalyzed ring-
cleavage of aromatic compounds has been reportadg@004). However, none
of the compounds resulted from these reactions vaenatified in this research
once their mass spectra would not fit with thos@dbfand P2.

Regarding the identification of P2, the differermfe28 units between its
molecular ions and that of DCF suggests a primmghal structure in P2 instead
of the carboxylic group of DCF (Figure 5.12.C). &udition, the isotopic
distribution, i.e. presence of an ion at m/z 33%hvan abundance about 2/3 of
molecular ion, is characteristic of the presencevad chlorine atoms in the
chemical structure, indicating that the productenale still contains these atoms.
Hence, a decarboxylated derivative of DCF with M8 2vas proposed as P2
compound, which would be seen as 339 due to deratetn and deprotonation.
Besides the ion at m/z 339, other ion at m/z ati®depicted in the derivatized
and deprotonated P2 spectrum, which could correspmdehydration and loss of
the trimethylsilyl group bound. The subsequent loks chlorine atom would
produce the ion m/z 214 and the loss of the secbfatine atom would lead to
the m/z 179 ion. This possible fragmentation meigmancorroborated the
identification of P2 as the decarboxylated compoundmely [2-[(2,6-
dichlorophenyl)amino]phenyllmethanol. Accordingtteese results, the laccase-
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catalyzed transformation of DCF to P2 implies &lo5CQ to form 2,6-dichloro-

N-o-tolylbenzenamine (not detected), and afterwdhils reaction may undergo
‘OH bonding to yield the product P2 (Figure 5.18dded, decarboxylation has
been previously proposed as an example of laccsézed oxidative reactions
(Majeau et al. 2010). The formation of the samedi@rmation product was
previously reported by Soufan et al. (2012) whessgtigating the chlorination of
DCF, as well as by Martinez et al. (2011) after D@&gradation through

heterogeneous photocatalysis.
O\/j©
N

HO. _O
20, ¢ cl
<0 &
HN HN

7
CTiZC a@u . H:(/@

Cl Cl
P2

Figure5.13. Proposed laccase-catalyzed biotransformation patheBDCF into P1 and
P2.
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Following the same hypothesis, P1 was proposed iaisafsformation
product resulted from decarboxylation reaction ofFD and subsequent
incorporation of oxygen (Figure 5.13). This compdwvould have a MW of 266
and would be seen as its deprotonated but no dieedaform with a MW of 265.
Indeed, the proposed fragmentation mechanism ofptiealuct would adequately
fit the m/z values of P1 spectrum (Figure 5.12.B).

The potential identification of P1 and P2 as decsylated products from
DCF may explain the fact that these products amoved along with their
generation by DCF transformation, as suggested eabdivis known that
carboxylic acid group is a strong electron withdrayvgroup (EDG) and thus, it
diminishes the availability of the molecule towasdative attack. Therefore,
P1 and P2 might be potential laccase substrates ey do not contain such
EDG. In fact, their peak area markedly decreastes 4fh when DCF, which is
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present in the medium at much higher concentratiahthus being more rapidly
transformed, was completely removed.

As laccases are known to oxidize certain organistsates to free radicals
which undergo oxidative coupling reactions resgltin the formation of dimers,
oligomers and polymers (Hollmann and Arends 20H2),found for laccase-
catalyzed transformation of estrogens, further wamdd be performed aiming to
elucidate the complete laccase-catalyzed degradatiechanism of DCF by
attempting the identification of dimers and trimefghis substrate by means of
analytical techniques which permit to evaluate mations higher than those
examined by GC-MS, such as LC-APCI.

5.4. Conclusions

As commercial standards of the compounds were matladle, an accurate
identification was not possible; anyhow a tentatielearacterization of the
transformation products of E1, E2, EE2 and DCF wasducted and the
corresponding reaction pathways were proposedsrctiapter.

GC-MS analysis of samples taken after transformaté E1 and E2 by
Myceliophthora thermophila laccase demonstrated the formation of byproducts
although their identification was not possible. Aow, LC-APCI in full scan
mode allowed the successful characterization démiht dimers not only of E2
and EE2, but also of E1. Additionally, the formatiof E2 and EE2 trimers as
well as the transformation of E2 into E1 by laceeamlyzed treatment was
demonstrated. In addition, these findings wereatmrated by the application of
LC-ESI-TOF to obtain accurate masses of the praduathich adequately
matched the theoretical values and were also ieeagent with those found in
literature. In view of these valuable outcomesctiea pathways were proposed,
using E2 as model, mainly based on radical coupl@gagtions. However, the
detection of products with MW lower than that ofetlparent compounds
suggested that different degradation mechanismitrbgyalso involved.

Samples withdrawn during the removal of DCF TBsametes versicolor
laccase were analyzed by GC-MS aiming to monitergtesence in the reaction
medium of both DCF and biotransformation produétse results evidenced the
transformation of DCF into two different compounddich appeared to be
progressively formed along with the DCF eliminationtil 4 h of reaction.
Interestingly, both products were removed by laeaasce DCF was completely
transformed. Thereby, it was concluded that thedpets might be laccase
substrates, which may explain the low peak areasdoof these compounds.
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However, the results showed that after 24 h of expnt no presence of DCF or
the transformation products were detected, suggesither DCF mineralization

or DCF and products transformation to non-deteetabetabolites. Regarding
their spectra and considering the presence of ioelaitoms suggested by the
isotopic distribution, both biotransformation prothi were identified as the
compounds resulted from DCF decarboxylation andagient incorporation of

oxygen or hydroxide.
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Chapter 6

6. Development and application of laccase-immobiked
microreactors: exploring an emerging technology

6.1. Introduction

Microreactor systems are a novel and promising neldgy in the fields of
chemistry, chemical engineering and biotechnololggnks to a number of
advantages. These reactors can be assembled byfabiication techniques or
by the modification of microcapillaries and use cten apparatus with
dimensions in the range of micrometers (um) withdtiag volumetric capacities
in the range of microliters (uL) (Kiwi-Minsker afenken 2005).

These systems take the advantages of micro- or-fh@id@s to enable the
use of drastically reduced volumes of reactanttswla and offer high efficiency
and repeatability, better selectivity and flexipl®duction (Asanomi et al. 2011,
Chovan and Guttman 2002, Miyazaki et al. 2006).tHaxmore, they present
important benefits in the performance of chemiealctions in comparison with
traditional methods: increased heat exchange ands nteansfer, process
intensification, relatively large surface and ifaeial areas, and moreover the
streams in microfluidics mainly form a laminar flawhich allows a strict control
of the reaction conditions (Honda et al. 2005, Mala et al. 2008). Rapid
screening and low material requirements are alstential advantages of
miniaturized systems (Alam et al. 2011, Bolivaaket2011). Moreover, the use of
microreactors favors the scale-out of the systemthwy parallel operation of
several reaction devices, which permits the extensf reaction conditions
optimized in a single reactor; thus, eliminatinglseup problems arising from the
conventional process (Bolivar et al. 2011, Miyazetkal. 2008).

These features make the microreactor technolodgtsaifor its application
on catalytic reactions such as the biotransformatad a wide range of
compounds, biosynthesis and bioanalysis. Hickewle(2009) carried out the
conversion of benzamide to benzoic acidydkactamase using capillary tubes
packed with cross-linked enzyme and Pohar et @lLZP considered packed-bed
microreactors for the synthesis of butyl butyratelipase. Another interesting
example is the work reported by Matsuura et al.1{20 who developed a
microreactor containing lipase-nanoporous mateoahposites for the hydrolysis
of a triglyceride. Regarding the use of microreextimr analytical techniques,
Heijnis et al. (2012) performed the in-line quantfion of peroxidase-catalyzed
cross-linking of a-lactalboumin in a Y-shaped microreactor. Interegin
Yamaguchi et al. (2009) applied protease-immolilizeicroreactors for the
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analysis of the protein sequence with improvedltesuterms of promptness and
reliability, probably due to large area-to-volurmegtio and reduced diffusional
constraints in the microsystems.

The microstructured flow reactor also constitutgmeent scale-down system
in which a range of process conditions can be tigeed in a relatively short
time. Thus, microreactors are also useful in sangeof substrates, enzymes,
reaction conditions as well as for the determimatid kinetic parameters. For
example, Matosevic et al. (2011) prepared micraoeadased on the attachment
of Hiss-tagged enzymes via Ni-NTA linkage to the surfateapillaries for the
screening of multi-step conversions and the detetitin of kinetic parameters in
the synthesis of chiral amino alcohols.

Despite all of these benefits, there are only fawdies that consider
microreaction systems for the application of laesasFor instance, Roman-
Gusetu et al. (2009) prepared a capillary-size ongactor packed with
encapsulated laccase by interfacial cross-linking ifs coupling off-line to
capillary electrophoresis for the monitoring of dadion reactions. Lin et al.
(2010) prepared magnetic microreactors with lacéaseobilized on magnetite
nanoparticles which were adhered on the inner wfathe microreactor due to
external magnetic field forces. These methods irequomplicated multi-step
procedures which imply undesirable costs and tifrgedformance. Additionally,
the use of a support in a packed-bed microreactgrlead to significant pressure
drop, not suitable for long operational periodsug,ithe reduction of costs, effort
and time in the manufacture of laccase-immobilizedroreactors as well as the
high performance and stability of the microreactare the main challenges
towards their implementation.

