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ABSTRACT
Lignocellulosic biomass has highlighted as an essential renewable raw material for production
of many value-added chemicals of industrial interest in field as energy production, food,
pharmaceutical, agriculture, environment and so on. Despite it, many applications have wrought
with a series of difficulties in regarding enzymatic conversion processes, as enzyme operational
instability, high production and purification cost, inhibition reactions, and issues of recovery
and recycle. To overcome these issues, many enzyme immobilization methods have emerged,
among which highlights the obtention of magnetic-cross linked enzyme aggregates (MCLEAs).
This materials class is obtained from cross-linking reaction between enzyme physical
aggregates and magnetic supports, which can gather the important catalytic properties of the
physical aggregates (as a result of enzyme native structure maintenance) to recovery and recycle
capacity of magnetic nanoparticles (as result of its intrinsic magnetic properties). Faced it, this
work reports the synthesis, characterization and potential application of different cellulases
MCLEAs in the cellulose enzymatic conversion process. Sectioned in three chapters, firstly is
presented a review about the state of art in concern to obtention of value-added chemicals from
lignocellulosic biomass using MCLEAs. In the second chapter, different MCLEAs were
prepared in the presence of quitosana-coated magnetic nanoparticles with three different
precipitation agents (ammonium sulfate, ethanol and polyethylene glycol). Highlighted the
obtention of a MCLEA using ethanol as precipitant agent, which showed highest enzymatic
activity (193.42 U g'!) and activity recovery (43.53 %), and other MCLEA, obtained by use of
polyethylene glycol as precipitation agent, with the highest reusability capacity (80% of initial
relative activity after five cycles of reaction). In addition, for the first time, the colloidal
properties of MCLEAs and free cellulases were characterized by dynamic light scattering
(DLS) and zeta potential analyses, which were correlated with the activity of MCLEAs and free
cellulases. As result, was demonstrated that increasing in colloidal stability with changes in
temperature has improved the thermal stability of the MCLEAs. The hydrolysis of cellulose-
derived from sugarcane bagasse and straw using MCLEAs showed a higher capacity of
obtention of cello-oligosaccharides with value-added than the free cellulases. Lastly, final
chapter engaged to further investigate the effects of an alternating magnetic field (AMF) in the
activity of a MCLEA based on aminosilane-coated magnetic nanoparticles. For this purpose, it
was used a factorial design (2x2) with two variables at two levels, frequency (203-420 kHz)
and amplitude (3-6 kA m™). Independently of condition, AMF application decrease MCLEA
activity when compared to field free condition. In addition, frequency variable implied in more

significant effects in the MCLEA activity when compared to AMF amplitude and suggest that



further studies should carried out in conditions of lower AMF frequency. However, although
this last result has not been expected, it can help to fill the gap of further study in this growing

and essential approach that is the use of magnetic support for enzyme immobilization.



RESUMO
A biomassa lignocelulosica vem se destacando como uma matéria-prima essencial para a
producdo de muitos produtos quimicos de interesse industrial em areas como a produgao de
energia, alimentos, farmacos, agricultura, meio ambiente e assim por diante. Apesar disso,
muitas aplicagdes vém esbarrando em uma série de dificuldades encontradas nos processos de
conversao enzimatica, como instabilidade operacdo das enzimas, alto custo de producdo e
purificacdo, reagdes de inibicdo e problemas de recuperagao e reciclo. Para contornar esses
problemas, muitos métodos de imobilizagdo enzimatica tém surgido, entre os quais, destaca-se
a obtencdo de agregados enzimaticos reticulados magnéticos (MCLEAs). Esta classe de
materiais € obtida a partir da reagdo de reticulacio entre agregados fisicos de enzimas e suportes
magnéticos, o qual pode unir as importantes propriedades cataliticas dos agregados fisicos
(como resultado da manutengdo da estrutura nativa da enzima) a capacidade de recuperagao e
reciclo do suporte magnético (devido suas propriedades magnéticas intrinsecas). Frente a isso,
esse trabalho relata a sintese, caracterizagdo e potencial aplicacio de MCLEAs de enzimas
celulases em processos de conversao de celulose. Dividido em trés capitulos, primeiramente €
apresentado um review sobre o estado da arte no que diz respeito a obtengao de produtos de
valor agregado a partir da biomassa lignocelulésica utilizando MCLEAs. No segundo capitulo,
diferentes MCLEAs foram preparados na presenca de nanoparticulas magnéticas modificadas
com quitosana, utilizando trés agentes precipitantes diferentes (sulfato de amonio, etanol e
polietileno glicol-PEG). Destacou-se a obtengao de um MCLEA utilizando etanol como agente
de precipitacdo, o qual apresentou a maior atividade enzimatica (193,42 U g!) e atividade
recuperada (43,53 %); e outro MCLEA obtido com polietileno glicol, com a maior capacidade
de reciclo (80 % da atividade inicial apos cinco ciclos de reacdo). Adicionalmente, pela primeira
vez, as propriedades coloidais dos MCLEASs e celulases livres foram caracterizadas por medidas
de espalhamento dinamico de luz (DLS) e potencial zeta, as quais foram correlacionadas com
suas respectivas atividades enzimadticas. Foi demonstrado que o aumento na estabilidade
coloidal frente as mudangas de temperatura incrementaram a estabilidade térmica dos
MCLEAs. Quando aplicados na hidrélise de celulose obtida a partir de uma mistura de bagago
e palha de cana-de-acticar, os MCLEAs mostraram a uma maior capacidade de obtengao de
celooligosacarideos de valor agregado do que as celulases livres. Por fim, o ultimo capitulo
focou na investigacdo mais profunda dos efeitos da aplicacdo de um campo magnético alternado
(AMF) na atividade de um MCLEA contendo nanoparticulas magnéticas modificadas com
aminosilano. Para isto, foi utilizado um planejamento fatorial (2x2) com duas variaveis em dois