In this chapter, a straightforvard method to imrimbi laccases on
microchannels is developed with the objective opriaving the efficiency of
laccase-catalyzed microreactions as well as braagl¢ine range of application of
these enzymes. The proposed procedure is basdg darnation of an enzyme-
immobilized membrane on the inner wall of microtsitzs a result of the cross-
linking polymerization reaction between the enzyamd bifunctional cross-
linkers agents. This technique was previously assdgr the immobilization of
acylase and chymotrypsin (Honda et al. 2005, 2¥@@aguchi et al. 2009) and
has been adapted here for the immobilization afdae. During this process, the
internal surface of the microchannel is covered aycylindrical substrate
membrane, composed of the cross-linked polymerezeryyme product formed
during the reaction. The structure of this typenatroreactor prevents high
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pressure in comparison with packed-bed microreactand this carrier-free
immobilization method would avoid the interactidrmetween the enzyme and the
carrier (Cao et al. 2003).

To sum up, the main goal of this work was to explire emerging and novel
technology of the microreactors and, at the same,tdevelop a simple, versatile
and inexpensive method to prepare laccase-immedilimicroreactors aiming to
enhance the applicability of laccases and extert tise to those fields where
microreactors are used as efficient and potentstd®ésides, the immobilized
microreactors were characterized with respect tptphiperature and stability of
the biocatalyst under different conditions and absokinetic study under
continuous flow conditions was performed to eluteédshe kinetic behavior
during operation. Finally, the microreactors wemgpleed for the continuous
biotransformation of different model compounds aodmpared with the
efficiency attained by conventional reactor altérmes.

6.2. Materials and methods
6.2.1. Materials, chemicals and enzyme

Glutaraldehyde (GA), paraformaldehyde (PA), trigdingine (TEA) and phenyl
isothiocyanate (PITC) were obtained from Wako PQhemical. Poly(L)-lysine
hydrobromide, the anti-inflammatories: diclofen&C§) and naproxen (NPX),
the estrogens: estrone (E1)Bi&stradiol (E2) and br/ethinylestradiol (EE2) and
the mediators: 1-hydroxibenzotriazole (HBT) andirsyaldehyde (SA) were
purchased from Sigma-Aldrich. Stock solutions of tlarget compounds were
prepared in methanol (HPLC grade, 99.8%, Wako). -&zhobis-(3-
ethylbenzothiazoline-6-sulfonate) (ABTS) was pusdth from KPL. Laccase
from Trametes versicolor was also purchased from Sigma-Aldrich. All theenth
chemicals were of analytical grade.

Poly(tetrafluoroethylene) (PTFE) microtubes of 300 inner diameter (i.d.)
and 1.59 mm outer diameter (0.d.), PTFE adapterhaad-shrink tubing were
purchased from Flon Chemical. Silica-fused micrdtaes (100 um i.d., 350
um o.d.) and stainless-steel T-shaped connectangiiUTee, SUS-316) were
provided by GL Science Co.

6.2.2. Preparation of laccase-immobilized microredors

Laccase-immobilized microreactors were preparedabgpting the procedure
described for the immobilization of chymotrypsirdaacylase (Honda et al. 2005,
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2006). The method was based on the formation ofyladeical polymeric
membrane on the inner wall of microtubes. A schefoe microreactor
preparation is shown in Figure 6.1.

Laccase —

poly(L)-ysine =P ] PTFE tube . :
Cross-linkers‘Flzlﬂm:H: . [.

~
Cet ~

~

T-shape connector

I / Silica capillary
[ D ]
PTFE tube

Figure 6.1.Preparation of laccase-immobilized membrane onnther wall of a PTFE
microtube.

A mixed solution of laccase and poly(L)-lysine ahcentrations of 0.5 and 1
mg/mL, respectively, was prepared in a 50 mM phaspbuffer solution (pH 8).
On the other hand, stock solutions of the crodeelist GA (25%, v/v) and PA
(20%, v/v), were mixed in the same buffer at aorati 1/16 (v/v) which was
previously optimized (Honda et al. 2005, Yamag&91il).

For a simple and inexpensive preparation, a comalBravailable PTFE
microtube (500 um i.d. and 13 cm length, 26 pLotdltvolume) was used for the
microreactor preparation. The PTFE tube was supphgéh the solutions of
laccase-poly(L)-lysine and cross-linkers for 3 Met€ at flow rates of 0.50 and
0.75 uL/min, respectively, by means of Pico Plusllsyringe pumps (Harvard
Apparatus) and through respective PTFE tubes whiere connected to the
system by means of a T-shape and female luer ctorsedVioreover, the
injection of the cross-linkers solutions was perfed through the central region
of the microtube by means of a fused silica micpdta which was set in the T-
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shape connector and placed in the concentric posaf the PTFE microtube,
aiming to form a concentric laminar flow.

After 3 h of polymerization, the injection of bosilelutions was stopped and
the microtube, containing now the immobilized-laadayer, was disconnected
from the laccase-poly(L)-lysine and cross-linkendets. Then, the obtained
microreactor was rinsed with 1 M Tris-HCI (pH 8),hieh simultaneously
quenched active aldehyde groups remaining on thebrane, by passing the
solution at 20 pL/min for 10 min. Afterwards, thecnoreactor was treated with
50 mM NaBH, in borate buffer (pH 9) at 20 puL/min for 10 mindrder to reduce
the resulting Schiff base. Thereafter, the microi@awas extensively washed by
circulating phosphate buffer (50 mM, pH 8) at amloate of 20 pL/min for 10
min. Finally, the laccase-immobilized microreacteas filled with phosphate
buffer (50 mM, pH 8) and stored at 4°C until iteus

6.2.2.1. Effect of the cross-linkers concentrationon the laccase
immobilization

The effect of the cross-linkers concentration anithmobilization was studied by
preparing the microreactors as previously describéith a GA/PA ratio of 1/16
(v/v). The concentrations tested for GA and PA wé&d?25:2, 0.25:4, 0.376:6,
0.5:8, 0.562:9 and 0.625:10 (v/v ratio).

The immobilization efficiency was calculated as tipercentage of
immobilized protein referred to the total proteised for the preparation of the
laccase-immobilized microreactor, determined by ramiacid analyses. In
addition, the catalytic efficiency of each micraea was determined by its
continuous performance with ABTS as substrate tasmee its laccase activity.
The relative activity was calculated as the rat@ween the laccase activity
detected in each microreactor at different crasiseli concentrations and the
maximum activity attained

6.2.3. Protein estimation by amino acid analysis

The amount of immobilized protein was determinedgbrgntitative amino acid
analysis. After washing the microreactor with disti water, it was cut in small
fragments (5 mm), mixed with 400 pL of HCI (6 M)damcubated at 110°C for
24 h to promote protein hydrolysis. The liquid phags evaporated by using a
rotary-evaporator and the obtained solid was washezk times with 1 mL of
distilled water. The solid was suspended in 500ofiHistilled water and freeze-
dried overnight. The neutralization was then coteldidy mixing the product
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with 30 pL of a solution containing ethanol, distl water and TEA (2:2:1 v/v),
and freeze dried for 2 h. The product was reaaeBITC by mixing the solid
with 30 pL of a solution of ethanol, TEA, distilledater and PTIC (7:1:1:1, v/v)
at room temperature for 20 min and later dehydrdtauhlly, the obtained solid
was re-suspended in 1 mL of potassium acetaterb{@femM, pH 6) containing
6% (v/v) of acetonitrile.

The PTIC-labeled amino acids were analyzed by lmgHformance liquid
chromatography (HPLC) system equipped with a U\Vecler and a Wakosil-
PTC column (4.0 mm x 20 mm, Wako Pure Chemical)e Tdperational
conditions for the analysis were: fQ injection volume, wavelength of 254 nm,
40°C and eluent solutions of acetonitrile of 6% &6 (v/v) in potassium
acetate buffer (60 mM, pH 6) in isocratic condisamf 30:70% at a flow rate of 1
mL/min. The amount of immobilized laccase was deiteed according to the
amino acid composition of the laccase standard.

6.2.4. Continuous laccase activity assay

The enzymatic activity of the laccase-immobilize&cnoreactors was evaluated
by the oxidation of 50 UM ABTS under standard ctiads (50 mM potassium
acetate buffer pH 5 and 30°C) in a continuous fldlae microreactor was washed
with 50 mM potassium acetate buffer (pH 5) at avfi@ate of 20 pL/min for 2
min. Then, the solution of ABTS prepared in the samffer was injected at a
flow rate of 10 puL/min with dnydraulic residence timeédRT) of 2.6 min. After
operating the reactor during two times the HRTam@e from the outlet was
withdrawn and the absorbance was measured at 40& rn36,800 1/(M-cm)).
The enzymatic activity of each microreactor wasdained as the concentration
of substrate oxidized per residence tim®l{min). The microreactor was washed
prior to reuse with 50 mM phosphate buffer (pH 83 #iow rate of 20 pL/min for
10 min and stored at 4°C.