niveis, frequéncia (203-420 kHz) e amplitude (3-6 kA m™). Independentemente da condicdo, a



aplicagdo do AMF diminuiu a atividade enzimatica do MCLEA em compara¢do a condi¢do
sem campo. Adicionalmente, a frequéncia do AMF mostrou efeitos mais significante na
atividade do MCLEA quando comparada a amplitude e sugere-se que estudos posteriores
devam ser realizados em condigdes de frequéncias mais baixas. No entanto, embora este ultimo
resultado ndo tenha sido o esperado, ele pode ajudar a preencher a lacuna de estudos mais
aprofundados desta crescente e essencial abordagem que € o uso de nanoparticulas magnéticas

como suporte para enzimas.



RESUMO EXPANDIDO EM PORTUGUES

INTRODUCAO

Celulases sao um complexo enzimatico constituido pelas enzimas endoglucanase,
exoglucanase e B-glicosidase. Estas trés enzimas agem sinergicamente para produzir glicose a
partir da celulose, o polimero carboidrato de baixo custo mais abundante na natureza. As
enzimas endoglucanases hidrolisam as ligagdes -1,4-glicosidicas na regido amorfa da fibra de
celulose, produzindo oligdmeros de cadeia longa, enquanto as exoglucanases agem nas
extremidades da fibra de celulose, produzindo celooligosacarideos (COS). Posteriormente, os
COS sao hidrolisados a glicose por agdo da enzima B-glicosidase. A hidrolise enzimatica da
celulose vem sendo extensivamente estudada para a produgao de etanol de segunda geragdo e
outros produtos de maior valor agregado. No entanto, embora as enzimas sejam
biocatalizadores sustentaveis reconhecidos por sua alta especificidade, eficiéncia e baixa
geragdo de residuos, sendo empregadas em uma variedade de processo de interesse industrial,
elas apresentam algumas limitagcdes como instabilidade estrutural frente a variacdes de
condi¢des operacionais como pH e temperatura, alto custo de produg¢do e purificacdo, reacdes
de inibigdo, dificuldade de recuperagao e reciclo, desvantagens estas que acabam onerando o
custo de muitos processos. Visando a reducdo desse custo, o aumento da estabilidade,
recuperagao e o reciclo das enzimas cellulases, por meio de diversos métodos de imobilizagao,
vem surgindo como uma importante estratégia.

Frente a isso, a obtencdo de agregados enzimaticos reticulados (CLEA, cross-linked
enzyme aggregates) ¢ uma tecnologia robusta, pois a sua capacidade de manuten¢do da
superestrutura organizada na formag¢ao dos CLEAs leva a uma boa estabilidade mecanica e a
alta atividade enzimatica. Os CLEAs consistem em agregados fisicos de moléculas de enzimas
obtidas pelo uso de agentes precipitantes (por exemplo, solventes, sais ou polimeros), os quais
mantém a estrutura tercidria nativa da enzima, interligados entre si, através de agentes
reticulantes como o glutaraldeido. Quando a precipitagdo ¢ realizada na superficie de um
suporte sélido, os CLEAs podem ser ligados covalentemente a ele, por exemplo, pelo proprio

agente de reticulacdo, permitindo, desta forma, aliar as vantagens dos CLEAs as propriedades
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intrinsecas do suporte, estratégia que pode levar a obtengdo de biocatalisadores inicos. Entre
0s muitos suportes possiveis, as nanoparticulas magnéticas (MNP, magnetic nanoparticles),
tais como a magnetita (Fe3O4), vem ganhando destaque devido a sua alta area de superficie e
capacidade de adsor¢do, baixa toxicidade, facil modificagdo de superficie e, principalmente,
suas propriedades magnéticas, as quais a permite ser recuperada a partir do meio reacional pela
simples aplicagdo de campo magnético externo. Neste contexto, muitos trabalhos vém relatando
o uso de MNP como suporte para imobilizacdo de CLEAs de diferentes enzimas. Em resumo,
esses CLEAs magnéticos (MCLEAs) vém apresentando incrementos na estabilidade frente as
variagdes no pH e temperatura, decréscimos em reacdes inibitorias, alta atividade e,
principalmente, uma excepcional capacidade de recuperagdo e reciclo, fazendo deles uma
estratégia essencial na melhoria de muitos processos enzimaticos.