6.3. Results and discussion

6.3.1. Preparation of laccase-immobilized microredors

The preparation of the laccase-immobilized microt@s (Figure 6.1) consisted
basically on the injection of two different solui® into a microtube, one
containing laccase and poly(L)-lysine and the ottmmtaining the cross-linker
agents. This procedure enabled the subsequenttforntd an enzyme-polymeric
membrane on the inner wall of the microchannel bgans of cross-linking
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polymerization in a concentric laminar flow. Thenmbilization mechanism is
based on the formation of cross-linked enzyme agges (CLEAS) through the
reaction of the aldehyde groups of the cross-lisik@th the amino groups of the
laccase-poly(L)-lysine mixture (Figure 6.2). Altlghu this procedure has been
previously applied to different enzymes in batclpaiments (Cabana et al.
2007a, MatijoSyt et al. 2010), in this work the reaction took plaoside a
microchannel and the solutions were continuousiyeddin laminar flow. As a
result, the cylindrical membrane, consisting on tmess-linked polymerized
enzyme, covered the internal surface of the miaonobl.

enzyme cross linker
O’NHZ Cross-linking reaction
% e e ﬁ E
Hg {b ‘
I
poly Lys B

R l NaCNBH; O 3

Reversible amino groups”™ .~ - -
(Schiff base) <a Reduction reaction |

= i H-CH Stable amine groups
| = ; /
: /

1

1
| ?(cm ' ?(CHZ- H
: cross-linker :
1 1

Figure 6.2 Scheme of the cross-linking reaction which tgikeses inside microchannels.

The formation of the membrane is deemed to bebated to the parabolic
velocity profile in the microtube due to the lamindow regime (calculated
Reynolds number was lower than 2,100), as indicatédgure 6.3. According to
that profile, the flow velocity in the central regi of the microtube reaches its
maximum and thus, when the complex begins to paligmevould be unable to
have sufficient reaction time to render into inbdduaggregates due to the shorter
residence time in such area. However, the velagitiie region close to the inner
wall markedly decreases, being difficult for theogucts polymerizing in such
area to drift forward in the direction of the flow.
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Figure 6.3. Parabolic velocity profile characteristic of tlarlinar flow inside the
microtube.

These factors would lead to the formation of enzyaggregates on the inner
wall as compared to that in the central regionhef inicrochannel, which would
be also favored by the fact that the enzyme-poHyine solution is injected
through the outer area whereas cross-linkers d@reduced through the central
region by means of the microcapillar (Figure 6.Cpnsequently, CLEAs of
laccase are formed and laid on the internal surfemeering the inner wall of the
microchannel and resulting in a polymeric cylindlicmembrane. This
phenomenon was verified by confocal microcopy, ciipg a cylindrical
membrane with a thickness of 40-60 um (Figure 6.4).

7Y W
IS L

)

Figure 6.4. Confocal acquisition of the sectional view of thecase-immobilized
microreactor.

When a suspension of the reagents was preparechwiséc for the
subsequent injection through the PTFE tube, no mamebwas observed in the
inner wall. Thus, it was concluded that the polyietion in the microfluid
allowed the formation of a membrane structure enitiner wall of the microtube.
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Furthermore, when a PTFE tube was flowed with thecdse-poly(L)-lysine
solution without the cross-linkers, no enzymatidivity was detected. This
indicated that laccase activity of the microreaxtarorresponded to the
immobilized enzyme in the CLEA-based membrane.

Although there are slight differences between th&chwise formation of
CLEAs and the CLEA-based microreactor, the preparadnd operation of the
microreactor is easier. For instance, the batchypiseedure requires a series of
operations and washing procedures such as mechagitation, centrifugation
and removal of the supernatant, while such stepssanply substituted by
pumping in the microreactor system, leading to raptér, more efficient and
accurate procedure.

The method presented for the preparation and pedioce of a laccase-
immobilized microreactor is straightforward andxpensive and high pressure is
not required. Moreover, the enzymatic immobilizatiakes place on site, which
means a reduction in time and effort as well aggmton from possible losses of
enzymatic activity related to multi-step proceduf@srthermore, this carrier-free
method avoids the interactions between the enzymietlae support materials,
avoiding the reduction of specific and volumetrictiety of the biocatalyst
(Fernandez-Fernandez et al. 2012).

6.3.1.1. Optimum conditions for the immobilization

The efficient formation of enzyme aggregates isemsal for the successful
preparation of the microreactor in which laccasimisobilized by cross-linking
polymerization. The poor immobilization of electegative enzymes due to the
relatively low content of lysine residues has besported, leading to inefficient
aggregation (Honda et al. 2005). Thus, the use aationic polymer was
recommended in order to promote the formation oéaryme-enzyme complex
prior to the cross-linking reaction (Cao et al. 206londa et al. 2006). In the
current work, poly(L)-lysine was selected as theplimg agent at a concentration
of 1 mg/mL. Some authors have previously reporteel ise of albumin to
improve the formation of co-aggregates of enzymdéd Yow lysine residues
content; however, that method could be inefficigot enhance stability
(Matijosyte et al. 2010).

In preliminary experiments, the possibility of ugia single cross-linker for
the preparation of the microreactor was investmjatdhe use of high
concentrations of GA, required for significant @disking yields, led to the
obstruction of the tube. In the case of using dPdy, the resulting membrane
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formed was very fragile and gradually detached when washing the microreactor.
Hence, the combination of GA and PA was concluded to be a key factor in the
successful formation of a stable CLEA-based membrane.

The effect of the cross-linkers concentration on the immobilization efficiency
and laccase activity has also been studied. Different GA:PA ratios: 0.125:2,
0.25:4, 0.376:6, 0.5:8, 0.562:9 and 0.625:10 (v/v) were evaluated. It is well
known that enzymes may be inactivated by chemical modifiers, including cross-
linking agents. On the other hand, the degree of cross-linkage is dependent on the
amount of cross-linkers used. These effects were demonstrated by the results
depicted in Figure 6.5.

100 -
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0.125:2 0.25:4 0.375:6 0.5:8 0.562:90.625:10

GA:PA (%, vIVv)
Figure 6.5. Effects of cross-linkers (GA and PA) concentration on laccase activity (black
bars) and immobilization efficiency (white bars) of the microreactors. Data show the
mean value of two independent experiments with standard deviations.

Relative activitiy (%)
Immobilization efficiency (%)

As expected, the progressive increase of GA and PA concentrations from
0.125 and 2% to 0.5 and 8% resulted in a significant improvement of
immobilization yield and laccase activity. However, relative enzymatic activities
decreased to 84% (37.8 uM/min) and 62% (27.9 puM/min) when higher
concentrations were used, while immobilization efficiencies remained at 68-72%.
This means that the maximum values for both immobilization yield (72%) and
laccase activity (45 uM/min) were achieved at GA and PA concentrations of 0.5
and 8%, respectively. Thus, these conditions were selected for the preparation of
the microreactors for the following experiments.
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6.3.2. Biochemical characterization of laccase-immobilized microreactors

In order to investigate the effect of the immobilization on the behavior of the
biocatalyst and examine the optimum operational conditions of the microreactors,
the activity and stability of laccase-immobilized microreactors were investigated
over a wide range of conditions.

The effect of pH on the laccase activity of the prepared microreactors was
investigated in the range pH 2-7 in citrate-phosphate-borate buffer (50 mM),
while the effect of temperature was tested at 20-70°C (Figures 6.6.A and B).
Results obtained for free laccase from Trametes versicolor, already shown in
Chapter 2, are also represented in order to facilitate the comparison.

Relative activitiy (%)

0 ’ ’ ’ .
2 3 4 5 6 7
pH
§ 80 - b
2
Z 60 !
8
0]
B 40
=
Q
M 20 -
0 T T T T
20 30 40 50 60 70
T(°C)

Figure 6.6. Effects of pH (A) and temperature (B) on the activity of free () and laccase-
immobilized microreactors (0).
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It was observed that the relative activity of th&cdase-immobilized
microreactor was significantly higher than that fofe Trametes versicolor
laccase in a pH range of 4 to 7. The improvemers m@ so significant when
evaluating the effect of temperature, although tkéative activity of the
immobilized laccase was higher under all the camtttested. The broader range
of optimum activity against pH and temperature raitemobilization might be
caused by the modification of amino groups in thechse and its restricted
mobility (Honda et al. 2006), besides the bufferatjon of poly(L)-lysine matrix
in the microenvironment of the enzyme (He et a@2)9

Nevertheless, the efficiency of an enzyme-catalyzextess depends on its
tolerance to inactivation over time under certamvienmental conditions,
commonly temperature and pH. In the current wotle effects of pH and
temperature on enzyme stability of laccase-immnédimicroreactors for 24 h at
different conditions in the absence of substraté2po 7 at 30°C and 20 to 70°C
at pH 7. For this purpose, the corresponding bigtdution was continuously fed
at a flow rate of 1 pL/min and the operation wampped at different incubation
times to transfer the microreactors to standardlitions in order to determine the
residual laccase activity. The results after 4 topération are shown in Figure
6.7.A and B, where the results for free enzymeatse depicted for comparison.
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Figure 6.7. pH (A) and thermal (B) stability of free laccase (m) and laccase-immobilized
microreactors (0).

It was demonstrated the improved stability of the laccase-immobilized
microreactors in comparison with free enzyme. In this sense, free laccase only
retained 5-30% after incubation at pH 2-4 and it was completely inactivated after
only 4 h of incubation at high temperatures (60 and 70°C), while the
microreactors exhibited 25-70% and 20-40% of their initial activities under
identical conditions. Furthermore, free laccase activity dropped more rapidly than
that of immobilized laccase during 24 h of incubation (data not shown). This
could be explained by the fact that cross-linking prevents the unfolding of laccase
(Fernandez-Lafuente et al. 1995). These findings agree those of Cabana et al.
(2007a) for CLEAs of Coriolopsis polyzona laccase as well as Honda et al. (2006)
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and Yamaguchi et al. (2009) for the immobilizatiohacylase and protease in
microreactors.

The stability against different chemical inactimgtiagents was also assessed
by circulating the buffer solution (sodium acethtgfer, pH 5) containing the
different compounds through the microreactors gt.imin and determining the
residual activities at different incubation timeslaer standard conditions. Aiming
to compare the results with those for free enzystability in the presence of
these compounds was also evaluated for free lacbgsperforming batch
experiments as those wiklyceliophthora thermophila laccase in Chapter 3. The
results are shown in Table 6.1.

Table 6.1.Residual activity (%) of free laccase and lacdas®obilized microreactors
after incubation with the different inactivatingeags evaluated.

Laccase-immobilized  Free

Denaturant microreactor laccase
NaN; (30 uM) 47.8+0.8 30.2+1.2
CoCb (10 pM) 79.3+53 445 +2.2
CaCh (10 uM) 72.7+0.9 56.6 + 1.5

Methanol (25%, v/v) 63.5+1.3 58.4+4.2
Acetone (25%, v/v) 63.6 £0.7 443+1.1

Laccase-immobilized microreactors presented sicanifi stability against the
organic solvents tested, probably due to the imfzaltion-based conformational
rigidity which allows laccase to avoid the confotioaal collapse, responsible for
inactivation not only by pH and heat but also oigaolvents (He et al. 1992).
Chymotrypsin-immobilized microreactors, prepared aysimilar procedure,
showed higher resistance to urea and dimethyl xidéo(DMSO) (Honda et al.
2005) and microreactors with immobilized acylaseenglso demonstrated to be
efficient in the presence of N,N-dimethylformam{@MF) (Honda et al. 2006).

Aiming to check the stability in long-term operatjoa microreactor was
operated under continuous flow of 500 uM ABTS atpEnd 30°C for 12 days.
Under all the flow rates tested (0.5, 2.5 and 1@minh), the residual activity was
approximately 92% after the experiment. In additia microreactor was
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subjected to high pressure with a flow rate of 5/mmh of phosphate buffer.
Neither the destruction of the membrane nor enzyletachment from the
microtube was observed, which indicated that themhmane has sufficient
mechanical strength for microfluidic system appglmas. It was also
demonstrated that the microreactors retained ihidil activity after 3 months of
storage at 4°C.

6.3.3 Continuous flow kinetics of laccase-immobiled microreactors

In continuous flow kinetics, the investigation se¢& determine the variability of
kinetic parameters with the flow rate (Jones e2804, Matosevic et al. 2011).
For this purpose, enzyme kinetics in continuous/ fteaction systems are usually
investigated using the Lilly-Hornby model (Lilly at. 1966). This model enables
the estimation of kinetic parameters for immobilizenzyme reactors and more
specifically, the quantification of diffusional onass transfer limitations which
may be masking the true kinetics of the immobilizsdyme. The model is an
adaption of the standard Michaelis-Menten model dozyme kinetics and is
described in Equation (6.1).

C
f-[Alo = & *+ Km(app) In(® f) (6.1)

where f is the fraction of substrate converted mytihe reaction, Q is the flow
rate, [A} is the initial concentration of substrate, C is teaction capacity of the
microreactor and Kapp) is the apparent Michaelis constant.

Thus, a kinetic study under continuous flow comadi§ was conducted in
order to evaluate the effect of flow rate on théugaof Kypp) Of the laccase-
immobilized microreactors at 30°C. ABTS was usedudsstrate in the range 25-
500 uM in phosphate buffer (50 mM, pH 7) and tHetiflow rate was varied in
the range 2.5-20 pL/min (HRTs 10.4-1.3 min). The&utes obtained are shown in
Figure 6.8.A. As expected, the increase in the flate implied lower conversion
of ABTS. Moreover, the highest levels of initial AB concentration were shown
to be more affected by the flow rate. From thega,dmear plots of f-[A] versus
-In(1-f) were obtained by fitting experimental datathe Equation (6.1) (Figure
6.8.B). The slope of the straight-lines increaséti thhe flow rate, which suggests
that the apparent kinetics of laccase immobilizeédroneactor is significantly
affected by mass transfer (Matosevic et al. 2011).
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Figure 6.8. (A) Flow rate and concentration effects on the oxidation of ABTS in
laccase-immobilized microreactors under continuous flow conditions. Initial
concentrations of ABTS tested were: 25 (#), 50 (o), 100 (4), 250 (x) and 500 uM (k).
(B) Analysis of the kinetic data collected using Equation (6.1) model. Symbols correspond
to: 2.5 (#), 5 (), 10 (A) and 20 pL/min (X) of continuous flow rate. Solid lines fitted by
linear regression.

The values of Kypp and the corresponding correlation coefficient (R?) are
shown in Table 6.2.
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Table 6.2.Apparent Michaelis constant ({p) and correlation coefficient from the
Lilly-Hornby model (Equation (6.1)).

l(:lljol_vlvrr: ia;)e Km(app) (M) R
2.5 12.8+1.2 0.971
> 17.7+2.2 0.992
10 26.4+4.2 0.970
20 39.1+£1.1 0.977

The increase of the J&p, With the flow rate is indicative of mass transfer
limitations, commonly found in fast enzymatic reaws$, although it was not
excessively marked: when increasing the flow redenf2.5 to 20 pL/min, Kapp)
was only 3.05-fold higher. It has been reportedt thacatalyzed-reaction in
microchannel might be affected by the transfer loé substrate through a
difussional layer surrounding the immobilized engywhich is dependent on the
flow rate, also determining the conversion ratetlof immobilized enzyme-
catalyzed reaction (Matosevic et al. 2011).

6.3.4. Application of laccase-immobilized microreaors

In order to demonstrate the efficiency as well las operational stability of
laccase-immobilized microreactors, this technologys applied for the
continuous biotransformation of five model composintihree estrogens (E1, E2
and EE2) and two anti-inflammatories (NPX and D@Ere selected as model
substrates since their biotransformation by laccabave been previously
investigated in this research.

The target compounds were quantified by HPLC uaiNgaters-2695 system
equipped with a dual absorbance detector and aseyshase column Lichrocart
150-4.6 (Waters-2487) packed with Lichrosphere H®-18 5 pm (Kanto
Chemical Co.), by applying the method describedChmapter 2, and residual
activities were evaluated under standard conditidtes 24 h of operation.
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6.3.4.1. Continuous transformation of estrogenic eopounds

The elimination of E1, E2 and EE2 (18 uM each,+®2mg/L) from the reaction
medium by immobilized laccase was proved by opegathe microreactors at
different flow rates (0.5 to 5 pL/min) to study taffect of HRT (52 to 5.2 min)
and therefore, the effect of the feed addition (at85 to 3.5 pumol/(L- min)), as
schematized in Figure 6.9.A. The reaction was cotatliat pH 7 and 30°C since
these conditions were demonstrated to be the obtiomnsidering the
characterization of the biocatalyst. The resulkéssirown in Table 6.3.

As observed, high transformation percentages weuad for the highest
values of HRT considered. For example, nearly ceteptliminations of the three
compounds were achieved when working at a HRT ahb2(removal rates 0.35
umol/(L-min)) and E1, E2 and EE2 were removed by 98 and 98%,
respectively, for a HRT of 26 min. As expected, thmoval efficiency decreased
with HRT; however, removal yields between 43 anéo/Adere attained at HRTs
of only 17.3 and 10.4 min. E1 was the compound wh@snoval was mostly
influenced by the flow rate, as also observed viitimobilized laccase from
Myceliophthora thermophila on epoxy supports as indicated in Chapters 3. With
regard to the residual laccase activity of the orgactors, the biocatalyst retained
almost the total initial activity after 24 h of ap&on under all the conditions
investigated.
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Table 6.3.Elimination of estrogens (E1, E2 and EE2) by laedasmobilized
microreactors (Figure 6.9.A) operated under difieflow rate conditions.

Removal percentage Removal rate
Flow rate HRT (%) (umol/(L-min))
(ML/min)  (min)

Residual
activity
E1l E2 EE2 E1 E2 EE2 (%)

0.5 52.0 >99 >99 >99 035 0.35 0.35 98

1.0 26.0 95 >99 98 0.66 0.70 0.67 97
15 17.3 56 74 74 0.58 0.77 0.77 97
2.5 10.4 43 52 50 0.74 090 0.87 95
5.0 52 18 28 25 0.62 097 0.87 95

*Concentrations below detection limits.

Great removal yields were found with consideralelguced residence times;
in fact, the results obtained were improved whempmaring with those found
with free or immobilized laccases frorvyceliophthora thermophila. For
instance, removal yields of 75-85% were detectéer df h of laccase-catalyzed
transformation in batch reactors (Chapter 2) andrgroreaction yields were
achieved with immobilized biocatalysts (Chapter 3fonversely, the
implementation of the biotransformation in microcheals allowed a noticeable
intensification of the reaction even for the imniizeid biocatalyst: e.g., for HRTs
of only 10.4 min, approximately half of the initiebncentration of the substrates
was transformed. Hence, the microreactor designdeasonstrated to be capable
of outperforming the conventional designs.

These results are in agreement with those preyioapbrted by Miyazaki et
al. (2004) who reported a 15 times faster procagsamcumisin immobilized in a
microreactor than the batch reaction. Marques .e28l112) reported a 100-fold
decrease in the residence time required to attaitilas yields of enzyme-
catalyzed conversion of cholesterol in microchasrial comparison with the
traditional stirred tank and plug-flow reactors.