Desta forma, ¢ nesse conjunto de ideias centrais que estdo baseados os dois primeiros
capitulos da presente tese de doutorado. O primeiro capitulo, intitulado “Magnetic cross-linked
enzyme aggregates (MCLEAs) applied to biomass conversion”, consiste em artigo de revisao
j& publicado na Journal of Solid State Chemistry (doi: 10.1016/j.jss¢.2018.11.003) que trata
especificamente da aplicagdo de MCLEAs nos mais variados processos de conversdao de
biomassa lignoceluldsica, além de aspectos como metodologias de sintese e caracterizacao
dessa importante classe de materiais. O segundo capitulo, intitulado “Synthesis and
characterization of magnetic cross-linked enzyme aggregates of cellulases for the potential
application in producing cello-oligosaccharides” relata a sintese e caracterizagdo de trés
MCLEAs sintetizados pelo autor utilizado diferentes agentes de precipitacao (etanol, sulfato de
amoénio e polietilenoglicol), além de sua potencial aplicagdio para producdo de
celooligosacarideos, uma classe de compostos com importantes propriedades prebioticas de
interesse da industria farmacéutica e alimenticia. Além disso, no segundo capitulo ¢ apresentado
um estudo ainda nao relatado na literatura sobre como as propriedades coloidais dos MCLEAs
e de enzimas celulases ndo imobilizadas atuam na estabilidade de ambos frente as variagdes de
pH e temperatura do meio reacional.

Por fim, embora muitos resultados positivos venham sendo observados na aplicagdo de
MCLEAs em processos de conversao de biomassa lignoceluldsica, avangos ainda sao

necessarios, principalmente no que diz respeito ao melhor aproveitamento de suas propriedades
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magnéticas. E este ¢ o foco do terceiro capitulo, intitulado “Synthesis, characterization and
evaluation of the alternating magnetic field effects in the catalytic activity of a magnetic cross-
linked enzyme aggregate”. As propriedades magnéticas das MNP nao estdo restritas a
recuperagdo e reciclo magnético. Na presenca de um campo magnético alternado (AMF,
alternating magnetic field), como resultado das relaxa¢des de Néel e Brown, as MNP
rotacionam e colidem entrem si produzindo calor, um fenomeno chamado hipertermia
magnética. O campo magnético alternado pode alterar a cinética enzimatica aumentando o
numero de colisdes entre 0 MCLEA e o substrato, mudar o estado de agregacao do MCLEA e
disparar mudangas conformacionais na estrutura da enzima, processos estes que podem levar a
melhorias na atividade enzimdtica do MCLEA. Frente a isto, o terceiro capitulo foca na
avaliacdo dos efeitos de campo magnético alternado, sob diferentes condi¢des de frequéncia e
amplitude, na atividade enzimatica de um MCLEA. Neste estudo foi observado que
incrementos na frequéncia e na intensidade do campo levaram a diminuicdo da atividade
enzimatica do MCLEA. Além disso, a frequéncia apresentou efeitos estatisticamente mais

significativos na atividade catalitica do MCLEA quando comparada a amplitude do campo.
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TABLE SYMBOL

APTS: 3-aminopropyl-triethoxysilane

B: amplitude of the alternating magnetic field

Cs: sugar with 5 carbons

Ce: sugar with 6 carbons

CCD: central composite design

CLEA: cross-linked enzyme aggregates

CMC: carboxymethylcellulose

COS: cello-oligosaccharides

DLS: dynamic light scattering

DNS: 3,5-dinitrosalicilic acid

DP: degree of polymerization

f: frequency of the alternating magnetic field

FT-IR: Fourier transform infrared

GPC: gel permeation chromatography

MCLEA: magnetic cross-linked enzyme aggregates

MCLEA-AS: magnetic cross-linked enzyme aggregates obtained with ammonium sulfate
MCLEA-ET: magnetic cross-linked enzyme aggregates obtained with ethanol
MCLEA-PEG: magnetic cross-linked enzyme aggregates obtained with polietilenoglicol 600
MNP: magnetic nanoparticles