The great performance of the microreaction systeay be due to the more
rapid mass transfer and the larger area to voluatie and makes the prepared
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laccase-immobilized microreactors an excellentrietdgy to improve and favor
the uses of laccases, such as biotransformatiotnsbmanalyses, by means of
process intensification and reduction of the systmtume (Lin et al. 2010,

Roman-Gusetu et al. 2009). Besides, the developstera have significant

potential as a platform technology for laccase-irhitiwed microreactors to be
used in the exploration of new applications.

6.3.4.2. Continuous transformation of anti-inflammaory compounds

The removal of NPX and DCF was investigated in thferent configurations.

First, the laccase immobilized microreactors weppliad for the continuous
elimination of these compounds (18 UM each, i.emgiL) from the reaction

medium at pH 7 and 30°C (Figure 6.9.A). The floverselected was 0.5 pL/min
to maintain a HRT of 52 min, which is equivalentatdeed addition rate of 0.35
pmol/(L-min). Moreover, the effect of using laccasediators was investigated
by the addition of 500 uM of HBT, SA or ABTS in tidet flow. The results are
shown in Table 6.4.

It was demonstrated that the use of a mediat@gsired to attain significant
reaction efficiencies since only DCF was oxidizgd26% when no mediator was
used; similar conclusions were reported when usieg laccase in Chapter 2.
HBT and SA provided a slight enhancement of theltgsbut these compounds
are likely to cause biocatalyst inactivation sitiee residual activity after 24 h of
operation with SA was 88% while HBT caused a 25%inaictivation. This
inactivation effect was verified through stabiligssays by incubating the
microreactors at 30°C and continuous flow rateafgphate buffer (50 mM, pH
7) containing the mediators.
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Table 6.4.Elimination of anti-inflammatories (NPX and DCH)the laccase-
immobilized microreactor (Figure 6.9.A) without awith mediators (SA, HBT and
ABTS); and elimination in the two-stage microreadfeigure 6.9.B) using ABTS as

mediator.
Removal Removal rate .
ercentage (%) (umol/(L- min)) Residual
Configuration Mediator P activity

NPX DCF NPX DCF (%)

_ 0 25 0.00 0.09 92
SA 15 35 0.05 0.12 88
Single step
HBT 30 65 0.11 0.23 75
ABTS 50 75 0.18 0.26 90
Two steps ABTS 71 90 0.12 0.15 99

The best reaction efficiency results were foundABITS: eliminations of 50
and 75% were found for NPX and DCF, respectiveliijctv implied removal
rates of 0.18 and 0.26 pmol/(L- min). Additionallye biocatalyst retained 90% of
its initial activity.

Although it has been demonstrated in Chapter Zdiitability of free laccase
from Trametes versicolor to remove anti-inflammatories at neutral pH and in
batch operation, the use of 1 mM of HBT and reacperiods of 24 h were
necessary to attain removal yields of 70 and 983X and DCF, respectively.
Moreover, the transformation yields attained aB2rmin (the HRT applied for
the transformation in laccase-immobilized microtee) were only significant
(about 50%) in the case of DCF. Hence, the requiésented in the current
chapter show further evidence of the noticeableravgment on the reaction
progress attained with the microtechnology designetis investigation.

On the other hand, laccases usually present theximum activity at acid
values of pH. In fact, the requirement of reactioedia at pH 4 aiming to achieve
significant oxidation of recalcitrant compounds tsuas NPX and DCF was
already demonstrated for the free enzyme. Alsoatti®n of the mediator would
be improved by acid pH since higher stability aadctivity at low pH values of
the radicals formed by the laccase-oxidation of &Bfias been demonstrated
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(Majcherczyk et al. 1999). However, it was provéattacid pH leads to an
important enzyme inactivation of the laccase-imriodd microreactors (Figure
6.7.A).

To overcome this challenge, a novel two-stage méerctor configuration for
the biotransformation of target compounds was aesigthe first step consisted
of a prepared laccase-immobilized microreactor (25 for the oxidation of the
mediator at pH 7; and the second stage was basedl tabular microreactor
(PTFE tube of 500 um i.d. and 26 cm length, 52 gdypled to the enzymatic
microreactor by means of a T-connector, to perfirenchemical transformation
of the substrates at pH 4 (Figure 6.9.B). The Isegémmobilized microreactor
was fed with ABTS (500 uM in 50 mM phosphate bufigid 7) at 0.5 pL/min
(HRT 52 min) for its oxidation to ABTS responsible specie of the
transformation of the substrates in laccase-metiiegactions (Morozova et al.
2007b). The second reactor was fed with both ABK&liped solution (0.5
pL/min, HRT 104 min) and a solution of NPX and D@fepared in potassium
acetate buffer (250 mM, pH 4) at a flow rate of rpin (HRT 52 min). Due to
the change of scale from the first to the secomdtog, the feed addition rate of
ABTS varied from 9.6 to 4.8 pmol/(L- min) in the tér microreactor. Thus, the
concentration of NPX and DCF was 9 pM (feed additate 0.17 pmol/(L- min))
with the aim of maintaining the same ratio betwaddition rates of ABTS and
the target compounds used in the first configuratio

With that system, improved removal yields of bottmpounds were found:
NPX and DCF were oxidized by 71 and 90%, respdgtivehich entails removal
rates of 0.12 and 0.15 pmol/(L-min) (Table 6.4)atidition, the inactivation of
the biocatalyst by pH was completely avoided. Tffece of the ABTS initial
concentration was also investigated (data not shawd it was observed that the
concentration could be decreased to 200 uM arichigth removal percentages of
NPX and DCF could be achieved (55 and 80%, respayg}li Solis-Oba et al.
(2005) reported the feasibility of oxidized ABTSopuced by immobilized
laccase and separated by filtration to remove dgklspugh both radical cation
production and removal processes were only testrhtise.

Although the presented system should be furthediestufor its optimum
implementation, this novel configuration is a pai@ntool to expand the
applicability of laccases to those fields whereeade pH conditions make this
enzyme unsuitable. In addition, this two-stage origactor technology would
present additional benefits: e.g. the inactivatibrthe immobilized laccase not
only by pH but also by the presence of inactivatggnts and/or products formed
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during reaction would be prevented; both reactotdcc operate under different
conditions (pH, temperature, etc.) to adapt thénelogy to the requirements of
the specific application; the activity of the laseammobilized microreactor

could be monitored by using an in-line UV detectorstead of the time-

consuming off-line analysis required to determiraechse activity of the

microreactor when other compounds besides ABT $@sent; easy replacement
in case of inactivation or microreactor damage;yessale-up; and potential

mediator reuse.

ABTS mediation action

In view of the previous results regarding transfation of NPX and DCF by
laccase-mediator system using ABTS in the two steystem reactor
configuration, interesting discussion comes out.

As previously reported, oxidation of ABTS takesgelan successive stages
as shown in Figure 6.10. (Bourbonnais et al. 198B)I'S undergoes one-electron
oxidation to the relatively stable colored radication ABTS', at a redox
potential of 0.69 V which almost matches that atckse. However, further one-
electron oxidation of ABTSto ABTS™ with redox potential 1.01 V may occur.

\+ (@]
O ot
Oxg | S \\N—<\:Ji>/ 7

g\OH - decomposition
ABTS*?

Figure 6.10.Species generated duringidation of ABTS.
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On the other hand, some authors reported that wowdé®y cation radical
ABTS™ is limited to phenolic groups, whereas ABT3s required for the
oxidation of non-phenolic compounds (Bourbonnaiale1998). In fact, previous
authors explained the negligible transformationdgef certain compounds when
using ABTS as mediator by the inability of the ktadyst to perform the
oxidation of ABTS beyond the cation radical (Fikdtal. 2012b).

In the current research, NPX and DCF were furth@nsformed by using
laccase-immobilized microreactors in the presericBBY'S, and once these are
non-phenol structured compounds, ABT®ould be thought to be generated
during the enzymatic mechanism; nevertheless, ABWas reported to be too
short-lived (Branchi et al. 2005). From this, diffet conclusions may be stated:
either the short reaction times in the microreactare enough for the target
substrates to be oxidized by ABFSormed in the first stage of the reactor, or
some other mechanisms take place. Previous auhggested an enzyme effect
which would be capable of protecting the oxidizednfs of ABTS, thereby
favoring their action in the reaction with the swhtes (Branchi et al. 2005).
However, the fact that oxidized ABTS was able tactewith NPX and DCF in
the absence of the enzyme makes to discard thaithgss. An explanation
might be that degradation byproducts of ABTS® ABTS™ are the responsible of
the transformation of non-phenolic compounds, bsirtfiormationin situ and
subsequent reaction with the substrates (Branchi. é@005). Different opinions
are reported in literature with regard the formedction products of the laccase-
catalyzed oxidation of ABTS: some authors susthie tdea that it can be
produced only the cation radical, whereas othgpsrted the formation of both
cations (Munteanu et al. 2007). Nevertheless, asotkidation of ABTS to
ABTS™ might be not probable because of the thermodyraliyicnfavorable
reaction, decomposition products from ABTSire those most likely to be
involved in the substrates transformation. In addijtother degradation fragments
of the oxidized mediator could be radicals and rtleantribution of radical
oxidation routes towards recalcitrant compoundsotube excluded (Cantarella
et al. 2003).