NP-APTS: 3-aminopropyl-triethoxysilane-modified magnetic nanoparticle
NP-CH: chitosan-modified magnetic nanoparticle

PDI: polydispersity index

PEG: polietilenoglicol 600

PSD: particle-size distribution

PXRD: powder X-ray diffraction

SEM: scanning electronic microscopy

TGA: thermogravimetric analyses

C-potential: zeta potential



TABLE OF CONTENTS

CRAPLEE L.ttt et bbbt b et e s bt s bt e s hesheeaae s h e e be e e e sresaeene e eseeaneneennes 27
Magnetic cross-linked enzyme aggregates (MCLEAs) applied to biomass conversion........................ 27
1.1 Introduction: a 100K 0ver BIOMASS ...........c.ccoooiiiiiiiiiiiieeee e 28
1.2 Biomass: structure, enzymatic conversion and products ............c.ccccoeceeriierniieiniieenneeenennn 30
1.2.1 ] 1 Q1 T8 11 SO P PSP PPUR 30
1.2.2 Enzymatic CONVETSION ..........cocoiiiiiiiiiiiiiece e e e e 31
1.2.3 Products from Cg and Cs SUZAT'S ..........ccceiiiiiiiiiiiiiieceee e 31
1.24 Magnetite nanoparticles as enZymes SUPPOILS..........ccceevviiriuiiriierriieeriiennreenreessreessneenns 32
1.2.5 Enzyme immobilization in magnetic supports and MCLEASs synthesis........................ 33
1.2.6 MCLEAS characterization .................coociiiiiiiiiieiiieenee ettt e e s e snnee e 37

1.2.6.1 Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) . 37

1.2.6.2 X-ray photoelectron spectroSCoPY (XPS) ......ccoviiiiiiiiiiiiiniienieenieeeiteenre e sveessveesree s 38
1.2.6.3 X-ray diffraction (XRID) .......cccccoviiiiiiiiiiieiie ettt sare e sare e s ste e e saaeesaneeens 38
1.2.6.4 Circular dichroism spectroSCoOPY (CDS)......c.cooiiiiiiiiniiiiiiiiiie et siee e 39
1.2.6.5 Fourier-transform infrared spectroscopy (FTIR)........ccccooviiininiiniiiinceeeeeee, 40
1.2.6.6  Thermal analysis ............occoooiiiiiiiiie s 40
1.3 MCLEAS applied to biomass CONVETSION .............cccevvveiriiiiiieiniieenieeeie e sieesseesseeesaee s 41
1.3.1 CelluloSe CONMVEISION ........coueiiiiiiiiiiiiie ettt s e s e 42
1.3.2 Hemicellulose CONVErSION. ............ccciiiiiiiiiiiiiieiieeee et s s 45
1.3.3 MCLEASs applied to another biomass-derived conversion..............cccocceevceeirieeeiieennenne 46
14 Conclusions and OULIOOKS ...............ccoiiiiiiiiiiii e e 50
ACKNOWIEAZEIMENTS..........ooiiiiiiiiiiiiiiieeiitie ettt e e sttt e s bt e e e sabbee e s s bt e e s sasbeeesanseeeesanseeenan 51
REFEIEIICES ...ttt et e s b e s h et s et eat e st e s bt e b e bt et e e sbeesaeesanenas 51
CRAPLEE 2.ttt et s bbb s bt e s e s bt s bt et s he s st ene e s h e e be e e e e he et e ne e e neeane e enes 63
Synthesis and characterization of magnetic cross-linked enzyme aggregates of cellulases for the

potential application in producing cello-oligoSACCRATIAES .............coeveeiciiioiiiiiiiiiiiiieiiei e 63
2.1 INErOAUCTION .......eeiieiiee ettt e e b b e s e e be e e snre e s reeennee e 64
2.2 EXperimental SECHION ...........coccueiiiiiiiiiiiiie ettt ettt sate e sbaeenaree e 65
2.2.1 IMLALETHALS ..ottt sttt ne e e b sre e e 65
2.2.2 CharacteriZation..............ooouiiiiiiiiiie ettt 66
2.2.3 One-step synthesis of chitosan-coated magnetic nanoparticles (NP-CH)....................... 67
224 Synthesis of cellulases MCLEAS .............cccccooiiiiiiiiiiiececeeeee e 67

2.2.5 Determination of enzyme loading efficiency ..............cccoeeiiiiiiiiiiniiiniicee s 67



2.2.6 Enzyme activity assay (optimal pH and temperature condition)..................cccceeceernenn. 68

2.2.7 MCLEAS reusability asSaY ..........ccocoiiiiiiiiiiiece e e 69
2.2.8 Cellulose obtained from sugarcane bagasse and straw mixture ..............ccccoeceeeviveeninenns 69
2.2.9 Hydrolysis of cellulose from sugarcane bagasse and Straw.............cccocceevveivveeinieeniennns 69
2.3 Results and diSCUSSION..............ooiiiiiiiiiiiiiiiec e st 70
2.3.1 Synthesis and characterization of NP-CH and MCLEAS............c.ccccoviiniininiincne 70
2.3.2 Enzymatic activity aSSay ..........ccccoviiiiiiiiiiiiicee e 74
2.3.3 ReEUSADIIILY QSSAY ......coviiiiiiiiiiiiiiie et e e sabe e st nbe e b ae e aaee e 81
2.34 Cellulose hydrolysis and cello-oligosaccharides (COS) production................cccocveevnenn. 83
24 COMCIUSTONS ..ottt ettt s e e st e e s re e e shbe e sar et ebeeesabeesabeeeneeesaneesannennns 86
ACKNOWICAGIMENLES ........coeoiiiiiiiiiii et sre e s e s s saneens 87
RETEIEIICES ...t e st e s bt e s s ae e e st e e saeeessbeeesmeeesaneeeabeeeneeesareesan 87
(@771 ) =i TS O P PSP PUU PPN 94
Synthesis, characterization and evaluation of the alternating magnetic field effects in the catalytic

activity of a magnetic cross-linked enzyme QQ@regare . ...........occuvvvvuveiuviniieiniieiriiiiesiiesieessaessieessae s 94
3.1 INEEOAUCTION ... ettt s st st s 95
3.2 Experimental SECtion..............ccoooiiiiiiiiiiic e e 96
3.241 Materials and MEASUTEIMENLES .............ccooiiiiiiiieriieeniee ettt e e s reeesareesneeeas 96
3.2.2 Synthesis of APTS coated magnetite nanoparticles (NP-APTS).......ccccovevevviiinniinninnnn. 97
3.2.3 Syntheses of magnetic cross-linked cellulase aggregate (MCLEA) .............cccoevvvvvvnnenn. 97
3.24 Cellulase activity assay: central composite design .............cccocivviiiiiiiinnncncneceee 98
3.2.5 Hyperthermia assay of the MCLEA ... 100
33 Results and diSCUSSION...........ccooiiiiiiiiiie e 100
3.3.1 Synthesis and characterization of MCLEA .............cccooiiiiiiinniiieiieiccec e 100
3.3.2 Cellulase immobilization and activity assay optimized by CCD.............cc.ccecovvrvvennen. 102
333 Magnetic hyperthermia assay ............cccoccooviiiiiiinin e 105
34 COMCIUSIOMNS ...ttt ettt e s e e bt e e s bt e e sae e e sabe e e be e e aseesareesanaeesnreesaneens 108
ACKNOWICAGIMENLES ........cooiiiiiiiiiiiieee et s e e e 108
REFETEIICES ...ttt sh e st e sttt et e et e bt e b e b e e b e e sree st e sntesneeas 109
General COMCIUSIONS ........ccc.ooiiiiiiiieie et s e st st sbee et e sanesaeeeaneens 115

BN 2 T 1) 11T 1 LA TP 116



109

References

[1]

[10]

S. Velasco-lozano, M. Knez, F. Lo, Coupling enzymes and inorganic piezoelectric
materials for electricity production from renewable fuels, Acs Appl. Energy Mater. 1

(2018) 2032-2040. https://doi.org/10.1021/acsaem.7b00328.

E. Ermis, Halal status of enzymes used in food industry, Trends Food Sci. Technol. 64

(2018) 69-73. https://doi.org/10.1016/j.tifs.2017.04.008.

M. Kalantari, M. Yu, Y. Yang, E. Strounina, Z. Gu, X. Huang, Tailoring mesoporous-
silica nanoparticles for robust immobilization of lipase and biocatalysis, Nano Res. 10

(2017) 605-617. https://doi.org/10.1007/s12274-016-1320-6.

J. Chapman, A_.E. Ismai, C.Z. Dinu, Industrial applications of enzymes: recent
advances, techniques, and outlooks, Catalysts. 8 (2018) 238-263.
https://doi.org/10.3390/catal8060238.

R.A. Sheldon, S. van Pelt, Enzyme immobilisation in biocatalysis: why, what and how,

Chem. Soc. Rev. 42 (2013) 6223-6235. https://doi.org/10.1039/c3cs60075k.

N. Karaki, A. Aljawish, C. Humeau, L. Muniglia, J. Jasniewski, Enzymatic
modification of polysaccharides: mechanisms, properties, and potential applications: a
review, Enzyme Microb. Technol. 90 (2016) 1-18.
https://doi.org/10.1016/j.enzmictec.2016.04.004.