6.4. Conclusions

In this chapter, the emerging microreaction tecbgylwas explored aiming to
expand and improve the applicability of laccasedthWhis goal, a novel,
inexpensive and efficient method for the prepamata laccase-immobilized
microreactors was developed; it was based on theafiion of an enzyme-
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polymeric membrane on the inner wall of microtuf®380 pum inner diameter) as
a result of the cross-linking polymerization reawti between laccase and
bifunctional cross-linkers agents (paraformaldehgae glutaraldehyde).

Under the optimum conditions, an immobilization Igieof 72% and an
activity of 45 uM/min determined in a continuousvil assay were detected. The
biochemical characterization of the laccase-imniodil microreactors
demonstrated their enhanced characteristics: tlbibieed a broader range of
optimal activity and excellent stability under eifént conditions of pH,
temperature, in the present of inactivating agems during storage and long-
term operation.

The laccase-immobilized microreactors were appliedr the
biotransformation of model compounds to demonstithteir efficiency and
performance: significant reaction yields were ai¢di even at fairly low
residence times. Furthermore, it was designed alntwo-stage bioreactor
system for the application on laccase-mediated timwesc preventing the
biocatalyst from inactivation.

The great performance of the microreactor systarssiply due to the more
rapid mass transfer and the larger area to volwatie, makes the technologies
developed in this chapter excellent platforms focréasing laccase uses and
improving their catalytic action in several fieldach as biotransformations or
bioanalyses.
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General conclusions

This Thesis contributes to the development of noteslhnologies for the
oxidation of emerging pollutants: estrogenic and-@aflammatory compounds
were evaluated. The following main conclusions weithdrawn from the work
conducted throughout this research:

1.

It was demonstrated with the batch experiments wcted the ability of
laccase and laccase-mediator systems to removesdieeted estrogens:
estrone (E1), JFestradiol (E2) and Irfethynilestradiol (EE2), and anti-
inflammatories: naproxen (NPX) and diclofenac (DCH)e results obtained
from the characterization of the enzymes in terihgk and temperature
impacts served as basis for these biotransformagmperiments and
discussion of the corresponding results.

E1l, E2 and EE2 were eliminated Myceliophthora thermophila laccase at
both pH 4 and 7. Thus, neutral pH was selected @insdeneficial not only
for enzyme stability but also for removal perceetag(significant
transformation efficiencies were found within orilyh), and moreover it
favors the treatment of wastewaters avoiding theidification.

LYES analysis proved that the elimination of thé&razgenic compounds by
enzymatic treatment leads to a parallel reductiothe estrogenicity of the
medium.

The identified as the optimum strategy to attaignificant removal
efficiencies of NPX and DCF wheMyceliophthora thermophila laccase is
used is the application of laccase-mediator systemaer acidic conditions.
In this way, the effect of synthetic mediators:ythoxybenzotriazole (HBT)
and violuric acid, was evaluated, yielding degramtaefficiencies of 60 and
36% for NPX, respectively, whereas almost comptdimination of DCF
(below detection limits) was detected.

Among the natural mediators assayed aiming to enaarenvironmentally
friendly and cost-effective technology, syringalded (SA) provided the
best results: DCF was removed within only 1 h witimM SA, although,
NPX transformation was not affected by the usdne$é mediators.

The use of a high-redox potential enzyfiegmetes versicolor laccase, leads
to more favorable kinetics due to the increasAEf between the substrate
and the T1 copper of the biocatalyst. Results gtdigh removal yields for
NPX (70-94%) after 24 h in the presence of HBT atlia and neutral pH,
while DCF was completely transformed at pH 4 witbiorter periods, from
30 min to 4 h both in the absence or presence dfatws.

General conclusions-1



General conclusions

10.

11.

12.

13.

14.

15.

Kinetic parameters of the transformation reactiand laccase inactivation
coefficients were useful for the estimation and parison of the results for
the different experimental conditions assayed dutine anti-inflammatories
transformation.

Laccase-catalyzed treatment of DCF was proved teultre in
biotransformation products less toxic than the mparsubstrate, with a
considerable higher aerobic biodegradability.

Both common considered routes for the developmentcantinuous
enzymatic bioreactors were successfully appliedyere immobilization and
its retention by a membrane system.

Myceliophthora thermophila laccase was successfully immobilized by its
encapsulation in a sol-gel matrix as well as by abtent bonding to
commercial solid epoxy-activated acrylic suppoBEapergit C and Eupergit
C 250L.

Both immobilization procedures resulted in biocgtd with enhanced
stability and catalytic activity over a wider rangetemperature, pH and in
the presence of inactivating agents.

Different packed bed reactors (PBRs) designed F& application of
encapsulated and immobilized laccase on Eupergpats in continuous
processes were successfully utilized to test thenpial reusability of the
biocatalysts by their application on the removalAafd Green 27 dye used
as model compound in consecutive continuous cycles.

The proposed PBRs were found to be feasible focoiméinuous treatment of
El, E2 and EEZ2: removal yields of 55-75 and 65-86f4he encapsulated
and the covalently immobilized laccase, respectivekere found; 6-14 and
11-22% of elimination was attributed to adsorptioh the substrates.
Furthermore, the biocatalysts retained about 70 &b of their initial
activity after 8 h of continuous operation.

A fluidized bed reactor (FBR) with laccase immatelil on Eupergit C 250L
was developed and operated to avoid the drawbaakerglly associated to
PBRs: elimination percentages up to 92% were famda residual activity
of 89% was detected after 10-h operation of thatesy.

The FBR was also proved to be effective on the r@&hof estrogens at
concentrations as low as 100 and 10 pg/L, but adwid residence time
(HRT) of 150 min was needed to attain significarnoval efficiencies and
an estrogenicity reduction of 90%. The system waadyf stable for more
than 10 days of continuous operation.
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16.

17.

18.

19.

20.

21.

22.

23.

Fed-batch reactors were found to be an interestnadegy for the removal of
estrogens bwyceliophthora thermophila laccase as well as useful systems
to investigate the influence of various operatiopatameters affecting the
E1l and E2 transformation: laccase activity, substi@quency addition and
aeration/oxygenation, aiming to elucidate the nsogable conditions for the
following continuous operation with free enzyme.

The designed enzymatic membrane reactor (EMR),dbagea continuous
stirred tank reactor coupled to an ultrafiltratiolembrane, permitted the
continuous operation with free enzyme by its rétenin the system.

A three-level Box-Behken factorial design combineith the response
surface methodology was successfully applied talystthe continuous
transformation of E1, E2 and EE2 in a 370-mL EMRisTmethodology
permitted the evaluation of individual and inteatell effects of the variables
analyzed: oxygenation rate, HRT and laccase agtivon the different
response variables investigated and optimized: vahrate, removal rate per
units of enzyme used and the percentage of estimgetivity reduction.
Laccase activity and HRT showed, as expected, gffetts; nonetheless,
the relevance of oxygen in the improvement of oxahareaction kinetics
through the rise of the dissolved oxygen aboveraatun levels was proved.
Only 100 U/L were found as optimal to maximize tbHicacy of the
enzyme: E1 was oxidized by 0.06 mg/(L-h-U), althodlge removal of
estrogenicity was 60%. On the other hand, the Bighalues assayed (1,000
U/L, HRT 4 h and 60 mg £)(L- h)) provided nearly complete detoxification.
The real applicability of the developed technoleggs also demonstrated: a
2-L EMR was operated, for 100 h and with low enzyeguirements, for the
treatment of filtered secondary wastewater effls@uilected in a municipal
wastewater treatment plant containing E1, E2 and EiEonlyl00 pg/L as
well as at real environmental levels (0.29-1.52L hgHigh removal yields
(80-100%) were attained despite partial inactivatod the enzyme (about
20% within the first hours).

It was concluded from the assays performed forabgessment of reaction
products the formation of dimers of E1, E2 and BEgers of E2 and EE2,
as well as the transformation of E2 into E1, aftemsformation with
Myceliophthora thermophila laccase. These findings were corroborated by
determination of accurate masses.

A tentative identification of reaction products ulted from the
transformation DCF catalyzed byrametes versicolor laccase was also
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conducted: regarding their spectra, biotransforomatiproducts were
identified as compounds resulted from decarboxgtateactions.

24. A novel, inexpensive and efficient method for theparation of laccase-
immobilized microreactors was developed, basedhanformation of an
enzyme-polymeric membrane on the inner wall of otigbes as a result of
cross-linking and polymerization reactions.

25. The biochemical characterization of the laccase#imiized microreactors
demonstrated their broader range of optimum pH terdperature and
excellent stability under different conditions oH,ptemperature, in the
presence of chemical inactivating agents and dwtogage and long-term
operation.

26. These microreactor systems were proved to be feasibthe oxidation of
the target substrates, estrogens and anti-inflanmeat with significant
reduced retention times.

27. 1t was also proved the performance of a two-stagerameactor system
which was designed to prevent the biocatalyst finactivation when the
operation under adverse conditions for the enzymedquired.
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Conclusiones generales

Esta Tesis contribuye al desarrollo de nuevas tegfas para la oxidacion de
contaminantes emergentes: se evaluaron compueskisogénicos vy
antiinflamatorios. Las conclusiones principalesaixias del trabajo realizado a lo
largo de esta investigacion son las siguientes:

1. Se demostré6 mediante los ensayos en discontinv@adibs a cabo la
capacidad de los sistemas lacasa y lacasa-medpatar eliminar los
compuestos estrogénicos: estrona (El)jp-dstradiol (E2) y 1l1d-
etinilestradiol (EE2), y los antiinflamatorios: magpeno (NPX) y diclofenaco
(DCF). Los resultados obtenidos a partir de laatarezacion de las enzimas
en términos de pH y temperatura sirvieron como bpaea estos
experimentos de biotransformacion y la discusion Ide resultados
correspondientes.