M. Bilal, Y. Zhao, T. Rasheed, M.N. Igbal, Magnetic nanoparticles as versatile carriers
for enzymes immobilization: a review, Int. J. Biol. Macromol. 120 (2018) 2530-2544.
https://doi.org/10.1016/j.ijbiomac.2018.09.025.

R.A. Sheldon, Cross-linked enzyme aggregates (CLEAs): stable and recyclable
biocatalysts, Biochem. Soc. Trans. 35 (2007) 1583-1587.

S.S. Nadar, A.B. Muley, M.R. Ladole, P.U. Joshi, Macromolecular cross-linked
enzyme aggregates (M-CLEAs) of a-amylase, Int. J. Biol. Macromol. 84 (2016) 69-78.
https://doi.org/10.1016/j.ijbiomac.2015.11.082.

S. Velasco-lozano, F. Lopez-gallego, J.C. Mateos-diaz, E. Favela-torres, Cross-linked
enzyme aggregates (CLEA) in enzyme improvement - a review, Biocatalysis. (2015)

166—177. https://doi.org/10.1515/boca-2015-0012.



[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

110

H. Vaghari, H.J. Mojgan, Application of magnetic nanoparticles in smart enzyme
immobilization, Biotechnol. Lett. 38 (2016) 223-233. https://doi.org/10.1007/s10529-
015-1977-z.

S. V Otari, S.K.S. Patel, S. Kim, J.R. Haw, V.C. Kalia, I. Kim, J. Lee, Copper ferrite
magnetic nanoparticles for the immobilization of enzyme, Indian J. Microbiol. 59

(2019) 105-108. https://doi.org/10.1007/s12088-018-0768-3.

C.C.S. Fortes, A.L. Daniel-da-silva, A.M.R.B. Xavier, A.P.M. Tavares, Optimization
of enzyme immobilization on functionalized magnetic nanoparticles for laccase

biocatalytic reactions, Chem. Eng. Process. Process Intensif. 117 (2017) 1-8
https://doi.org/10.1016/j.cep.2017.03.009.

J. Feng, S. Yu, J. Li, T. Mo, P. Li, Enhancement of the catalytic activity and stability of
immobilized aminoacylase using modified magnetic Fe304 nanoparticles, Chem. Eng.

J. 286 (2016) 216-222. https://doi.org/10.1016/j.cej.2015.10.083.

M. Reza, J. Mohammadi, M. Peyda, Covalent immobilization of Candida antarctica
lipase on core-shell magnetic nanoparticles for production of biodiesel from waste
cooking oil, Renew. Energy. 101 (2017) 593—-602.
https://doi.org/10.1016/j.renene.2016.09.022.

S.S. Nadar, V.K. Rathod, Magnetic macromolecular cross linked enzyme aggregates
(CLEAS) of glucoamylase, Enzyme Microb. Technol. 83 (2016) 78-87.
https://doi.org/10.1016/j.enzmictec.2015.10.009.

A. Awad, W. Adel, M. Ozacar, Z. Ziyade, Evaluation of different saccharides and
chitin as eco-friendly additive to improve the magnetic cross-linked enzyme aggregates
(CLEAS) activities, Int. J. Biol. Macromol. 118 (2018) 2040-2050.
https://doi.org/10.1016/j.1jbiomac.2018.07.075.

S. Peirce, M. Elena, R. Isticato, R. Fernandez, P. Salatino, A. Marzocchella, Structure
and activity of magnetic cross-linked enzyme aggregates of bovine carbonic anhydrase
as promoters of enzymatic CO2 capture, Biochem. Eng. J. 127 (2017) 188—195.
https://doi.org/10.1016/].bej.2017.08.014.

W. Wu, Z. Wu, T. Yu, C. Jiang, W. Kim, W. Wu, Z. Wu, T. Yu, C. Jiang, Recent
progress on magnetic iron oxide nanoparticles: synthesis, surface functional strategies

and biomedical applications, Sci. Technol. Adv. Mater. 16 (2015) 23501-23544.



[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

111

https://doi.org/10.1088/1468-6996/16/2/023501.

I. Armenia, M. Valeria, G. Bonavia, L. De Matteis, P. Ivanchenko, G. Martra, R.
Gornati, J.M. De, G. Bernardini, Enzyme activation by alternating magnetic field:

importance of the bioconjugation methodology, J. Colloid Interface Sci. 537 (2019)
615-628. https://doi.org/10.1016/].jcis.2018.11.058.

N.L. Klyachko, M. Sokolsky-papkov, N. Pothayee, M. V Efremova, D.A. Gulin, N.
Pothayee, A.A. Kuznetsov, A.G. Majouga, J.S. Riffle, Y.I. Golovin, A. V Kabanov,
Changing the enzyme reaction rate in magnetic nanosuspensions by a Non-heating
magnetic Field, Angew. Chemie - Int. Ed. 51 (2012) 12016-12019.
https://doi.org/10.1002/anie.201205905.

Y. Liu, C. Guo, C.-Z. Liu, Enhancing the resolution of (R,S)-2-octanol catalyzed by
magnetic crosslinked lipase aggregates using an alternating magnetic field, Chem. Eng.

J. 280 (2015) 36-40. https://doi.org/10.1016/j.cej.2015.05.089.

G. Liu, J. Zhang, J. Bao, Cost evaluation of cellulase enzyme for industrial-scale
cellulosic ethanol production based on rigorous Aspen Plus modeling, Bioprocess

Biosyst. Eng. 39 (2016) 133—140. https://doi.org/10.1007/s00449-015-1497-1.

N. Srivastava, M. Srivastava, P.K. Mishra, V.K. Gupta, G. Molina, Applications of
fungal cellulases in biofuel production: Advances and limitations, Renew. Sustain.

Energy Rev. 82 (2018) 2379-2386. https://doi.org/10.1016/j.rser.2017.08.074.

F. Yazdani, M. Seddigh, Magnetite nanoparticles synthesized by co-precipitation
method: The effects of various iron anions on speci fi cations, Mater. Chem. Phys. 184

(2016) 318-323. https://doi.org/10.1016/j.matchemphys.2016.09.058.

M.M. Bradford, A rapid and sensitive method for the quantitation microgram quantities
of protein utilizing the principle of protein-dye binding, Anal. Biochem. 254 (1976)
248-254.

M. Tanaka, M. Taniguchi, R. Matsuno, T. Kamikubo, Purification and properties of

cellulases from Eupenicillium javanicum, J. Ferment. Technol. 59 (1981) 177-183.

A.R. Khataee, M. Fathinia, S. Aber, M. Zarei, Optimization of photocatalytic treatment
of dye solution on supported TiO2 nanoparticles by central composite design:

intermediates identification, J. Hazard. Mater. 181 (2010) 886—897.



[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

112

https://doi.org/10.1016/j.jhazmat.2010.05.096.

ZM. Gao, T.. Wu, S.. Peng, Preparation and structural features of ultrafine spinel
magnesium ferrites, ACTA PHYSICO-CHIMICA Sin. 11 (1995) 395-400.
https://doi.org/10.3866/PKU.WHXB19950503.

M. Ma, Y. Zhang, W. Yu, H. Shen, H. Zhang, N. Gu, Preparation and characterization
of magnetite nanoparticles coated by amino silane, Colloids Surfaces A Physicochem.

Eng. Asp. 212 (2003) 219-226. https://doi.org/10.1016/S0927-7757(02)00305-9.

L.D. White, C.P. Tripp, Reaction of (3-Aminopropyl) dimethylethoxysilane with amine
catalysts on silica surfaces, J. Colloid Interface Sci. 232 (2000) 400—407.
https://doi.org/10.1006/jcis.2000.7224.

J. Sanchez-Ramirez, J.L. Martinez-Hernandez, P. Segura-Ceniceros, G. Lopez, H.
Saade, M.A. Medina-Morales, R. Ramos-Gonzalez, C.N. Aguilar, A. Ilyina, Cellulases
immobilization on chitosan-coated magnetic nanoparticles: application for Agave
Atrovirens lignocellulosic biomass hydrolysis, Bioprocess Biosyst. Eng. 40 (2017) 9—
22. https://doi.org/10.1007/s00449-016-1670-1.

R. Saini, J.K. Saini, M. Adsul, A K. Patel, A. Mathur, D. Tuli, R.R. Singhania,
Enhanced cellulase production by Penicillium oxalicum for bio-ethanol application,
Bioresour. Technol. 188 (2015) 240-246.
https://doi.org/10.1016/j.biortech.2015.01.048.

L. Zang, J. Qiu, X. Wu, W. Zhang, E. Sakai, Y. Weli, Preparation of magnetic chitosan
nanoparticles as support for cellulase immobilization, Ind. Eng. Chem. Res. 53 (2014)

3448-3454. https://doi.org/10.1021/ie404072s

J. Han, L. Wang, Y. Wang, J. Dong, X. Tang, L. Ni, L. Wang, Preparation and
characterization of Fe;O4-NHz@4-arm-PEG-NH>, a novel magnetic four-arm polymer-
nanoparticle composite for cellulase immobilization, Biochem. Eng. J. 130 (2018) 90—

98. https://doi.org/10.1016/j.bej.2017.11.008.

K. Saha, P. Verma, J. Sikder, S. Chakraborty, S. Curcio, Synthesis of chitosan-cellulase
nanohybrid and immobilization on alginate beads for hydrolysis of ionic liquid
pretreated sugarcane bagasse, Renew. Energy. 133 (2019) 66-76.
https://doi.org/10.1016/j.renene.2018.10.014.