2. E1, E2 y EEZ2 fueron eliminados por lacasavileeliophthora thermophila
tanto a pH 4 y 7. Por lo tanto, se seleccioné plitroeya que es beneficioso
no solo para la estabilidad de la enzima sino thmpara la eliminacién de
los compuestos (se obtuvieron altas eficaciasatesfiormacion en sélo 1 h),
y ademas se favorece el tratamiento de aguas adssdievitando su
acidificacion.

3. Los andlisis LYES demostraron que la eliminaciénedg6genos mediante
tratamiento enzimatico estad ligado a una reduc@énparalelo de la
estrogenicidad del medio.

4. La estrategia Optima para alcanzar niveles sigitifios de eliminacion de
NPX y DCF cuando se utiliza lacasa Mgceliophthora thermophila fue la
aplicacién de sistemas lacasa-mediador en condgiaoidas. Asi, se evalud
el efecto de mediadores sintéticos: 1-hidroxibememl (HBT) y &cido
violdrico, obteniéndose porcentajes de degradad@f0 y 36% para NPX,
respectivamente, mientras que se detectd una eltmim casi completa de
DCF (por debajo de los limites de deteccion).

5. Entre los mediadores naturales ensayados con eivabde garantizar una
tecnologia respetuosa con el medio ambiente y pedoste, el empleo de
siringaldehido (SA) proporcioné los mejores regidgs se eliminé DCF en
tan solo 1 h con 1mM de SA, aunque, por otro ld&@dransformacion de
NPX no se vio afectado por el uso de estos mediador

6. El uso de una enzima de alto potencial redox, éada3rametes versicolor,
proporciond una cinética mas favorable debido aeimento déAE® entre el
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10.

11.

12.

13.

14.

sustrato y el cobre T1 del biocatalizador. Los ltados demostraron altos
rendimientos de eliminacion de NPX (70-94%) desmlg84 h en presencia
de HBT a pH acido y neutro, mientras que DCF sesfoamo por completo
a pH 4 en tiempos mas cortos de 30 min-4 h tantawsencia como en
presencia de mediadores.

Los parametros cinéticos de las reacciones de foramscion y los
coeficientes de inactivacién enzimatica fueroneétipara la estimacién y la
comparacion de los resultados para las diferestediciones experimentales
ensayadas durante la transformacion de antiinflamost

Se demostré que los productos de transformaciém@él tras la reaccion
catalizada por lacasa son menos toéxicos, con umsideryable mayor
biodegradabilidad aerdbica.

Ambas rutas comUnmente consideradas para el désad® reactores
enziméticos operados en continuo fueron aplicadassfactoriamente:
inmovilizacion enzimatica y su retencion mediamesistema de membrana.
Se inmovilizoé exitosamente lacasaMpgceliophthora thermophila mediante
su encapsulacién en matricessdegel, asi como mediante unién covalente
sobre soportes comerciales acrilicos con gruposiégpa@ctivados: Eupergit
C y Eupergit C 250L.

Ambos procedimientos dieron como resultado bioizadbres con una
mejorada estabilidad y actividad catalitica en wmaplia gama de
temperatura, pH y en presencia de agentes inatd/an

Diferentes reactores de lecho fijo (PBRs, por sglasen inglés), disefiados
para la aplicacion en continuo de la enzima endagaue inmovilizada
covalentemente, fueron empleados con éxito paraaprel potencial redso
de los biocatalizadores mediante su aplicacidnaealiminaciéon del tinte
Acid Green 27, usado como compuesto modelo, eroscidontinuos
consecutivos.

Se demostro la eficacia de los PBRs con enzima vilizeda para la
eliminaciéon en continuo de E1, E2 y EE2: se obtavierendimientos de
eliminacion de 55-75 y 65-80% para la lacasa endaga e inmovilizada
covalentemente, respectivamente; se atribuyeroreptajes 6-14 y 11-22%
a la adsorcion de los sustratos. Ademas, los labizatiores mantuvieron
aproximadamente el 70 y el 84% de su actividadahiespués de 8 h de
operacion.

Se desarroll6 y operd un reactor de lecho fluidizg€BR, por sus siglas en
inglés) con lacasa inmovilizada en Eupergit C 250&ra evitar los
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15.

16.

17.

18.

19.

20.

inconvenientes asociados generalmente a los PEBRebtsivieron con ese
sistema porcentajes de eliminacion de hasta 92#ayaatividad residual de
89% después de 10 h.

Se demostré también la eficacia del sistema basadel FBR para la
eliminacién de estrégenos a concentraciones tas lzajmo 100 y 10 pg/L,
aunque fue preciso un tiempos de residencia hidm{TRH) de 150
minutos para alcanzar niveles de eliminacion sicatifvos y una reduccion
de estrogenicidad del 90%. El sistema fue estalniente méas de 10 dias de
operacion.

Se encontré que el uso de reactores en operaaidirceatinua fed-batch)
es una interesante estrategia para la eliminac&resirogenos mediante
lacasa deMyceliophthora thermophila, y fueron ademas sistemas Utiles para
investigar la influencia de diversos pardmetrogapenales que afectan a la
transformacién E1 y E2: actividad enzimética, feswia de adicion de los
sustratos y aireacidn/oxigenacion, con el objetige dilucidar las
condiciones mas adecuadas para la operacion enwoiebn enzima libre.

El reactor enzimatico de membrana (EMR, por sudasign inglés)
disefiado, basado en un reactor continuo de targjtedla acoplado a una
membrana de ultrafiltracion, permitié la operace&m continuo con enzima
libre mediante su retencion en el sistema.

La aplicacion de disefio factorial Box-Behken juntm la metodologia de
superficie de respuesta resultd ser una herramidihtpara el estudio de la
transformacion de E1, E2 y EE2 en un EMR de 370 Bdta metodologia
permitio la evaluacion de los efectos individualesuzados de las variables
analizadas: oxigenacién, TRH y actividad enzimatsgabre las diferentes
variables respuesta investigadas y optimizadasiciekeld de eliminacion,
velocidad de eliminacién por unidades de enzimizadias y el porcentaje
de reduccion de actividad estrogénica.

La actividad enzimatica y el TRH fueron, como geeeaba, los efectos con
mayor peso; sin embargo, se comprobd la importasiggificativa del
oxigeno en la mejora de la cinética de la reacd®woxidacion a través del
aumento de la concentracion de oxigeno disueltcepoima de los niveles
de saturacion.

El 6ptimo de eficacia de enzima se encontr6 pasaaatividad de tan solo
100 U/L: se oxidd E1 a una tasa de 0,06 mg/(L- hauhgue la reduccion de
estrogenicidad fue del 60 %. Por otro lado, lo®ne mas altos ensayados
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21.

22.

23.

24.

25.

26.

27.

(1000 UL, TRH 4 h y 60 mg 4#L-h)) proporcionaron una
descontaminacion completa.

Se demostré la aplicabilidad real de la tecnolatfisarrollada mediante la
operacion de un EMR de 2 L, durante 100 h y coa hejfividad enzimatica,
para el tratamiento de efluentes secundarios previte filtrados, recogidos
de una planta municipal de tratamiento de aguas,cgatienen E1, E2 y
EE2 a concentraciones de solo 100 pg/L asi comiveden ambientales
(0,29-1,52 ng/L). Se alcanzaron altos rendimierdes eliminacion (80-
100%) a pesar de la inactivacion parcial de lameazfalrededor de 20%
durante las primeras horas).

Se concluyo a partir de los ensayos realizados parsvaluacion de los
productos de reaccion la formacion de dimeros dé&EY EE2 |, trimeros de
E2 y EE2, asi como la transformacion de E2 en Ekpuaes de la
transformacion catalizada con lacasaMieeliophthora thermophila. Estos
hallazgos fueron corroborados mediante la detegitinale masas exactas.
Se llevé a cabo una identificacion tentativa depoxluctos de reaccion de
DCF como resultado de la transformacién catalizamtdacasa dérametes
versicolor: atentiendo a los espectros de los productos tdeles; éstos
fueron identificados como productos resultantes m@cciones de
descarboxilacion.

Se desarrollé6 un método novedoso y de bajo costeragultd ser eficiente
para la preparacién de microrreactores con lacemavilizada, basado en la
formacion de una membrana enzimatica poliméridagparedes internas de
microtubos como resultado de reaccionesrdss-linking y polimerizacion.
La caracterizacibn bioquimica de los microrreacoreon lacasa
inmovilizada demostré su amplio rango de pH y tenajpea 6ptimos, y su
excelente estabilidad en diferentes condicionesplde temperatura, en
presencia de agentes inactivantes y durante almadento y operaciones de
larga duracion.

Estos microrreactores fueron factibles en la ox@aade los sustratos
objetivo, estrégenos y antiinflamatorios, con redos tiempos de
residencia.

Se probd6 también la eficacia de un sistema de méactor de dos etapas
que fue disefiado para evitar la inactivacion detddializador cuando es
necesario operar bajo condiciones adversas pareima.
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Conclusioéns xerais

Esta Tese contrible ao desenvolvemento de novasldetas para a oxidacion de
contaminantes  emerxentes:  avalidronse = compostosroxé@sicos e
antiinflamatorios. As conclusiéns principais exied do traballo realizado ao
longo desta investigacion son as seguintes:

1.

Demostrouse mediante os ensaios en discontinuoddeva cabo a
capacidade dos sistemas lacasa e lacasa-mediadar ghianinar os
compostos estroxénicos: estrona (El),p-&3tradiol (E2) e 1o*
etinilestradiol (EE2), e os antiinflamatorios: naygno (NPX) e diclofenaco
(DCF). Os resultados obtidos a partir da cara@ei@n das enzimas en
termos de pH e temperatura serviron como basegsiea experimentos de
biotransformacion e a discusion dos resultadogspandentes.

El, E2 e EE2 foron eliminados por lacasaMieeliophthora thermophila
tanto a pH 4 coma 7. Polo tanto, seleccionouse pHtrm xa que é
beneficioso non sé para a estabilidade da enziménséamén para a
eliminaciéon dos compostos (obtivéronse altas efisage transformacion en
s6 1 h), e ademais favorece o tratamento de aegatuais evitando a sta
acidificacion.

As analises LYES demostraron que a eliminacion stedeenos mediante
tratamento enzimatico estd ligado a unha reducién paralelo da
estroxenicidade do medio.

A estratexia Optima para alcanzar niveis de eligitra significativos de
NPX e DCF cando se utiliza lacasaMgceliophthora thermophilaesultou
ser a aplicacién de sistemas lacasa-mediador edico@ms acidas. Asi,
avaliouse o efecto de mediadores sintéticos, Iekioenzotriazol (HBT) e
acido violurico, obténdose eficiencias de elimidaaile 60 e 36% para NPX,
respectivamente, mentres que se detectou unhanatiin case completa de
DCF (por debaixo dos limites de deteccion).

Entre os mediadores naturais ensaiados co obxedivaarantir unha
tecnoloxia respetuosa co medio ambiente e de haigtn, o emprego de
siringaldehido (SA) proporcionou os mellores resiis: eliminouse DCF en
tan sé 1 h con 1mM de SA, ainda que, por outradamdransformacion de
NPX non se viu afectado polo uso destes mediadores.

O uso dunha enzima de alto potencial redox, lada§aametes versicolgr
proporcionou unha cinética mais favorable debidoirmmemento deAE°
entre o substrato e o cobre T1 do biocatalizadsrréSultados demostraron
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altos rendementos de eliminacibn de NPX (70-94%jo ladle 24 h en
presenza de HBT a pH &cido e neutro, mentres que ttaBisformouse por
completo a pH 4 en tempos mais curtos de 30 mintdnto en ausencia
como en presenza de mediadores.

7. Os parametros cinéticos das reacciéns de transtima os coeficientes de
inactivacion enzimatica foron Gtiles para a estidra@ a comparacion dos
resultados para as diferentes condiciéns experai®ernsaiadas durante a
transformacién de antiinflamatorios.

8. Demostrouse que os produtos de transformacion d& D&la reaccion
catalizada por lacasa son menos toxicos, cunhaidewable maior
biodegradabilidade aerdbica.

9. Ambalas duas rutas cominmente consideradas paesemwblvemento de
reactores enzimaticos operados en continuo foronlicadps
satisfactoriamente: inmobilizacién enzimatica ala getencion mediante un
sistema de membrana.

10. Inmobilizouse exitosamente lacasaMgceliophthora thermophilanediante
a sla encapsulacion en matrisesgel asi como mediante unidn covalente
sobre soportes comerciais acrilicos con gruposigp@&ctivados: Eupergit C
e Eupergit C 250L.

11. Ambolos dous procedementos deron como resultadmataiizadores cunha
mellorada estabilidade e actividade catalitica aurdmpla gama de
temperatura, pH e en presenza de axentes ina&s/ant

12. Diferentes reactores de leito fixo (PBRs, polasss@@las en inglés),
desefiados para a aplicacion en continuo da enzintapsulada e
inmobilizada covalentemente, foron empregados oo @ara probar a o
potencial relso dos biocatalizadores mediante a aplicacion na
eliminacion do tinte Acid Green 27, usado como costgp modelo, en ciclos
continuos consecutivos.

13. Demostrouse a eficacia dos PBRs con enzima inmaedé para a
eliminacion en continuo de E1, E2 e EE2: obtivéeomsndementos de
eliminacién de 55-75 e 65-80% para a lacasa entzajse inmobilizada
covalentemente, respectivamente; atribuironse ptages 6-14 e 11-22% a
adsorcion dos substratos. Ademais, o0s biocatalieadomantiveron
aproximadamente o 70 e 84% da sua actividade liniogn de 8 h de
operacion.

14. Desenvolveuse e operouse un reactor de leito flidi (FBR, polas stas
siglas en inglés) con lacasa inmobilizada en Eup€@50L para evitar os
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15.

16.

17.

18.

19.

20.

inconvenientes asociados xeralmente aos PBRs:éobtise con ese sistema
porcentaxes de eliminacién de ata 92% e unha datlei residual de 89%
logo de 10 h.

Demostrouse tamén a eficacia do sistema baseaddBRara a eliminacion
de estréxenos a concentracions tan baixas come 100ug/L, ainda que foi
preciso un tempo de residencia hidraulico (TRH)LS@ minutos para acadar
niveis de eliminacién significativos e unha reducife estroxenicidade do
90%. O sistema foi estable durante mais de 10ddiaperacion.

Atopouse que o uso de reactores en operacion semiiga {ed-batch é
unha interesante estratexia para a eliminaciérsttéxenos mediante lacasa
de Myceliophthora thermophilae foron ademais sistemas utiles para
investigar a influencia de diversos parametros agpenais que afectan &
transformacion E1 e E2: actividade enzimatica,eecia de adicion dos
substratos e aireacion/osixenacion, co obxectivailleidar as condicions
mais adecuadas para a operacién en continuo canalhiare.

O reactor enziméatico de membrana (EMR, polas siglassen inglés)
desefado, baseado nun reactor continuo de tanifad@acoplado a unha
membrana de ultrafiltracion, permitiu a operaciéncentinuo con enzima
libre mediante a sua retencion no sistema.

A aplicacién de desefio factorial Box-Behken xunt@ anetodoloxia de
superficie de resposta resultou ser unha ferramaiitgpara o estudo da
transformacion de E1, E2 e EE2 nun EMR de 370 ndta Enetodoloxia
permitiu a avaliacion dos efectos individuais ezados das variables
analizadas: osixenacion, TRH e actividade enzimasobre as diferentes
variables resposta investigadas e optimizadas:cigelde de eliminacion,
velocidade de eliminacion por unidades de enzintizadas e a porcentaxe
de reducion da actividade estroxénica.

A actividade enzimética e o TRH foron, como se edpe 0s efectos con
maior peso; non obstante, comprobouse a importasigaificativa do
osixeno na mellora da cinética da reaccion de oXidaa través do aumento
da concentracion de osixeno disolto por encimand@ss de saturacion.

O 6ptimo de eficacia de enzima atopouse para uctihdadade de tan s6 100
U/L: E1 oxidouse a unha taxa de 0,06 mg/(L- h- Wdaique a reducion de
estroxenicidade foi do 60 %. Por outra banda, t&@s mais altos ensaiados
(1000 U/L, TRH 4 h e 60 mg AL-h)) proporcionaron unha
descontaminacion completa.
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21. Demostrouse a aplicabilidade real da tecnoloxiardedvida mediante a
operacion dun EMR de 2 L, durante 100 h e con badki@idade enzimatica,
para o tratamento de efluentes secundarios premianiidtrados, recollidos
nunha planta municipal de tratamento de augascoptefien E1, E2 e EE2 a
concentraciéns de s6 100 ug/L asi como a niveisieanais (0,29-1,52
ng/L). Acadaronse altos rendementos altos de ediondm (80-100%) porén
da inactivacion parcial da enzima (ao redor de 20#ante as primeiras
horas).

22. Concluiuse a partir dos ensaios realizados paval&aeion dos produtos de
reaccion a formacion de dimeros de E1, E2 e EHEf@¢tos de E2 e EE2 , asi
como a transformacion de E2 en E1, logo da tramsfoion catalizada con
lacasa deMyceliophthora thermophilaEstes achados foron corroborados
mediante a determinacion de masas exactas.

23. Levouse a cabo unha identificacion tentativa daslymos de reaccién de
DCF como resultado da transformacién catalizadalgeasa deTrametes
versicolor atendendo aos espectros dos produtos detectesies, foron
identificados como produtos resultantes de reasai@descarboxilacion.

24. Desenvolveuse un método novedoso e de baixo custoresultou ser
eficiente para a preparacion de microrreactores laoasa inmobilizada,
baseado na formacion dunha membrana enzimaticengridia nas paredes
internas de microtubos como resultado de reaccd®sross-linking e
polimerizacion.

25. A caracterizacion bioquimica dos microrreactores laasa inmobilizada
demostrou o seu amplo rango de pH e temperatuiradite a sua excelente
estabilidade en diferentes condicions de pH, teatpex, en presenza de
axentes inactivantes e durante almacenamento eacifyes de longa
duracion.

26. Estes microrreactores foron factibles na oxidacios substratos obxectivo,
estroxenos e antiinflamatorios, con reducidos tenggoresidencia.

27. Probouse tamén a eficacia dun sistema de micréorede duas etapas que
foi desefiado para evitar a inactivacion do biozatdbr cando é necesario
operar baixo condicions adversas para a enzima.
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