[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

113

J. Zdarta, A. Jedrzak, .. Klapiszewski, T. Jesionowski, Immobilization of cellulase on
a functional inorganic-organic hybrid support: stability and kinetic study, Catalysts. 7

(2017) 374-390. https://doi.org/10.3390/catal7120374.

M. Rastogi, S. Shrivastava, Recent advances in second generation bioethanol
production: an insight to pretreatment , sacchari fi cation and fermentation processes,
Renew. Sustain. Energy Rev. 80 (2017) 330-340.
https://doi.org/10.1016/j.rser.2017.05.225.

M. Ballesteros, J. Carrasco, C. Martin, M.J. Negro, F. Saez, R. Saez, Selection of
thermotolerant yeasts for simultaneous saccharification and fermentation (SSF) of

cellulose to ethanol, Applled Biochem. Biotechnol. 28 (1991) 307-315.

W. Kopp, T.P. Da Costa, S.C. Pereira, M. Jafelicci, R.C. Giordano, R.F.C. Marques,
F.M. Aratijo-Moreira, R.L.C. Giordano, Easily handling penicillin G acylase magnetic
cross-linked enzymes aggregates: catalytic and morphological studies, Process

Biochem. 49 (2014) 38—46. https://doi.org/10.1016/j.procbio.2013.09.024.

L. Cao, Immobilised enzymes: science or art?, Curr. Opin. Chem. Biol. 9 (2005) 217—
226. https://doi.org/10.1016/j.cbpa.2005.02.014.

L. Betancor, A. Hidalgo, G. Ferna, C. Mateo, M. Guisan, Preparation of a stable
biocatalyst of bovine liver catalase using immobilization and postimmobilization

techniques, Biotechnol Prog. 19 (2003) 763-767.

J. Cleiton, S. Santos, O. Barbosa, C. Ortiz, A. Berenguer-murcia, Importance of the
support properties for immobilization or purification of enzymes, ChemCatChem. 7

(2015) 2413-2432. https://doi.org/10.1002/cctc.201500310.

R. Ahmad, M. Sardar, Enzyme immobilization: an overview on nanoparticles as
immobilization matrix, Biochem. Anal. Biochem. 4 (2015) 2-8.

https://doi.org/10.4172/2161-1009.1000178.

X.J.A. Janssen, A.J. Schellekens, K. Van Ommering, L.J. Van [jzendoorn, M.W.J.
Prins, Controlled torque on superparamagnetic beads for functional biosensors,
Biosens. Bioelectron. 24 (2009) 1937-1941.
https://doi.org/10.1016/j.b10s.2008.09.024.

G. V. Kurlyandskaya, M.L. Sanchez, B. Hernando, V.M. Prida, P. Gorria, M. Tejedor,



[47]

114

Giant-magnetoimpedance-based sensitive element as a model for biosensors, Appl.

Phys. Lett. 3053 (2015) 3053-3055. https://doi.org/10.1063/1.1571957.

T. Xia, W. Lin, C. Liu, C. Guo, Improving catalytic activity of laccase immobilized on
the branched polymer chains of magnetic nanoparticles under alternating magnetic

field, J. Chem. Technol .Biotechnol. (2018) 88-93.



115

General conclusions

Considering the current demand for renewable raw materials, lignocellulosic biomass
shows as an essential low-cost biomaterial for several areas of financial and environmental
interest. Faced it, many approaches have been studied and applied out in a variety of biomass
conversion processes.

In summary, this thesis aimed to modify magnetic nanoparticles with cellulase enzymes
and applied it in a biomass conversion process. For this purpose, different MCLEAs were
synthesized and showed potential for obtention of value-added chemicals from lignocellulosic
biomass. Essentiality, their showed potential for cello-oligosaccharides production, an
important class of glucose oligosaccharides with prebiotics properties of food and
pharmaceutical industry interest. Besides that, cross-linking reaction between cellulases and
magnetic nanoparticles leaded to production of MCLEAs with some enhanced properties when
compared to free enzymes, among which can be cited thermal stability and recovery and recycle
capacity. Thus, such enhancement in catalytic properties suggests a positive effect of the
magnetic nanoparticles in the cellulase cross-linked structure.

Further studies have carried to increase the knowledge in regard some physical-
chemistry properties of the MCLEAs. Thus, was showed that as increases in colloidal stability
can avoid the thermal denaturation of enzymes and that high frequency of alternating magnetic
field can decrease its respective catalytic activity. In addition, such studies can be explored to
assess physical-chemistry behavior of other systems involving different enzymes and support.

Lastly, it is expected that this work can contribute with current and future advances in
the use of magnetic nanoparticles as support for enzyme immobilization. But, not restricted to
only it, is expected that can help in changes of paradigms of current industrial manufacture

toward more sustainable industrial processes.





